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Background: The enzymatic activities of
mammalian P4-ATPases are incompletely
characterized.

Results: ATP11A and ATP11C catalyze
flipping of NBD-PS and NBD-PE, whereas
ATP8B1 preferentially catalyzes flipping of
NBD-PC. Furthermore, some PFIC1 mutants
of ATP8BI1 failed to flip PC.

Conclusions: ATP11A/ATP11C and
ATP8B1/ATP8B2 preferentially translocate
aminophospholipids and PC, respectively.
Significance: This is the first evidence
showing that the PC-flipping activity of
ATP8B1 is associated with the episode of
PFICI.

Abstract
Type IV P-type ATPases (P4-ATPases)

are believed to translocate
aminophospholipids from the exoplasmic to
the cytoplasmic leaflets of cellular membranes.
The yeast P4-ATPases, Drs2p and
Dnflp/Dnf2p, flip NBD-labeled
phosphatidylserine (PS) at the Golgi complex
and NBD-labeled phosphatidylcholine (PC) at
the plasma membrane, respectively. However,
substrate

the flippase activities and

specificities of mammalian P4-ATPases
remain incompletely characterized. In this
study, we established an assay for
phospholipid flippase activities of plasma
P4-ATPases
human cell lines stably expressing ATP8BI,
ATP8B2, ATP11A, and ATP11C. We found

that ATP11A and ATPI11C have flippase

membrane—localized using

activities towards PS and



phosphatidylethanolamine, but not PC or
sphingomyelin. By contrast, ATPase-deficient
mutants of ATP11A and ATP11C did not
exhibit any flippase activity, indicating that
these enzymes catalyze flipping in an ATPase-
dependent manner. Furthermore, ATP8B1 and
ATP8B2
activities towards PC. Some ATP8B1 mutants

exhibited preferential flippase
found in patients of progressive familial
intrahepatic cholestasis type 1 (PFIC1), a
severe liver disease caused by impaired bile
flow, failed to translocate PC in spite of their
delivery to the plasma membrane. Moreover,
incorporation of PC mediated by ATP8B1 can
be reversed by simultaneous expression of
ABCB4, a PC floppase mutated in PFIC3
patients. Our findings elucidate the flippase
activities and substrate specificities of plasma
membrane—localized human P4-ATPases and
suggest that phenotypes of some PFICI
patients result from impairment of the PC-

flippase activity of ATPSBI.

Introduction

The lipid bilayers of cellular membranes
exhibit asymmetric lipid distributions. In
mammalian cells, the aminophospholipids
(PS) and
phosphatidylethanolamine (PE) are abundant

phosphatidylserine

in the cytoplasmic leaflet, whereas
phosphatidylcholine (PC) and sphingomyelin
(SM) are enriched in the exoplasmic leaflet.
Type 1V P-type ATPases (P4-ATPases), also
called aminophospholipid translocases, are

essential for generation and maintenance of

phospholipid asymmetry in lipid bilayers (1,2).

Regulated exposure of PS in the exoplasmic
leaflet is critical for some biological processes,
such as apoptotic cell death, platelet
coagulation, and fusion of muscle cells (3-5),
indirectly indicating the importance of lipid
asymmetry at steady state. In yeasts, P4-
ATPases form heteromeric complexes with
members of the CDC50 protein family (6,7).
We and others recently showed that most of
P4-ATPases

associated with CDC50 in order to exit the

the 14 mammalian were
endoplasmic reticulum (ER) and reach their
appropriate subcellular destinations (8-12).
The yeast P4-ATPases, Drs2p and
Dnflp/Dnf2p, flip NBD-labeled PS (NBD-
PS) at the Golgi complex and NBD-PC at the
plasma membrane, respectively (13,14).
Several key residues have been proposed to
determine the phospholipid specificities of
Drs2p and Dnflp (15,16). By contrast,
although an understanding of the enzymatic
properties of mammalian P4-ATPases is
essential to determining their physiological
functions, the flippase activities and substrate
specificities of the mammalian P4-ATPases
have not been extensively characterized.
Patients with progressive familial
intrahepatic cholestasis (PFIC) exhibit hepatic
and systemic accumulation of bile salts, and
jaundice and pruritus, and usually develop
end-stage liver disease. PFIC type 1 (PFIC1)
and a less severe condition, benign recurrent
intrahepatic cholestasis 1 (BRIC1), result
from defects in the P4-ATPase ATP8BI1
(17,18), whereas PFIC2 and PFIC3 are

attributed respectively to defects in ABCB11



(also referred to as bile salt exporting pump
BSEP) and ABCB4, which is
involved in biliary PC excretion (19-21). A

protein,
previous study reported that exogenous
expression of ATP8B1 in the CHO-K1 mutant
cell line UPS-1, which is defective in PS
translocation, promoted PS translocation from
the exoplasmic to the cytoplasmic leaflet (8).
On the other hand, depletion of ATPSB1 by
RNAi had no effect on PS translocation in
Caco-2 cells (22), and another study proposed
that ATP8B1 acts as a cardiolipin importer
(23). Therefore, it remains uncertain whether
PS is a bona fide substrate of ATP8BI.

In this study, we established an assay for
plasma membrane—localized phospholipid
flippases by modifying previously described
methods (8,24). Using this method, we
showed that ATP11A and ATP11C catalyze
flipping of NBD-PS and NBD-PE, but not
NBD-PC or NBD-SM, whereas ATP&BI1
preferentially catalyzes flipping of NBD-PC.
Furthermore, we found that some PFIC1-type
mutants of ATP8BI1 failed to flip PC, and that
exogenous expression of ABCB4 diminished
PC translocation mediated by ATPSB1.

Experimental procedures

Plasmids. P4-ATPase cDNAs were cloned
pENTR3C
(Invitrogen) as described previously (12). The
ABCB4 cDNA was
Kazumitsu Ueda (Kyoto University). Point
mutations of ATP8B1, ATP8B2, ATP11A,
ATP11C, and ABCB4 were introduced into
the cDNAs using the QuikChange II XL site-

separately into the vector

a kind gift from

directed mutagenesis kit

DEST

(Agilent
Technologies). The
pcDNA6.2/V5-DEST

encompassing the attR1 site, ccdB gene,

region from

(Invitrogen),

chloramphenicol resistance gene, and attR2
site, was cloned into the pMXs-neo and
pMXs-puro expression vectors (25) with a C-
terminal HA tag (pMXs-neo-DEST-HA) and
a C-terminal FLAG tag (pMXs-puro-DEST-
FLAG), respectively. The pMXs-neo and
pMXs-puro vectors and the pEF-gag-pol
plasmid were kind gifts from Toshio Kitamura
(The University of Tokyo). To construct
pMXs-puro, the neomycin resistance gene
was replaced with the puromycin resistance
gene. Transfer of the genes to pMXs-neo-
DEST-HA or pMXs-puro-DEST-FLAG was
performed using the Gateway
(Invitrogen). The pCMV-VSVG-RSV-Rev

system

plasmid was a kind gift from Hiroyuki
Miyoshi (RIKEN BRC). The pCAG-based
vector for expression of P4-ATPase with a C-
terminal HA tag and the pcDNA3-based
vector for expression of CDC50A with an N-

terminal FLAG tag were described previously

(12).

Antibodies,

immunofluorescence analysis. Sources of

reagents, and

antibodies used in the present study were as
rabbit

Covance; monoclonal mouse anti-PDI (1D3),

follows: polyclonal anti-giantin,
Enzo Life Sciences; monoclonal mouse anti-
transferrin receptor (TfnR) (H68. 4), Zymed;
monoclonal rat anti-HA (3F10), Roche

Applied Science; monoclonal mouse anti—f3-



tubulin, Millipore; monoclonal mouse anti-
FLAG (M2), Sigma; monoclonal mouse anti-
DYKDDDDK (1E6), Wako; Alexa Fluor
488—conjugated monoclonal
CD147 (HIM6), BioLegend; Alexa Fluor—
conjugated secondary antibodies, Molecular
Probes; Cy3-, DyLight649-, and horseradish

mouse anti-

peroxidase—conjugated secondary antibodies,

Jackson  ImmunoResearch  Laboratories.
Alexa Fluor 555—conjugated wheat germ
agglutinin  (WGA) was
Invitrogen. The NBD-labeled phospholipids
(Avanti Polar Lipids) used were NBD-PS (1-

oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-

purchased from

yl)amino Jhexanoyl]-sn-glycero-3-
phosphoserine), NBD-PE (1-oleoyl-2-[6-[(7-
nitro-2-1,3-benzoxadiazol-4-

yl)amino Jhexanoyl]-sn-glycero-3-
phosphoethanolamine), NBD-PC (1-oleoyl-2-
[6-[(7-nitro-2-1,3-benzoxadiazol-4-

yl)amino Jhexanoyl]-sn-glycero-3-
phosphocholine), and NBD-SM (N-[6-[(7-
nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-sphingosine-1-
phosphocholine).

Immunostaining was performed as described
previously (26) and visualized using an
Axiovert 200MAT microscope (Carl Zeiss,
Thornwood, NY)

Cell culture and establishment of stable cell
lines. Mouse interleukin-3 (IL-3)-dependent
Ba/F3 cells were maintained in RPMI-1640
medium containing 10% fetal calf serum and
recombinant mouse IL-3, as described (27).

HelLa cells were cultured as described

previously (12). CHO-K1 cells were grown in
a 1:1 mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F-12  medium
supplemented with 10% fetal calf serum, 2
mM L-glutamine, 100 units/ml penicillin, and
100 pg/ml streptomycin.

To transiently express P4-ATPases,
HeLa cells were transfected with a pCAG-
HA-based vector carrying P4-ATPase cDNA
and a pcDNA3-FLAG-based vector carrying
CDC50A cDNA (12) using X-tremeGENE9
(Roche Applied Science). Two days later, the
fixed for

immunofluorescence analysis. To establish

transfected  cells  were
cell lines stably expressing each P4-ATPase,
HeLa cells were transfected by lipofection
with a pCAG-HA-based P4-ATPase vector.
Colonies derived from single cells were
isolated and selected in the presence of G418.

For retroviral production, pMXs-neo—
derived vectors for expression of HA-tagged
P4-ATPases were introduced into Plat-E cells
(provided by Toshio Kitamura) (28) or co-
transfected with pEF-gag-pol and pCMV-
VSVG-RSV-Rev into HEK293T cells. pMXs-
puro—derived vector for expression of FLAG-
tagged ABCB4 was co-transfected with pEF-
gag-pol and pCMV-VSVG-RSV-Rev into
HEK293T cells. The resultant retroviruses
were concentrated as described previously
(24), and then used to infect Ba/F3, CHO-K1,
or HeLa cells to establish stable cell lines. The
infected cells were selected in medium
containing G418 (1 mg/ml) or G418 (1
mg/ml) and puromycin (1 pg/ml). A mixed

population of drug resistant cells were used



for the flippase assay and immunoblot

analysis.

Surface biotinylation. Cells were washed
three times with chilled PBS containing 0.1
mM CaCl; and 0.1 mM MgCl, (PBS++), and
then incubated with 2 mM sulfo-NHS-LC-
biotin (Thermo Scientific) in PBS++ at 4°C
for 30 min. To stop the biotinylation reaction,
the cells were washed three times with chilled
PBS++ containing 100 mM glycine and 0.3%
BSA, and then washed twice more with
chilled PBS. The cells were then lysed in lysis
buffer (20 mM HEPES-KOH [pH 7.4]
containing 1% NP-40, 150 mM NaCl, and
protease inhibitor cocktail [Complete Mini,
Roche Applied Science]) for 30 min at 4°C.
To remove cellular debris and insoluble
materials, the lysates were centrifuged at
maximum speed at 4°C for 20 min in a
microcentrifuge.  To  precipitate  the
biotinylated proteins, the supernatant was
incubated at 4°C for 4 h with streptavidin—
agarose beads (Thermo Scientific) pre-
equilibrated with lysis buffer. The streptavidin
beads were washed three times with lysis
buffer, twice with high-salt buffer (20 mM
HEPES-KOH [pH 7.4], 500 mM NaCl, 1 mM
EDTA, 0.5% NP-40), and once with 20 mM
HEPES-KOH (pH 7.4). Proteins were eluted
from the beads with SDS-PAGE sample
buffer, denatured at 37°C for 2 h, and
subjected to immunoblot analysis. Blots were
developed using a Chemi-Lumi One L kit
(Nacalai Tesque), recorded on an LAS-3000
bioimaging system (Fujifilm) and quantified

using Image Gauge software (Version 4.0;
Fujifilm).

Flippase assay. Incorporation of NBD-
phospholipids was analyzed by flow
cytometry as described (24). In brief, HeLa or
CHO-K1 cells were detached from dishes in
PBS containing 5 mM EDTA, and then
harvested by centrifugation. Ba/F3 cells were
harvested from suspension culture by
centrifugation. Cells (1 x 10° cells per sample)
were washed and equilibrated at 15°C (or 4°C
or 37°C as indicated) for 15 min in 500 pl of
Hank’s balanced salt solution (pH 7.4)
containing 1 g/L glucose (HBSS-glucose). An
equal volume of 2 pM NBD-phospholipid in
added to the cell
suspension and incubated at 15°C (or 4°C or

37°C as indicated). At each time point, 200 pL

HBSS-glucose was

of cell suspension was collected and mixed
with 200 pL of ice-cold HBSS-glucose
containing 5% fatty acid—free BSA (PAA
Laboratory GmbH) in order to extract NBD-
lipids incorporated into the exoplasmic leaflet
of the plasma membrane, as well as
unincorporated ones. Next, 10,000 cells were
FACSCalibur  (BD

Biosciences) to measure fluorescence of

analyzed with a

NBD-lipids translocated into the cytoplasmic
leaflet of the plasma membrane. The mean of
fluorescent intensities per cells were
calculated. Propidium iodide—positive cells
(i.e., dead cells) were excluded from the
analysis. In order to compare the flippase
activities between WT and mutants of P4-

ATPases, the mean of fluorescence intensities



was normalized with the surface expression
level of P4-ATPases and their mutants.
Briefly, basal activity of parental cells (A) was
subtracted from the activity of each stable cell
line (B) then the value was divided with the
surface expression level of P4-ATPases,
which was quantified using Image Gauge
software and normalized with the level of the
internal control (TfR).

B-A
Ratio of biotinylated P4-ATPase / TfuR

Normalized value =



Results

ATP11C flips PS and PE

To establish an assay system for flippase
activities of P4-ATPases in mammalian cells,
we first used a Ba/F3 pro-B cell line stably
expressing ATP11C. We chose this system for
two reasons: 1) ATP11C localizes to the
plasma membrane (12) (Fig. 1); and 2) pro-B
cells derived from ATP11C mutant mice
exhibit a lower PS-flipping activity than wild-
type cells (29), indicating that ATP11C flips
Ba/F3 cells stably
expressing ATP11C(WT) or ATP11C(E184Q),

an ATPase-deficient mutant, were established

PS in pro-B cells.

by infection with recombinant retrovirus and
subsequent selection in the presence of
antibiotics. The glutamate residue at position
184 is conserved in all P-type ATPases, the
which
dephosphorylation of a catalytically critical

mutation of abolishes
aspartate residue (30), resulting in a defect in
ATPase activity. Comparable expression
levels and plasma membrane localization of
ATPI1C(WT) and ATPI1C(E184Q) were
confirmed by immunoblot and
immunofluorescence analyses, respectively
(Fig. 1A and B). We assayed the flippase
activities of ATP11C by incubating the cells in
the presence of NBD-labeled PS, PE, PC, or
SM at 15°C (to minimize endocytic
incorporation of the fluorescent phospholipids
(24)), followed by extraction with fatty acid—
free BSA of fluorescent phospholipids that
were unincorporated or still in the exoplasmic
leaflet of the plasma membrane. When added

to parental Ba/F3 cells, levels of non-

NBD-labeled

increased in a time-dependent manner, as a

extractable phospholipids

result of their translocation from the
exoplasmic to the cytoplasmic leaflet by
endogenous flippases and/or scramblases (Fig.
1C [-], black open square). In Ba/F3 cells
stably expressing ATP11C(WT), the levels of
non-extractable NBD-PS and NBD-PE, but
not NBD-PC or NBD-SM, increased faster
than those in control cells (parental cells or
cells infected with an empty vector; Fig. 1C
and D). By
ATP11C(E184Q) did not

increase the BSA—non-extractable level of any

contrast, expression of

significantly

tested NBD-phospholipid relative to the
corresponding level in control cells (Fig. 1C
and D), indicating that the increase in the
levels of incorporated NBD-PS and NBD-PE
in the ATP11C-expressing cells is dependent
Thus, our assay
confirmed the PS flippase activity of ATP11C,

on the ATPase cycle.

reported previously (29, 31), and revealed that
ATP11C can also translocate PE from the
exoplasmic to the cytoplasmic leaflet of the
plasma membrane. NBD-PS was incorporated
much faster than other NBD-phospholipids
(Fig.
extractable NBD-PS essentially reached a

1C); therefore, the level of non-

plateau after 20 min of incubation, probably

due to depletion of the fluorescent substrate.

ATP11A and ATPI11C specifically flip
aminophospholipids
Mutant P4-ATPase

alterations in the catalytically critical aspartate

proteins  with

residue, which undergoes phosphorylation



and dephosphorylation in the ATPase cycle,
are commonly used as ATPase-deficient
mutants in yeast (32). We found that such
aspartate mutants of ATP8B1, ATP11A, and
ATP11C failed to localize to the plasma
membrane and were instead retained in the ER,
even when coexpressed with CDC50A (Fig.
2A-D) in HeLa cells. Therefore, the aspartate
mutants could not exit from the ER while the
glutamate mutants could be transported
normally to the plasma membrane but would
not have enzymatic activities. Given that the
aspartate mutant, but not the glutamate mutant,
of yeast Drs2p fails to interact with CDC50
(33), these observations indicate that aspartate
mutants of P4-ATPases cannot exit the ER due
to a defect in their CDC50-binding ability.
Therefore, in this study we used the glutamate
mutants as ATPase-deficient mutants.

In order to systematically evaluate the
phospholipid flippase activities and substrate
specificities of plasma membrane—localizing
human P4-ATPases, we established several
clones of HeLa cells stably expressing wild-
type or glutamate-mutant ATP§B1, ATPSB2,
ATPI11A, or ATP11C. In order to exclude
potential clonal effects, we established several
cell lines stably expressing C-terminally HA-
tagged ATP8B1, ATP8B2, ATPI11A, or
ATP11C, and then examined their expression
levels by immunoblot analysis (Fig. 3A and C).
We also analyzed their delivery to the plasma
membrane by surface biotinylation analysis
(Fig. 3B and D) or co-immunostaining with a
plasma membrane marker (data not shown).

Despite the fact that transiently expressed P4-

ATPases
coexpression of CDC50 to exit the ER and

generally require  exogenous
reach their final cellular destinations (9,10,12)
(Fig. 2), in our stably expressing cell lines
these P4-ATPase proteins were detected at the
plasma membrane without coexpression of
exogenous CDC50 (Fig. 3B and D), indicating
that the endogenous CDCS50 level was
sufficient for the localization of these proteins
in the stable cell lines, probably due to their
moderate expression levels.

In order to determine the substrate
specificities and flippase activities of these
P4-ATPases, we made use of an assay system
established using Ba/F3 cells (Fig. 4). When
added to parental HelLa cells, the levels of
NBD-labeled phospholipids (PS, PE, PC, or
SM) that were non-extractable with fatty acid—
free BSA increased in a time-dependent
manner as a result of translocation of these
lipids from the exoplasmic to the cytoplasmic
leaflet of the plasma membrane (Fig. 4A-D [-]
black open squares), catalyzed by endogenous
flippases and/or scramblases. Like Ba/F3 cells
(Fig. 1C), parental HeLa cells incorporated
NBD-PS faster than other NBD-lipids (Fig.
4A). HeLa cells expressing ATPI1A or
ATP11C exhibited increased levels of BSA—
NBD-PS and NBD-PE,
compared with parental cells (Fig. 4A, B, F, G,

non-extractable

and I). By contrast, the level of uptake of
NBD-PC or NBD-SM did not change in these
stable cell lines relative to the corresponding
level in parental cells (Fig. 4C, D, G, H, and
I), indicating that ATP11A and ATP11C are

aminophospholipid-specific flippases.



Moreover, the level of BSA—non-extractable
NBD-PS or NBD-PE did not increase in cells
expressing ATP11A(E186Q) or
ATP11C(E184Q) (Fig. 4E, F, J, and K),
supporting the idea that the observed flipping
activity is dependent on the ATPase cycle of
ATP11A or ATP11C. To exclude a possibility
that the lack of significant flippase activity
towards PS and PE of ATP11A(E186Q) in the
clonal cell line was due to its lower expression
level than that of ATP11A(WT) (Fig. 3C and
D), we established HelLa cells stably
expressing ATP11A(WT) or ATP11A(E186Q)
by retroviral infection (Fig. SA and B) and
subjected the cells to flippase assay. Even if
the expression level of ATP11A(E186Q) was
slightly higher than that of ATP11A(WT),
cells expressing ATPI11A(E186Q) did not
show flipping activities towards any NBD-
lipids examined (Fig. 5 C-F). We also
compared the activities between WT and
glutamate mutants by normalizing
fluorescence intensities with the surface
expression level of P4-ATPases (Figs. 4J and
K, and 5G and H). In order to minimize the
effect of

endocytic  incorporation  of

fluorescent phospholipids, in subsequent
flippase assays we incubated cells at 15°C for
10 or 15 min; previous study reported ATP-
dependent flipping of phospholipids in
erythrocytes at temperatures as low as 5°C
(34). We also examined translocation of NBD-
lipids at 4°C,

endocytosis is completely blocked. ATP11A-

a temperature at which

expressing cells exhibited higher rates of
translocation of NBD-PS and NBD-PE than

parental cells, even at 4°C (Fig. 6A and B,
respectively), indicating that the substrate-
specific incorporation is not due to
endocytosis. From these results, we draw two
main conclusions: 1) flippase activities and
substrate specificities can be examined using
the cell lines stably expressing human P4-
ATPases,
membrane; and 2) ATPIIA and ATPI11C

exhibit specific flippase activities towards PS

which localize to the plasma

and PE in an ATPase cycle—dependent manner.

ATP8BI1 preferentially flips PC

ATP8BI1 has
translocate PS for the following reasons: 1)
previous showed that ATP8BI
translocated PS in CHO-K1 cells, although the

been hypothesized to
studies

flippase activities towards other phospholipids
were not carefully examined (8,35); 2)
chenodeoxycholate treatment caused
canalicular accumulation of NBD-PS in
cultured ATP8BI-knockdown hepatocytes
(36); and 3) infusion of taurocholate resulted
in higher recovery of PS in bile from
Atp8b1C308VIC308Y  mytant mice, relative to
wild-type mice (37). However, several
controversies remain: 1) in Caco-2 cells,
depletion of ATP8B1 by RNAi was reported
to have no effect on PS translocation (22); and
2) another study proposed that ATP8B1 acts as
a cardiolipin importer (23). Therefore, it
remains uncertain whether PS is a bona fide
substrate for ATP8BI.
Unexpectedly, stable
ATP8BI in HeLa cells increased the level of

BSA-non-extractable NBD-PC at 15°C in a

expression of



time-dependent manner relative to parental
cells (Fig. 4C, G, and I). By contrast, stable
ATP8BI1 expression failed to increase the
levels of BSA—non-extractable NBD-PS (Fig.
4A, E, and 1), NBD-PE (B, F, and I), and
NBD-SM (D, H, and I). Moreover, even when
endocytosis is blocked by incubation at 4°C,
ATP8B1-expressing cells exhibited increased
translocation of NBD-PC, but not NBD-PS or
NBD-PE, relative to the parental cells (Fig.
6C). ATP8B2, whose primary sequence is
54% identical to that of ATP8BI1, also
exhibited a
towards NBD-PC (Fig. 4E-H). In order to

significant flippase activity

exclude potential clonal effects, we also
confirmed the flippase activities of ATP8BI1
and ATP8B2 towards NBD-PC using stably
established by
retroviral infection (Fig. 5A and B). We
observed that ATP8BI(WT)
ATP8B2(WT) exhibited PC flippase activities
(Fig. 5 C—F). To exclude a possibility that the

expressing HeLa cells

and

lack of significant PC-flippase activity of
ATP8BI1(E234Q) in the clonal cell line was
due to its lower expression level than that of
ATP8B1(WT) (Fig. 3A and B), we established
HeLa cells stably expressing the mutant of
ATP8B1 by retroviral infection (Fig. SA and
B). However, the total and surface expression
levels of ATP8B1(E234Q) was improved but
still lower than those of ATPSB1(WT) (Figs.
5A and B, and 7A and B), suggesting that the
ATP8B1 mutant might be unstable in cells for
an unknown reason. Although we could not
exclude a possibility that the lack of PC-
flipping activity of ATP8B1(E234Q) might be

10

due to its lower expression level in the cells,
ATP8B1(E234Q) did not show a significant
activity, with
ATP8BI(WT), after normalization with the

PC-flippase compared
expression level of the proteins (Fig. 5I). On
the other hand, while the expression level of
ATP8B2(E204Q) was comparable to that of
ATP8B2(WT)  (Fig. 5SA B),
ATP8B2(E204Q) did not flip any NBD-lipids
examined (Fig. 5 C-F and I), indicating that
the flippase activity of ATP8B2 towards PC is

and

ATPase cycle—dependent.

Because a previous study reported that
ATP8B1 exhibited PS flippase activity in
CHO-K1—derived cells at 15°C (8), we next
established CHO-K1 cells stably expressing
ATP8BI1(WT) or ATP8BI1(E234Q) (Fig. 7).
Plasma membrane localization of these P4-
ATPases
biotinylation (Fig. 7A and B). Consistent with

was confirmed by surface
the results obtained using HeLa cells, CHO-
K1 cells expressing ATP8B1(WT) exhibited
PC flippase activity, but no significant activity

toward PS or PE (Fig. 7C).

Analyses of ATP8B1 missense mutations
found in PFIC1 and BRIC1 patients
Genetic analyses of PFIC1 and BRICI1
patients have identified a wide range of
ATP8BI1 mutations that give rise to a variety
of (17,18). the

relationships between types of missense

symptoms However,
mutations and flippase activity have not been
explored, in part because the substrate
specificity of ATP8B1 was uncertain. Many

missense mutant ATP8B1 proteins found in



PFIC1 are degraded before delivery to the
plasma membrane (38,39) (Fig. 8A). Indeed,
Atp8b1C308V/C308Y  mytant mice express no
detectable ATP8B1 protein (40). Therefore, to
date there has been no evidence that PFIC1 is
caused by a deficiency of ATP8B1 enzymatic
activity, rather than a lack of the ATP8BI1
protein itself. We therefore set out to

investigate ~ whether  certain  missense
mutations of ATP8B1 found in PFIC1 (L127P,
L.288S, G308V, G1040R) and BRIC1 (D70N,
1344F, D454G, 1661T) affect this protein’s
flippase activity (18). When expressed in
HeLa by
infection, total protein levels of the L288S,
G308V, G1040R, D454G, and 1661 T mutants
were greatly reduced compared with the level
of ATPEB1(WT) (Fig. 8A and B), although
ATP8BI1(I1661T) of
ATP8B1(G1040R) were detected on the

plasma membrane (Fig. 8B), as reported

cells recombinant retrovirus

and a low level

previously (38,39). Incubation of the stable
lines with MG-132,

inhibitor, resulted in modest recovery of the

cell a proteasome
protein levels of these mutants (Fig. 8C), as
reported previously (38,39), suggesting that
the mutated proteins are degraded by the
proteasome. However, MG-132 treatment did
not significantly increase the cell-surface
levels of these mutants (Fig. 8D and E, right
panels), suggesting that these mutant proteins
are misfolded and undergo degradation before

their delivery to the plasma membrane.

L127P and 1344F mutations abolish the PC
flippase activity of ATP8B1
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In striking contrast to these mutants, the
levels of the D70N, L127P, and 1344F mutants
on the plasma membrane were comparable to
that of ATPSB1(WT) (Fig. 8A and B). The
D70N and L127P mutants are properly
localized to the plasma membrane and able to
with  CDC50 protein (38,39).

Therefore, we next explored the flippase

interact

activities of these mutants towards PC and PS.
Importantly, the L127P and [344F mutations
abolished the PC flippase activity of ATP8B1
(Fig. 8F and G). On the other hand, the D70N
mutant retained the flippase activity (Fig. 8F
and G); in light of this observation and the fact
that the D70N mutation is present on 0.5% of
normal human chromosomes (18), it is
possible that this mutation is not directly
related to the etiology of the disease. None of
the mutants examined exhibited significant PS
flippase activity (Fig. 8H), indicating that the
in ATP8B1 did not

scramble the enzyme’s substrate preferences.

missense mutations

Together, these results suggest that the
phenotypes of PFIC1 patients harboring at
least some of these mutations result from a
defect in ATP8B1 flippase activity towards PC,
as well as from a reduction in the level of
ATP8BI protein.

ABCB4 diminished PC flipping mediated
by ATP8B1

PFIC3 is caused by mutations in the
ABCB4 gene and characterized by the
absence of PC in bile. ABCB4 has been
identified as the PC translocator from the

cytoplasmic to the exoplasmic leaflet of the



canalicular membrane (20). Therefore, we
hypothesized that coexpression of ABCB4
would reverse the increased PC translocation
in ATP8B1-expressing cell lines. To address
this hypothesis, we established cell lines
stably expressing FLAG-tagged ABCB4(WT)
or ABCB4(K435M), which is nonfunctional
due to a mutation in the Walker A motif in the
nucleotide-binding domain (41), with or
without ATP§B1-HA. In both the singly and
doubly expressing cell lines, comparable
of ABCB4(WT)

confirmed

expression levels and
ABCB4(K435M) by

immunoblotting, and the plasma-membrane

WEre

localization of all proteins was visualized by
immunostaining with anti-FLAG antibody
(Fig. 9A and B). Comparable expression
levels of ATP8B1 were also confirmed
although, in cells coexpressing ABCB4(WT)
and ATP8BI1, the expression levels of both
proteins were slightly elevated relative to
those in cells expressing either protein alone
(Fig. 9A); this result is consistent with a
previous report  (42). ABCB4(WT) and
ABCB4(K435M) colocalized with ATP8B1 at
the plasma membrane (Fig. 8B). Importantly,
coexpression of ATPSB1 with ABCB4(WT),
but ABCB4(K435M),

suppressed PC incorporation at all time points

not significantly
examined relative to that in cells expressing
only ATP8BI1 (Fig. 9C and D). Because we
could not detect the enzymatic activity of
ABCB4 at 15°C in this experiment (data not
the NBD-PC
incorporation assay at 37°C; to minimize

NBD-PC by

shown), we performed

potential incorporation
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endocytosis, we compared the incorporation at
the 5-min time point (Fig. 9D). Although we
did not detect a decrease in PC incorporation
in cells expressing ABCB4 alone at 5 min, we
did detect a small but significant decrease at
30 min relative to parental cells or cells
expressing ABCB4(K435M) (Fig. 9C). Taken
together, these data indicate that ATP8BI-
mediated PC translocation can be reversed by
coexpression of ABCB4, a PC floppase,
although the PC incorporation was not

reduced to the control level.



Discussion

In this study, we elucidated the flippase
activities and substrate specificities of plasma
P4-ATPases
using stably expressing cell lines. We found
that  ATP11A ATP11C
aminophospholipids, PS and PE, whereas
ATP8BI1 and ATP8B2 flip PC. In parental
HeLa cells, NBD-PS was incorporated much
NBD-phospholipids,

membrane—localized human

and flip

faster than other
probably due to high basal PS-flipping
activities. Despite the high endogenous PS
flippase activity, mild expression of ATP11A
or ATP11C further increased the translocation
of PS and PE, but not PC, indicating that
ATP11A and ATP11C are aminophospholipid-
specific flippases, and that the enzymatic
activities of P4-ATPases in stable cell lines
can be examined even in the presence of
endogenous flippases. We have found that
ATP8B1 and ATP8B2 translocate PC rather
than PS, and that the former exhibits PC-
specific flippase activity even at 4°C (Fig. 6),
although the activity is much lower than that
15°C. However, the high

endogenous PS-flipping activities may have

at because
concealed a hypothetical low PS flippase
activity of ATP8B1 and ATP8B2, we cannot
exclude the possibility that ATP8B1 also has
flippase activity towards PS.

The major constituents of bile are bile
salts, PC, cholesterol, and bilirubin. PC, a
crucial constituent of bile, associates with bile
salts to prevent their detergent activities from
it is also

causing Dbiliary toxicity, and

necessary for maintaining the solubility of
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cholesterol in bile (20,21). ABCB4 is a
highly

expressed in the canalicular membrane and

phospholipid translocator that is
involved in biliary PC excretion (43). The
liver damage in PFIC3 (mutations in ABCB4)
patients is likely caused by the absence of
biliary PC (20,21). Overexpression of ABCB4
is toxic to HEK293T cells, but this toxicity can
be reversed by coexpression of ATP8BI1 and
CDC50A (42).
expressed ABCB4 can antagonize the PC
flippase activity of ATP8B1 (Fig. 9), the

Given that exogenously

impaired balance between flip and flop of PC
is implicated in the toxicity of ABCB4
overexpression.

Analyses of PFIC1 and BRICI1 patients
have identified a wide range of ATPSBI
mutations (17,18). However, the relationships
between types of missense mutations and the
flippase activity have not been explored, and
many missense mutants of ATP8B1 found in
PFIC1 are degraded before delivery to the
plasma membrane (38,39). Stone et al.
introduced PFICI-type mutations into the
yeast plasma membrane P4-ATPase, Dnf2p,
and examined whether the mutations affected
its PC-flipping activity (44). In that study,
Dnf2p corresponding
ATP8BI1(L127P) flipped NBD-PC
efficiently as wild-type Dnf2p. By contrast,

mutant to

as

the [344F mutation reduced the PC-flipping
activity, although the expression level or
stability of the mutant Dnf2p was not affected.
In this study, both the L127P and [344F
mutants of ATP8BI1 were delivered normally

to the plasma membrane but had no PC



flippase activity (Fig. 8), suggesting that
phenotypes of PFIC1 patients with these
mutations may be caused by the lack of
enzymatic activity of ATP8B1. Thus, the
L127P mutation, unlikely its corresponding
L264P, the
enzymatic activity of ATP8BI1. Although we

Dnf2p mutation, impaired
do not know the exact reason for the
difference between the yeast and human P4-
ATPases, the simplest explanation is that they
have different enzymatic properties; for
example, aspartate mutants of human P4-
ATPases could not exit the ER (Fig. 2), while
the aspartate mutant of Drs2p can properly
localize to the Golgi apparatus (32,45).

How is the impaired flippase activity of
ATP8B1 responsible for the symptoms of
PFIC1? One possibility is that a reduction in
the PC flipping activity in PFIC1 patients
the lipid the

canalicular membrane and thereby changes

changes composition in
membrane fluidity, resulting in impaired
functions of canalicular membrane proteins
such as ABCBI11. Because PFIC1 patients
exhibit decreased excretion of bile salts and
Atp8h1308V/C308Y mytant mice exhibit normal
ABCBI11
membrane (37), it is likely that impaired

ATP8B1 ABCBI11

localization to the canalicular

activity may affect
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function. Furthermore, in Atp8h1®308v/c308V

mice, infusion of taurocholate increases
recovery of PS in bile relative to that in wild-
type mice and promotes the accumulation of
vesicular structures in the canalicular lumen
(37). The defect in the flip—flop balance of PC
(flip < flop) in Atp8b153%8V"e308Y mytant mice
might increase the volume of outer leaflet of
the canalicular membrane, leading to a change
in membrane curvature (34) (46), and thus
allowing membranes to protrude; shedding of
the membrane protrusions may result in
formation of vesicular structures in the
canalicular lumen. Due to the presence of
vesicular structures generated from the
canalicular membrane, PS, which usually
localizes to the cytoplasmic leaflet, could be
recovered in bile in Atp8b1%3%8V/C308V mytant
mice. Although it remains unknown whether
the enzymatic activity of ATP8B1 is necessary
for bile excretion in vivo, our findings provide
important insights into the pathophysiological
mechanisms underlying PFIC.

In this study, we systematically evaluated
the enzymatic activities of human P4-ATPases
for the first time. Knowledge of these
activities is essential for achieving an
understanding of the physiological roles of

P4-ATPases in mammalian cells.
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Figure Legends

Figure 1 Flippase activities of ATP11C across the leaflets of the plasma membrane in Ba/F3 cells.
Parental Ba/F3 cells (-) or Ba/F3 cells infected with empty retrovirus vector (vector) or
recombinant virus vector encoding HA-tagged ATP11C(WT) or ATP11C(E184Q) were either (A)
processed for immunoblot analysis with antibodies against HA and TfnR (as an internal control)
or (B) stained with Alexa Fluor 555—conjugated wheat germ agglutinin (WGA) to visualize the
plasma membrane, followed by immunostaining for HA and giantin (a Golgi marker). Scale bar,
10 um. (C) Ba/F3 cells were incubated with the indicated NBD-lipids at 15°C for the indicated
times (x axis). After extraction with fatty acid—free BSA, the residual fluorescence intensity
associated with the cells was determined by flow cytometry. Graphs are representative of two
independent experiments, and results display averages from triplicates + SD. (D) Fold increase of
NBD-lipid uptake compared to parental cells (-) is shown at the 10- (NBD-PS) or 15-min (NBD-
PE, -PC, -SM) time point from (C). Graphs are representatives of three independent experiments,
and results display averages from triplicates = SD (¥*p <0.0001, **p < 0.0005). Error bars
represent SD.

Figure 2 Plasma-membrane localization of P4-ATPases and their ATPase-deficient mutants in
HelLa cells.

HeLa cells were transiently co-transfected with expression vectors for FLAG-tagged CDCS50A
and (A) HA-tagged ATP8B1(WT), ATPSBI1(E234Q), or ATP8B1(D454G; a BRIC mutant, see
Fig. 7); (B) ATP8B2(WT) or ATP8B2(E204Q); (C) ATPI1A(WT), ATP11A(E186Q), or
ATP11A(D414N); or (D) ATP11C(WT), ATP11C(E184Q), or ATP11C(D412N). Before fixation,
cells were incubated with Alexa Fluor 488—conjugated anti-CD147 antibody for 5 min at room
temperature to label the plasma membrane. The fixed cells were then incubated with anti-HA and
anti-FLAG (M2) antibodies, followed by Cy3-conjugated anti-rat and DyLight649-conjugated
anti-mouse secondary antibodies. For PDI (an endoplasmic reticulum marker) staining, fixed cells
were incubated with anti-HA, anti-FLAG, and anti-PDI antibodies followed by Cy3-conjugated
anti-rat, Alexa Fluor 647—conjugated anti-rabbit, and Alexa Fluor 488—conjugated anti-mouse

secondary antibodies. Insets indicate FLAG-CDC50A—expressing cells. Scale bars, 10um.

Figure 3 Cell-surface expression of P4-ATPases in HeLa stable cell lines.

HeLa cell lines stably expressing HA-tagged P4-ATPase were established by plasmid transfection
followed by selection in the presence of antibiotics. Two or three independent clones of cells
expressing ATP8B1(WT), ATP8B2(WT), ATP11A(WT), or ATP11C(WT), or one clone
expressing ATP8B1(E234Q), ATP11A(E186Q), or ATP11C(E184Q), were examined. (A, C)
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Total expression level of the P4-ATPase in each cell line was analyzed by immunoblotting with
anti-HA and anti-TfnR antibodies (as an internal control). 4% of the input of the biotinylation
reaction was loaded in each lane. Arrow, ATP8B2; open arrow, ATP8B1. (B, D) Cell-surface level
of the P4-ATPase in each cell line was analyzed after surface biotinylation. Proteins precipitated
with streptavidin—agarose beads were subjected to immunoblot analysis for HA and TfnR (as an
internal control). The numbers show the relative expression level of proteins, which were
normalized with the level of the internal control, TfnhR, and were used for normalizing the
enzymatic activities shown in Fig. 4 (J, K). (A, B) Open and solid arrows indicate positions of
ATP8B1 and ATP8B2, respectively. (A-D) Middle panels show overexposures. WT(vi): cell lines

established by infection of recombinant retrovirus for each P4-ATPase.

Figure 4 Flippase activities of P4-ATPases across the leaflets of the plasma membrane in HelLa
cells.

(A-D) Parental HeLa cells ([-], open square) and a cell line stably expressing ATP8B1 (clone
12, blue), ATP11A (clone 14, green), or ATP11C (clone 38, orange) were incubated with the
indicated NBD-lipids at 15°C for the indicated times (x axis). After extraction with fatty acid—
free BSA, the residual fluorescence intensity associated with the cells was determined by flow
cytometry. Graphs are representatives of two independent experiments, and results display
averages from triplicates = SD. (E—H) Each of the clonal cell lines shown in Figure 2 was
incubated with the indicated NBD-lipids at 15°C for 15 min (or 10 min for NBD-PS). After
extraction with fatty acid—free BSA, the residual fluorescence intensity associated with the cells
was determined by flow cytometry. Fold increase of NBD-lipid uptake compared to parental HeLLa
cells (-) is shown. Graphs are representative of at least two independent experiments, and results
display averages from triplicates = SD (*p < 0.001, **p < 0.005). Error bars represent SD. (I) A
histogram of a representative experiment displaying the differences in the fluorescence intensity
among parental HeLa cells in the absence (dashed line) or presence (gray area) of NBD-lipids, or
a cell line stably expressing ATP8B1 (clone 12, blue), ATP11A (clone 14, green), or ATP11C
(clone 38, orange) in the presence of indicated NBD-lipids at 15°C for the indicated times. (J, K)
The enzymatic activities of WTs and glutamate mutants were normalized with the level of
biotinylated P4-ATPases shown in Fig. 3 (D).

Figure 5 Cell-surface expression and flippase activities of P4-ATPases in retroviral infected HeLa
stable cells.

HeLa cells stably expressing indicated HA-tagged P4-ATPases were established by infection with
recombinant retrovirus without clonal selection, and processed for analysis of the total (A) or cell-

surface (B) expression level of the P4-ATPase proteins, as described in the legend for Fig. 3.
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Middle panels of (A) and (B) show overexposures of the blots shown in the top panels. Cells
expressing ATP8B1, ATP8B2, and ATP11A were incubated with (C) NBD-PS, (D) NBD-PE, (E)
NBD-PC, or (F) NBD-SM at 15°C for 15 min (or 10 min for NBD-PS). After extraction with
fatty acid—free BSA, the residual fluorescence intensity associated with the cells was determined
by flow cytometry. Fold increase of NBD-lipid uptake relative to parental HeLa cells (-) is shown.
The graphs are representative of two independent experiments, and results display averages from
triplicates = SD (*p <0.001). Error bars represent SD. (G-I) The enzymatic activities were
normalized with the level of biotinylated P4-ATPases shown in (B).

Figure 6 Flippase activities of P4-ATPases at 4°C
HeLa cell lines stably expressing the HA-tagged ATP11A(clone 14) and ATP8B1(clone 12) were
incubated with NBD-PS (A), NBD-PE (B), or NBD-PC (C) at 4°C for the indicated times. The

graph displays averages from two independent experiments = SD. Error bars represent SD.

Figure 7 Flippase activity of ATP8B1 across the leaflets of the plasma membrane in CHO-K1
cells.

CHO-K1 cell lines stably expressing HA-tagged ATPSB1(WT) or ATP8BI1(E234Q) were
established by infection with recombinant retrovirus followed by selection in the presence of
antibiotics. (A) Total expression level of ATP8B1 was analyzed by immunoblotting with
antibodies against HA and TfnR (as an internal control). 4% of the input of the biotinylation
reaction was loaded in each lane. (B) Cell-surface expression level of ATP8B1 was determined
by surface biotinylation analysis. The middle panels show overexposures. (C) Cells were
incubated with NBD-lipids and processed for flippase assays as described in the legend for Fig.
4. Fold increase of NBD-lipid uptake relative to parental CHO-K1 cells (-) is shown. The results
display averages from triplicates = SD (*p < 0.001). Error bars represent SD.

Figure 8 Localization and flippase activity of ATP8B1 mutants associated with cholestasis.

HeLa cell lines stably expressing HA-tagged ATP8B1 mutants indicated were established by
infection of recombinant retroviral vectors. (A, C) Total expression level of each ATP§B1 protein
was analyzed by immunoblotting with anti-HA and anti-TfnR antibodies. 4% of the input of the
biotinylation reaction was loaded in each lane. (B, D) Cell-surface expression level of each
ATP8B1 protein was analyzed after surface biotinylation. The numbers in (B) show the relative
expression level of proteins which were normalized with the level of the internal control, TfnR.
(C, D) The cells were treated with 10 uM MG-132 for 12 h. (E) Cells expressing the indicated
ATP8BI protein were processed for immunostaining. Before fixation, cells were incubated with

Alexa Fluor 488—conjugated anti-CD147 antibody for 5 min at room temperature to label the
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plasma membrane. The fixed cells were then incubated with anti-HA antibody, followed by Cy3-
conjugated anti-rat secondary antibody. Cells treated with MG-132 are indicated. Scale bar, 10 pm.
Each cell line was incubated with NBD-PC (F) or NBD-PS (H), and then processed for flippase
assay as described in the legend for Fig. 4. Fold increase of NBD-lipid uptake compared to
parental HeLa cells (-) is shown. The graph is representative of two independent experiments, and
results display averages from triplicates + SD (*p<0.001). Error bars represent SD. (G) The PC-

flippase activities were normalized with the level of biotinylated P4-ATPases shown in (B).

Figure 9 Exogenous expression of ABCB4 antagonizes PC flipping mediated by ATP8BI.
HeLa cell lines stably expressing HA-tagged ATP8B1, FLAG-tagged ABCB4(WT), FLAG-
tagged ABCB4(K435M), ATP8B1-HA + FLAG-ABCB4(WT), or ATP8BI1-HA +FLAG-
ABCB4(K435M) were established by infection with recombinant retroviral vectors. (A) Total
expression level of each protein was analyzed by immunoblotting with anti-HA, anti-
DYKDDDDK (which recognizes the FLAG epitope), and anti—f-tubulin antibodies. (B) Cells
expressing the indicated proteins singly or doubly were processed for immunostaining with anti-
HA and anti-DYKDDDDK antibodies, followed by Cy3-conjugated anti-rat and DyLight649-
conjugated anti-mouse secondary antibodies. Scale bar, 20 um. (C) Cells were incubated with
NBD-PC at 37°C for the indicated times (x axis). After extraction with fatty acid—free BSA, the
residual fluorescence intensity associated with the cells was determined by flow cytometry.
Graphs display averages from three independent experiments £ SD (*p <0.005). (D) Fold
increase of NBD-PC uptake compared to parental HeLa cells (-) at the 5-min time point of (C) is
shown. Graphs display averages from three independent experiments £ SD (*p < 0.001 vs. (-);
*p <0.001 vs. ATP8B1). Error bars represent SD.
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