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Phospholipids are asymmetrically distributed between the
lipid bilayer of plasma membranes in which phosphati-
dylserine (PtdSer) is confined to the inner leaflet. ATP11A
and ATP11C, type IV P-Type ATPases in plasma membranes,
flip PtdSer from the outer to the inner leaflet, but involvement
of other P4-ATPases is unclear. We herein demonstrated that
once PtdSer was exposed on the cell surface of ATPIIA™
“ATP11C”"~ mouse T cell line (W3), its internalization to the
inner leaflet of plasma membranes was negligible at 15 °C.
However, ATPIIA™"ATPIIC’~ cells internalized the
exposed PtdSer at 37 °C, a temperature at which trafficking of
intracellular membranes was active. In addition to ATP11A
and 11C, W3 cells expressed ATP8A1, 8B2, 8B4, 9A, 9B, and
11B, with ATP8A1 and ATP11B being present at recycling
endosomes. Cells deficient in four P4-ATPases (ATP8AI,
11A, 11B, and 11C) (QKO) did not constitutively expose
PtdSer on the cell surface but lost the ability to re-establish
PtdSer asymmetry within 1 hour, even at 37 °C. The expres-
sion of ATP11A or ATP11C conferred QKO cells with the
ability to rapidly re-establish PtdSer asymmetry at 15 °C and
37 °C, while cells expressing ATP8A1 or ATP11B required a
temperature of 37 °C to achieve this function, and a dynamin
inhibitor blocked this process. These results revealed that
mammalian cells are equipped with two independent mech-
anisms to re-establish its asymmetry: the first is a rapid pro-
cess involving plasma membrane flippases, ATP11A and
ATP11C, while the other is mediated by ATP8A1l and
ATP11B, which require an endocytosis process.

Major glycerophospholipids in the plasma membranes of
mammalian cells are phosphatidylcholine, phosphatidyletha-
nolamine (PtdEtn), phosphatidylserine (PtdSer), phosphatidy-
linositol (PtdIns), and phosphatidic acid (1, 2). In addition,
sphingomyelin (SM) and cholesterol are abundantly present in
the plasma membrane. These lipids are asymmetrically
distributed between the inner and outer leaflets of the plasma
membranes. PtdSer, PtdEtn, and phosphatidylinositol are
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confined to the inner leaflet, whereas PtdCho and SM are
enriched in the outer leaflet (3, 4).

PtdSer at the inner leaflet (or cytoplasmic side) of the
plasma membrane plays an important role in the recruitment
of proteins to the plasma membrane for their activation (5-7).
In various biological processes, the asymmetrical distribution
of PtdSer is broken, which exposes it on the cell surface (8, 9).
Apoptotic cells irreversibly expose PtdSer as an “eat me” signal
for macrophages (10, 11). In contrast, PtdSer is transiently and
reversibly exposed by activated lymphocytes and platelets
(12, 13), myoblasts and trophoblasts undergoing cell fusion
(14, 15), and capacitated sperm (16), indicating the ability of
mammalian cells to break and re-establish PtdSer asymmetry
in the plasma membrane. The distribution of phospholipids in
the lipid bilayer is regulated by flippases and scramblases
(9, 17). Flippases translocate phospholipids from the outer to
the cytoplasmic side of the lipid bilayer in an ATP-dependent
manner, while scramblases bi-directionally pass phospholipids
across the membrane in an energy-independent manner.
Members of the transmembrane (TMEM)16 and XK-related
family function as Ca**- and caspase-activated scramblases,
respectively (18, 19).

Type IV P-type (P4-) ATPases have been proposed to
function as flippases (20, 21). They carry 10 transmembrane
segments and a large cytoplasmic ATPase domain. There are 14
and 15 members for human and mouse P4-ATPases, respec-
tively, that localize at the plasma membrane, endosomes, Golgi,
and lysosomes. Most of them require CDC50A as an essential
subunit for their correct folding and exit from the ER. Six hu-
man P4-ATPases (ATP8A1, 8A2, 8B1, 11A, 11B, and 11C) were
previously shown to exhibit PtdSer-dependent ATPase activity
with purified proteins or flippase activity using a proteolipo-
some system (22-25). We and others demonstrated using cell-
based assays that ATP8A2, 11A, and 11C localized at the
plasma membrane and exhibited the ability to flip PtdSer
(26, 27). On the other hand, since ATP8A1l and ATP11B
localize at endomembranes, such as endosomes and the trans-
Golgi network (TGN) (22, 28, 29), it currently remains unclear
whether these intracellular P4-ATPases contribute to the
asymmetrical distribution of PtdSer at the plasma membrane.
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Two types of P4-ATPases re-establish PtdSer asymmetry

ATP11A and ATP11C are ubiquitously expressed in various
cell types, while the expression of ATP8A2 is limited to the brain
or testis (23, 26). We previously reported that flippase activity at
the plasma membrane of the ATPIIA™"ATPI1IC”~ double
flippase-deficient (DKO) mouse W3 cell line was negligible (30).
In the present study, we demonstrated that after the transient
exposure of PtdSer, DKO cells re-established the asymmetrical
distribution of PtdSer at the plasma membrane at 37 °C, but not at
15 °C. This re-establishment activity at 37 °C was compromised
by a dynamin inhibitor that blocked a clathrin-mediated endo-
cytosis and membrane trafficking (31). When the ATP8AI and
ATPI1B genes were additionally deleted, ATPSAI™"ATP11A™
"ATP1IB”~ATP11C”~ quadruple- deficient (QKO) cells lost the
ability to re-establish PtdSer asymmetry at the plasma membrane.
PtdSer asymmetry was rapidly re-established in QKO cells
expressing ATP11A or ATP11C, butslowly and in a temperature-
dependent manner in QKO cells expressing ATP8A1 or ATP11B,
and that was blocked by a dynamin inhibitor. QKO cells even-
tually, or within 12 h, regained plasma membrane PtdSer asym-
metry at 37 °C following its exposure. This observation suggests
that progression through the cell cycle allows the PtdSer asym-
metry re-establishment by an unknown process that is indepen-
dent of the four flippases. Accordingly, QKO cells under steady-
state conditions maintained the PtdSer asymmetry in the plasma
membrane. Based on these results, we concluded that mamma-
lian cells are equipped with two types of PtdSer flippases located
at the plasma membrane or endosomes that repair PtdSer
asymmetry in the plasma membrane after its transient exposure.

Results

ATP11A and ATP11C are responsible for flipping PtdSer on the
cell surface

We previously reported that W3 cells, a mouse T-lym-
phoma cell line, expressed eight P4-ATPases (ATP8A1, 8B2,

8B4, 9A, 9B, 11A, 11B, and 11C) (32), while ATP11A-ATPI11C
DKO cells lost PtdSer flippase activity at the plasma membrane
(26, 30). Plasma membrane flippases can be assessed using the
fluorescent-labeled PtdSer analog, 1-oleoyl-2-{6-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphoserine (NBD-PS) (see Experimental procedures). We
initially investigated the time course and effects of temperature
on flippase activity. As shown in Fig. 14, WT-W3 cells effi-
ciently flipped NBD-PS into the inner leaflet at 15 °C, and its
median fluorescence intensity (MFI) increased at least for
6 min. PtdSer-flipping kinetics were accelerated at 37 °C,
reaching a plateau by 3 min. In contrast, a time-dependent
increase in MFI was not observed in DKO cells at 15 °C or
37 °C, indicating that PtdSer flippase activity on the cell sur-
face of DKO cells was negligible. We then examined endoge-
nous PtdSer distribution on the cell surface with annexin V, a
PtdSer-binding protein, and found that they did not expose
PtdSer despite the loss of PtdSer flippase activity (Fig. 1B). By
contrast, when W3 and DKO cells were treated with a calcium
ionophore A23187, they exposed PtdSer on the cell surface
within 5 min through the activation of the calcium-dependent
scramblase, TMEMI16F (18). This result indicated that the
asymmetrical distribution of PtdSer on the cell surface was
established without plasma membrane flippases or was medi-
ated by intracellular mechanisms.

ATP11A- and ATP11C-independent systems to re-establish the
asymmetrical distribution of PtdSer in plasma membranes

We then investigated the process to re-establish the asym-
metrical distribution of endogenous PtdSer after the transient
exposure of PtdSer caused by A23187 treatment. Once the
ionophore was removed from the culture medium, W3 cells
rapidly flipped exposed PtdSer into the inner leaflet of the plasma
membrane atboth 15°Cand 37 °C (Fig. 2, A and B). Within 4 min
(£1/2, 4 min), half of the population internalized PtdSer. In
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Figure 1. Requirement of ATP11A and ATP11C to flip PtdSer at the plasma membrane. A, PtdSer-flippase activity at the plasma membrane. W3 and
ATP11A™-ATP11C”~ W3 (DKO) cells were incubated with 0.5 UM NBD-PS at 15 or 37 °C for 3 min (left) or the indicated time (right), and the internalization of
NBD-PS was measured by flow cytometry. Representative FACS histograms for NBD-PS and the time course for NBD-PS internalization are shown (left). The
experiment was repeated three times and the average median fluorescence intensity (MFI) was plotted with SD (bar) (right). B, PtdSer-exposure on the cell
surface. W3 and DKO cells before (blue) or after the treatment of 3 uM ionophore at 30 °C for 5 min (magenta) were stained with Cy5-annexin V in the
presence of propidium iodide (Pl) and analyzed by flow cytometry. Representative histograms for annexin V in the Pl-negative populations are shown.
PtdSer, phosphatidylserine; NBD-PS, 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphoserine.
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Figure 2. Temperature- and dynamin-dependent re-establishment activity of PtdSer asymmetry in DKO cells. A-C, W3 and DKO cells were stimulated
with A23187 at 30 °C for 5 min. After removing A23187, cells were incubated in RPMI-10% FCS with 2 mM EGTA in the presence or absence of 25 pM Dyngo-
4a for the indicated time at 15 °C (A) or 37 °C (B and (). Cells were then stained with Cy5-annexin V and analyzed by flow cytometry. Annexin V-positive cells
in the Pl-negative population at the indicated time are expressed as the percentage of that found in cells after the A23187 stimulation (A, bottom; B, bottom;
and G, right). The experiment was repeated two or three times and average values were plotted with SD (bar). The times required to reduce the PS-exposing
cell population by 50% are shown. The histograms show representative annexin V profiles of cells treated with A23187 (magenta) and cells that were chased
in the presence of 2 mM EGTA at 15 °C or 37 °C for 20 min (blue) (A and B; top), or in the presence or absence of 25 uM Dyngo-4a at 37 °C for 40 min (blue)
(G; left). p values are shown. DKO, ATP11A™~ATP11C”~ double flippase-deficient; P, propidium iodide; PtdSer, phosphatidylserine.

contrast, DKO cells lost the ability to flip exposed PtdSer at 15 °C,
keeping it on the cell surface (Fig. 2A4). This result indicated that
ATP11A and ATP11C are essential for re-establishing PtdSer
asymmetry at 15 °C. However, following an increase in temper-
ature to 37 °C, DKO cells slowly internalized PtdSer from the
surface (1,5, 15 min), and PtdSer on DKO cells disappeared
within 40 min, re-establishing PtdSer asymmetry (Fig. 2B). These
results indicated that DKO cells exhibit a temperature-dependent
activity to re-establish the asymmetrical distribution of PtdSer.
Endocytosis and intracellular membrane trafficking are
active at 37 °C and blocked at 15 °C (33, 34). Accordingly,

SASBMB

when W3 cells were treated with pH-sensitive fluorescent-
conjugated transferrin (pHrodo-Transferrin) at 37 °C, it was
quickly incorporated into cells and showed intracellular
puncta signals (Fig. S1, A and B). This process was blocked at
15 °C or by Dyngo-4a, a dynamin inhibitor, that blocks the
clathrin-mediated endocytosis or membrane trafficking (31)
(Fig. S1, B and C), confirming that W3 cells have normal
endocytosis and membrane trafficking systems. We speculated
that intracellular P4-ATPases support the re-establishment of
the asymmetrical distribution of PtdSer at the plasma mem-
brane through temperature-dependent membrane trafficking
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systems. Accordingly, Dyngo-4a inhibited DKO cell’s activity
to re-establish PtdSer asymmetry at 37 °C in a time- and
concentration-dependent manner (Figs. 2C and S1D).

ATP8A1 and ATP11B, intracellular P4-ATPases, re-establish
PtdSer asymmetry in a temperature- and membrane
trafficking-dependent manner

Six mammalian P4-ATPases have been shown to exhibit
PtdSer flippase activity (22-27), and ATP8A1 and ATP11B
localize at endosomes or the trans-Golgi network. Therefore,
we examined the effects of ATP8A1 and ATP11B on the re-
establishment of the asymmetrical distribution of PtdSer in

establishing ATPI1A-ATP11C-ATP8A1 (DKO-ATP8AI e
TKO1) and ATPIIA-ATP11C-ATP1IB (DKO-ATP11B™:
TKO2) triple flippase-deficient, and ATPIIA-ATPIIC-
ATP8AI-ATP11B QKO cells. QKO cells grew as well as WT
cells and did not exhibit abnormalities under steady-state
conditions (Fig. 34). As shown in Fig. 3B, PtdSer flippase ac-
tivity using NBD-PS at the plasma membrane did not sub-
stantially differ between DKO and QKO cells at 15 °C or 37
°C, indicating that ATP8A1 and ATP11B did not contribute to
this process. In contrast, the re-establishment of PtdSer
asymmetry by these cells at 37 °C after the transient exposure
of PtdSer was totally different. As shown in Fig. 3C, the half
time required for this process increased from 22 min with

DKO cells to 33 and 52 min with TKO1 and TKO2 cells,
respectively, and the re-establishment activity of DKO cells

DKO cells. The ATP8AI and/or ATP11B genes on DKO cells
were knocked out using CRISPR-Cas9 technology (Fig. S2),
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Figure 3. Essential roles of ATP8A1 and ATP11B for the temperature-dependent re-establishment of PtdSer asymmetry. A, W3 or QKO cells were
cultured for 2 days and re-seeded at 2 x 10* cells/ml. Viable cells were counted after staining with trypan blue, and average cell numbers were plotted.
Experiments were performed in triplicate, and average cell numbers were plotted. The doubling times for W3 and QKO cells are shown with SD. B,
PtdSer-flippase activity at the plasma membrane. W3, ATP11A™"ATP11C”~ (DKO), and ATP11A™-ATP11C7~ATP8AT”"ATP11B™~ (QKO) cells were incu-
bated with 0.5 pM NBD-PS at 15 °C or 37 °C for 5 min and analyzed by flow cytometry. The experiment was repeated three times and the MFI value was
plotted, and red bars indicate the average values. C, requirement of ATP8A1 and ATP11B for the temperature-dependent re-establishment of the
asymmetrical distribution of PtdSer. After a treatment with 3 uM A23187 at 30 °C for 5 min, DKO, DKO-ATP8A1~~ (TKO1), DKO-ATP11B~~ (TKO2), and
QKO cells were incubated at 37 °C for the indicated periods in the presence of 2 mM EGTA, stained with Cy5-annexin V and PI, and analyzed by flow
cytometry. Annexin V-positive cells in the Pl-negative population are expressed as a percentage of that present before the EGTA treatment (right). The
experiment was repeated three times and average values were plotted with SD (bar). The times required to reduce the PS-exposing cell population by
50% are shown. Left panels show representative annexin V-staining profiles before (magenta) and after a 40-min incubation with EGTA (blue). DKO,
ATP11A™~ATP11C”~ double flippase-deficient; MFI, median fluorescence intensity; NBD-PS, 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hex-
anoyl}-sn-glycero-3-phosphoserine; Pl, propidium iodide; PtdSer, phosphatidylserine.
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was abolished entirely in QKO cells. Gene deletion of ATP11B
impacted stronger on the re-establishment activity than
ATP8A1, which may be consistent with abundant mRNA ex-
pressions of ATP11B in W3 cells (32). The robust exposure of
PtdSer on QKO cells was maintained at 37 °C for 60 min.
These results indicated that the four P4-ATPases (ATP8AI,
ATP11A, ATP11B, and ATP11C) were involved in re-
establishing PtdSer asymmetry in W3 cells.

To examine how each member contributes to the process,
they were tagged with EGFP and individually expressed in
QKO cells and observed with confocal microscopy or analyzed
by Western blotting with anti-GFP Ab. As shown in Figs. 44
and S3, EGFP-ATP11A and ATP11C were exclusively merged

with PlasMem Bright that specifically stains the plasma
membrane (35). On the other hand, consistent with previous
findings (22, 28), majority of the GFP signals of EGFP-tagged
ATP8A1 and ATP11B were merged with pHrodo-
Transferrin (Fig. 4B) in recycling endosomes (36) and partly
colocalized with PlasMem Bright. The expression of ATP11A
and ATP11C conferred rapid activity to re-establish PtdSer
asymmetry in QKO cells after the exposure of PtdSer, which
was not affected by temperature (Fig. 4C). On the other hand,
ATP8A1 and ATP11B internalized PtdSer as efficiently as
ATP11A or ATP11C at 37 °C, but less efficiently at 15 °C.
Approximately 25% of QKO expressing ATP8A1 cells inter-
nalized PtdSer quickly at 15 °C, which may be consistent with
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Figure 4. ATP8A1 and ATP11B re-establish PtdSer asymmetry in a temperature- and dynamin-dependent manner. A and B, EGFP-tagged ATP8AT,
ATP11A, ATP11B, or ATP11C was stably expressed in QKO cells and observed under a confocal microscope. Images show EGFP (green, A and B), PlasMem
Bright (red, A), pHrodo-Transferrin (Tf) (red, B), Hoechst 33342 (blue, A and B), and merged images (A and B). Bar, 10 um. C, QKO transformants expressing
ATP8A1, 11A, 11B, or 11C were treated with A23187, and incubated in the presence of 2 mM EGTA for the indicated time at 15 °C (blue) or 37 °C (red).
Annexin V-positive cells in the Pl-negative populations are expressed as a percentage of that present before the EGTA treatment. The experiment was
repeated three times, and average values were plotted with SD (bar). D, QKO transformants were stimulated by A23187 as above and allowed to internalize
PtdSer in the presence or absence of 25 uM Dyngo-4a at 37 °C for 15 min (ATP11A and 11C) (top left) and 40 min (ATP8A1 and 11B) (top right and bottom).
Top panels show representative annexin V profiles of cells treated with A23187 (red) and cells that were further incubated in the presence or absence of
25 uM Dyngo-4a (blue). The percentages of cells with annexin V-positive in the Pl-negative populations after the recovery are shown in the histograms. In
bottom, annexin V-positive QKO cells expressing ATP8AT or ATP11B after the recovery procedure with or without 25 pM Dyngo-4a are expressed as a
percentage of that present just after A23187 treatment and plotted (n = 3). p values are shown. QKO, ATP8AT~ATP11A™~ATP11B”"ATP11C”~ quadruple-

deficient; Pl, propidium iodide; PtdSer, phosphatidylserine.
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the partial localization of ATP8A1l at plasma membranes
(Fig. 4A). Although Dyngo-4a did not affect the quick re-
establishment of PtdSer asymmetry by ATP11A or ATP11C
at 37 °C (Fig. 4D), it interfered in the ATP8A1- or ATP11B-
mediated re-establishment processes. Based on these results,
we concluded that in contrast to ATP11A and ATP11C, which
function at the plasma membrane, the ability of ATP8A1 and
ATP11B to re-establish PtdSer asymmetry was dependent on a
dynamin-mediated endocytosis or recycling systems between
endosomes and plasma membranes.

PtdSer-dependent ATPase activities of ATP8A1 and ATP11B

We previously showed that PtdSer triggered the ATPase
activity of ATP11A and ATP11C with half-maximum activa-
tion constants (K;) and V.« of 1.9 uM and 6.5 nmol Pi/ug
protein/min, and 1.3 pM and 8.9 nmol Pi/pg protein/min,
respectively (26). On the other hand, Wang et al. (23) recently
reported that the K, and V., of human ATP11B for PtdSer
were 178 pM and 17.3 nmol Pi/ug protein/min, respectively.
Therefore, we investigated the PtdSer-dependent ATPase

activity of the purified ATP8A1-CDC50A and ATP11B-
CDC50A flippase complex and compared it with that of
ATP11C-CDC50A, a plasma membrane PtdSer-flippase. Hu-
man ATP8A1, ATP11B, and ATP11C were tagged with FLAG
and expressed in HEK293T cells with their human CDC50A
subunit tagged with EGFP. Cells were lysed with 0.5% lauryl
maltose-neopentyl glycol (LMNG), and the complex was
affinity-purified with an anti-FLAG mAb, as previously re-
ported (37). An analysis by SDS-PAGE followed by Coomassie
Brilliant Blue (CBB) staining indicated that recombinant
ATP8A1, ATP11B, and ATP11C in the complex had the ex-
pected sizes of M, 110K-120K (Fig. 5A). CDC50A was
detected in several bands at M, of approximately 60 to 75K,
which may have been due to different degrees of glycosylation.
An analysis by Blue Native-PAGE (BN-PAGE) followed by
CBB staining or Western blotting with anti-FLAG (P4-
ATPase) and anti-GFP (CDC50A) antibodies (Abs) detected
a protein complex at approximately 300 to 450 kDa (Fig. 5, B
and C).

POPS induced the ATPase activity of these complexes in a
concentration-dependent manner (Fig. 5D). The complexes
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Figure 5. ATPase activities of intracellular P4-ATPases. A-C, analysis of purified flippase complexes by SDS-PAGE (A) or BN-PAGE (B and (). Flag-tagged
hATP8A1, ATP11A, or ATP11C was expressed in HEK293T cells together with EGFP-tagged hCDC50A and purified. In A, the purified protein (300-500 ng) was
separated by SDS-PAGE and stained by Coomassie Brilliant Blue (CBB). Asterisks indicate P4-ATPase (*) and CDC50A (**). In B and C, proteins (5-15 ng for
Western blotting and 900 ng for CBB staining) were separated by BN-PAGE. Proteins were then stained by CBB or analyzed by Western blotting with an anti-
FLAG or anti-GFP Ab. D, PtdSer-dependent ATPase activity. The ATPase activity (nmol Pi/ug protein/min) of the purified flippase complex was assessed in
the presence of the indicated concentrations of POPS. ATPase activity observed without POPS was subtracted. The experiment was performed three times,
and mean values were plotted with SD (bar). The right panel shows Lineweaver-Burk plots for PtdSer. The calculated maximal reaction rate (V,,) and
PtdSer half-maximum activation constant (K,) were as follows: hATP8A1; V,.x = 11.2 nmol Pi/ug protein/min, K, = 1.5 uM, hATP11B; Vi,,ax = 4.8 nmol Pi/pg
protein/min, K, = 0.4 uM, hATP11C; Vhax = 4.3 nmol Pi/ug protein/min, K, = 0.7 uM. E, lipid-induced ATPase activity was assessed at a concentration of
30 uM of the indicated lipids. ATPase activity observed without lipids was subtracted. The experiment was performed three times, and mean values were
plotted with SD (bar). PS: POPS, PE: POPE, PC: POPC, SM: sphingomyelin (d18:1/18:0). F, relative PtdEtn-induced ATPase activity is shown as a percentage of
respective POPS-induced ATPase activity with mean values (bar) (n = 3). p values are shown. BN-PAGE, Blue Native-PAGE; POPE, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; P4-ATPase, type IV P-type ATPase; P4-ATPase, type IV P-type
ATPase; PtdEtn, phosphatidylethanolamine; PtdSer, phosphatidylserine.
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responded weakly to POPE, but not to POPC or SM for
ATPase activity (Fig. 5E). POPE induced the ATPase activity of
ATPI11B and ATP11C with approximately 40% efficiency of
POPS, while it activated the ATPase of ATP8A1 with around
13% of POPS, suggesting that ATP11B and ATP11C respon-
ded better to PtdEtn than ATP8A1 (Fig. 5F). A Lineweaver—
Burk kinetics analysis indicated that K, for POPS was similar
among the three P4-ATPases (ATP8A1l, ATP11B, and
ATP11C): K, of 0.4 to 1.5 uM, whereas V,,,, of ATP8A1 for
POPS was three-times higher than those of ATP11B and
ATP11C (11.2, 4.8, and 4.3 nmol Pi/ug protein/min, respec-
tively). These results were consistent with the values we pre-
viously reported for the recombinant human ATP11A and
ATP11C flippase complexes (26), supporting ATP8A1 and
ATP11B functions at endosomes as flippases for PtdSer. On
the other hand, K, values were approximately 100- to 400-fold
smaller than those reported by Wang et al. (23). Although we
do not have a clear explanation for this difference, it may be
due to the presence or absence of a high concentration of
detergents in the assay (10 mM CHAPS in (23) or 0.5 mM
LMNG in this study).

No PtdSer exposure on QKO cells that lack flippases at the
plasma membrane and endosomes

We and others previously reported that the loss of CDC50A
caused the constitutive exposure of PtdSer in W3 and various
types of cells (32, 38—-40). Accordingly, CDC50A-null W3 cells
firmly bound annexin V under steady-state conditions (Fig. 6A4).
W3 cells expressed eight out of 14 P4-ATPases (ATP8A1, 8B2,
8B4,9A,9B,11A,11B,and 11C). Although ATP8B2 and 8B4 are
present in the plasma membrane, they do not exhibit flippase
activity for PtdSer or any other potential substrates tested in a
cell-based assay using fluorescent-conjugated phospholipid
analogs (26). In addition, ATP9A and ATP9B do not form
complexes with CDC50A and do not require CDC50A for their
proper cellular localization (28). Therefore, we expected QKO
cells lacking ATP8A1, 11A, 11B, and 11C to exhibit similar
behavior to CDC50A-null cells and constitutively expose PtdSer.
However, the level of PtdSer exposed on the surface of QKO cells
was very low at approximately 10 to 20% of that in CDC50A-null
cells (Fig. 6A). These results indicated the presence of another
CDC50A-dependent system that constitutively establishes the
asymmetrical distribution of PtdSer.
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Figure 6. Establishment of the asymmetrical distribution of PtdSer in the plasma membrane of QKO cells under steady-state conditions. A, the
asymmetrical distribution of PtdSer in the plasma membrane. The indicated cells were stained with Cy5-conjugated annexin V in the presence of Pl and
analyzed by flow cytometry. Representative histograms for annexin V staining in the Pl-negative population with MFI values (top). Experiments were
performed seven times, and MFI values were plotted with the average value (red bar). B, QKO cells were stimulated with A23187 for 5 min (red). After a
treatment with 3 uM A23187 at 30 °C for 5 min, QKO cells were incubated at 37 °C for the indicated periods in RPMI-10%FCS containing 1 mM MgCl,,
stained with Cy5-annexin V and P, and analyzed by flow cytometry. Annexin V-positive cells in the Pl-negative population are expressed as a percentage in
the total Pl-negative population. QKO, ATP8AT™"ATP11A™"ATP11B™ATP11C”~ quadruple-deficient; MFI, median fluorescence intensity; Pl, propidium io-

dide; PtdSer, phosphatidylserine.
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To further characterize this system, we followed the estab-
lishment of PtdSer asymmetry for a long time. As shown in
Fig. 6B, most QKO cells (97.1%) became annexin V-positive
when treated with a calcium-ionophore. QKO cells continued
to expose PtdSer at 37 °C for 2 h after the removal of the
ionophore. However, cells with asymmetrically distributed
PtdSer started to appear after a 6-h chase period. More than
55% of cells lost the ability to bind annexin V after 8 h. QKO
cells, similar to WT-W3 cells, grew with a doubling time of
9.7 h (Fig. 3A), suggesting that the disappearance of PtdSer
from the cell surface in QKO cells may be coupled with cell
division.

Discussion

The plasma membranes of eukaryote cells comprise a lipid
bilayer, and PtdSer exclusively localizes at the inner leaflet. In
the present study, we used a mouse T cell lymphoma and
identified two independent systems establishing the asym-
metrical distribution of PtdSer. The first system is mediated by
two P4-ATPases, ATP11A and ATP11C, which translocate
PtdSer from the outer leaflet to the inner leaflet in the plasma
membrane. This system is rapid (within 5 min) and appears to
take place with no involvement of intracellular components.
Another pathway requires ATP8A1 or ATP11B, other P4-
ATPases that localize in endosomes. This system is slower
than the first system (within 60 min) and requires a temper-
ature of 37 °C. Since a dynamin inhibitor blocked the process,
ATP8A1 and ATP11B most likely required a dynamin-
mediated process such as clathrin-mediated endocytosis and
recycling of endosomal components to create PtdSer asym-
metry in the plasma membrane.

Eukaryotic cells carry multiple P4-ATPase genes, and the
number of P4-ATPase family members has increased with
organismal complexity during evolution; yeast, Caenorhabditis
elegans, and the human genome encode 5, 6, and 14 genes,
respectively (21, 41). In the present study, we showed that
among 14 human P4-ATPases, at least four, either in the
plasma membrane or endosomes, were involved in establishing
the asymmetrical distribution of PtdSer in the plasma mem-
brane. These four P4-ATPases (ATP8A1, ATP11A, ATP11B,
and ATP11C) are broadly expressed in mice and humans (23,
26) (The human protein atlas: https://www.proteinatlas.org)
and, thus, redundantly support PtdSer asymmetry at the
plasma membrane in most cell types. This result appears to
provide support for multiple P4-ATPases redundantly
contributing to the asymmetrical distribution of phospholipids
at the plasma membrane in yeasts (42, 43). On the other hand,
a loss-of-function mutation in ATP11A and ATP11C, but not
in ATP8A1 or ATP11B, causes severe phenotypes in mice and
humans due to their limited exclusive expression in some cell
types (44—48) (The International Mouse Phenotyping Con-
sortium: https://www.mousephenotype.org). These results
indicate that ATP11A and ATP11C play a major role in
maintaining the asymmetrical distribution of PtdSer at the
plasma membrane, and ATP8A1 and ATP11B function as
backup systems. Further studies are warranted to establish
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mouse mutants lacking the ATP8A1 and 11B systems in order
to investigate the physiological role of flippases at endosomes
and their backup functions for PtdSer asymmetry in plasma
membranes.

ATP8A1L and ATP11C have a similar tertiary structure and
are likely to translocate PtdSer in the lipid bilayer with a
similar mechanism (49, 50). The mechanisms by which
ATP8A1 and ATP11B in endosomes regulate the distribution
of PtdSer at the plasma membrane currently remain unclear.
We propose two mechanisms. In the first mechanism,
ATP8A1 and ATP11B are recycled between the endosomes
and plasma membranes as in the case of lipoprotein or cyto-
kine receptors (51). These flippases may transiently move to
the plasma membrane to flip PtdSer and return to the endo-
somes. The other mechanism involves ATP8A1 and ATP11B
functioning as flippases at endosomes, with endosomal recy-
cling systems or lipid exchange systems, such as ORP5 and
ORPS, transferring PtdSer from endosomes to the plasma
membrane (52). It will be necessary to examine whether
ATP8A1 and ATP11B recycle between the plasma membrane
and endosomes during the re-establishment processes after
PtdSer exposure.

We and others previously reported that CDC50A-null
mutation causes the constitutive PtdSer-exposure in various
cell types (32, 38—40). CDC50A is an essential subunit for P4-
ATPase family members (ATP8A1, 8A2, 8B1-8B4, 10A, 10B,
10D, and 11A-11C), except for ATP9A and ATP9B (26, 28).
Although QKO cells lack the CDC50A-dependent PtdSer
flippases expressed on the plasma membrane, they did not
expose PtdSer on the cell surface. In addition to the four P4-
ATPases (ATP8A1, 11A, 11B, and 11C), W3 cells express
ATP8B2 and ATP8B4, and these P4-ATPases may contribute
to the asymmetrical distribution of PtdSer in QKO cells.
Another possible explanation for this difference is that
CDC50A binds and regulates other molecules that do not
belong to the P4-ATPase family but is involved in establishing
PtdSer asymmetry in the plasma membrane. It is important to
note that Wang et al. applied affinity purification with mAb
against CDC50A in mouse tissues and demonstrated that
several proteins other than P4-ATPases formed a complex
with CDC50A (23). Some of these proteins may contribute to
the establishment of PtdSer asymmetry in the plasma mem-
brane in a CDC50A-dependent manner.

We showed that QKO cells under steady-state conditions
had plasma membranes in which PtdSer was asymmetrically
distributed between the two leaflets. PtdSer exposed on the
surface of QKO cells by stimulation with the calcium iono-
phore eventually disappeared from the surface with a half-life
of 8 h. The time required for the disappearance of PtdSer was
close to the doubling time of QKO cells. The area of the
plasma membrane is doubled for cell division. The scram-
blase activated by the calcium ionophore is most likely to
cause a 1:1 distribution of PtdSer between the outer and inner
leaflets of the plasma membrane. The mechanisms by which
QKO cells re-organized the PtdSer asymmetry when cells
divide were unclear. As discussed above, the remaining
CDC50A-dependent P4-ATPases (ATP8B2 and 8B4) or other
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CDC50A-partners may contribute to this process. Alterna-
tively, it may be because PtdSer synthesized in the cyto-
plasmic leaflet of ER goes to the inner leaflet of the plasma
membrane via a vesicular transport system or lipid transfer
protein (7, 53). The molecular mechanisms by which the
plasma membrane is formed during cell division have not yet
been elucidated in detail (54, 55). QKO cells, in which cell
division appears to play an important role in establishing
asymmetrical PtdSer distribution, may be useful for investi-
gating this process.

Experimental procedures
Cell lines, plasmids, Abs, and reagents

Human HEK293T cells (ATCC; CRL-1573) were cultured in
Dulbecco’s modified Eagle’s medium containing 10% Fetal Calf
Serum (FCS). W3 is a mouse T cell lymphoma (WR19L; ATCC
TIB52) expressing mouse Fas (56), and was cultured in RPMI
1640 supplemented with 10% fetal calf serum. The ATPI11A™
"ATP11C™~ (DKO) and CDC50A™'~ W3 lines were previously
described (30, 37, 46). ATP8AI/"ATP11A~"ATP11C”~ TKO1,
ATPIIA™" ATP1IB"ATP1IC”~ TKO2, and ATPSAI”
"ATP1IA™"ATP11B”"ATP11C”~ QKO W3 mutant cell lines
were established from DKO cells by a CRISPR-Cas9 system using
the pX330 vector (57). In brief, DKO cells were electroporated
with the pX330 vector carrying the following sequence to produce
sgRNA for ATP8AI and ATPIIB. ATP8AI, 5-CACC-
GAGTGTTGTGTAACGACCGGT-3' and 5-AAACACCGG
TCGTTACACAACACTC-3; ATP11B, 5'-CACCGAATGTT-
CAAACTGACGGCAT-3'and 5-AAACATGCCGTCAGTT
TGAACATTC-3. Target sequences are underlined. Gene-
editing at targeted loci was verified by Sanger sequencing (Fig. S2).

The pMXs-puro retroviral vector and pGag-pol-IRES-bsr
packaging plasmid (58) were from T. Kitamura (Institute of
Medical Science, University of Tokyo). The pCMV-VSV-G
plasmid was from H. Miyoshi (Riken Bioresource Center).
pAdVAntage was purchased from Thermo Fisher Scientific.
Human c¢DNAs for CDC50A (NM_018247.3), ATP8AI
(NM_001105529.1), ATPIIA (NM_015205.2), ATPIiB
(NM_014616.3), and ATP11C (XM_005262405.1) were previ-
ously described (26). cDNAs were tagged with FLAG or EGFP
at the C terminus, introduced into pMXs-puro or pEF-BOS-Ex
(59), and used to transform W3 or produce recombinant
proteins in HEK293T cells, respectively.

A horseradish peroxidase (HRP)-conjugated rabbit anti-
GFP Ab was purchased from Medical & Biological Labora-
tories. An HRP-conjugated anti-FLAG M2 mAb and
anti-FLAG M2-conjugated magnetic beads were from Sigma-
Aldrich. Hoechst 33342 and PlasMem Bright Red, and pHrodo
Red-Transferrin conjugates were from Dojindo and Thermo
Fisher Scientific, respectively. NBD-PS, 1-palmitoyl- 2-oleoyl-
sn-glycero-3  -phospho-L-serine  (POPS), 1-palmitoyl-2-
oleoyl-sn-glycero-3- phosphoethanolamine (POPE),
1-palmitoyl-2- oleoyl-sn-glycero-3-phosphocholine (POPC),
and N-stearoyl-D- erythro-sphingosylphosphorylcholine (SM)
were purchased from Avanti Polar Lipids. Polyethylenimine
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was from Polysciences. A23187 and Dyngo-4a were from
abcam.

Cell transformation

The transformation of W3 cells was performed as previously
described (26). Briefly, the pMXs-puro vector carrying cDNAs
for EGFP-tagged human ATP8A1l, ATP11A, ATP11B, and
ATP11C was introduced into HEK293T cells by Fugene 6
(Promega) together with pGag-pol-IRES-bsr, pCMV-VSV-G,
and pAdVAntage. The retroviruses produced were concen-
trated by centrifugation or the Retro-X Concentrator (Clon-
tech) and used to infect W3 mutants. Cells were then cultured
in the presence of 1 pg/ml puromycin, and puromycin-
resistant cells were subjected to sorting with FACSAria II
(BD Biosciences) for the expression of EGFP.

Flippase assay

Flippase activity was assayed as previously described (26,
32). In brief, 2 x 10° cells were incubated with 0.5 uM NBD-PS
in 600 ul of HBSS containing 1 mM MgCl, and 2 mM CaCl,.
An aliquot (100 pl) was mixed with 150 pul HBSS containing
5 mg/ml fatty acid-free BSA and analyzed using FACSCanto II
(BD Biosciences).

Calcium ionophore treatment and PtdSer exposure

Calcium-induced PtdSer exposure and its return to the
intracellular side were analyzed as previously described (30). In
brief, 1 x 10° cells were washed with PBS and suspended in
1 ml of annexin V buffer [10 mM Hepes-KOH buffer (pH 7.4)
containing 140 mM NaCl and 2.5 mM CaCl,]. After a pre-
incubation at 30 °C for 5 to 7 min, cells were treated with 3 uM
A23187 at 30 °C for 5 min. Cy5-annexin V and propidium
iodide were added to 150-pl aliquots at final concentrations of
a 1000-fold dilution and 5 pg/ml, respectively, and analyzed by
flow cytometry. After diluting the remaining reaction mixture
(850 pl) with 2 to 5 ml of RPMI1640 containing 10% FCS and
2 mM EGTA in the presence or absence of Dyngo-4a, cells
were collected by centrifugation and incubated at 15 °C or
37 °C for the indicated time in 1 ml of RPMI1640-10% FCS-
2 mM EGTA in the presence or absence of Dyngo-4a. PtdSer
on the surface was then analyzed by flow cytometry with Cy5-
annexin V as described above.

Transferrin internalization and confocal microscopic analysis

The internalization of the pHrodo-Transferrin conjugate
was analyzed as follows. One million cells were placed on ice
for 10 min, washed with prechilled imaging buffer (20 mM
Hepes buffer, pH 7.4, 140 mM NaCl, 2.5 mM KCl, 1.8 mM
CaCl,, 1 mM MgCl,, 20 mM glucose, and 1% BSA), and
resuspended in 1 ml of imaging buffer containing 322 nM of
the pHrodo-Transferrin conjugate and 3.6 puM of Hoechst
33342, followed by an incubation at 37 °C for 20 min. For
PlasMem Bright staining, 1 x 10° cells were collected and
resuspended in 100 pl of HBSS containing 2% FCS, 3.6 uM of
Hoechst 33342, and 200-fold diluted PlasMem Bright Red.
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Cells were then transferred to a glass-bottomed dish, and
images were acquired using an LSM 710 confocal laser-
scanning microscope (Carl Zeiss).

Purification of the flippase complex and an ATPase assay

The production and purification of the recombinant flippase
complex were performed as previously described (26, 37). In
brief, using polyethylenimine-mediated transfection (60), the
pEE-BOS vector carrying cDNA for Flag-tagged hATP11C,
hATP11B, or hATP8A1 was introduced into HEK293T cells
together with pEF-BOS-hCDC50A-EGFP. Forty-eight hours
after transfection, cells were lysed with solubilization buffer
[40 mM Tris buffer (pH 7.5), 5 mM MgCl,, 150 mM NacCl,
10% glycerol, 0.5 mM DTT, 0.5% LMNG, and a mixture of
protease inhibitors (Nacalai)]. Cell lysates were applied to anti-
FLAG M2-beads, and bound proteins were eluted with elution
buffer [40 mM Tris buffer (pH 7.5) containing 150 mM NaCl,
10% glycerol, 0.5 mM DTT, 0.05% LMNG and 160 pg/ml
3xFLAG Peptide (Sigma-Aldrich)].

The ATPase activity of recombinant P4-ATPase was assayed
as previously described (26). In brief, 40 pul of reaction buffer
[40 mM Tris buffer (pH 7.5), 5 mM MgCl,, 150 mM NaCl,
600 uM ATP, 10% glycerol, 5 mM DTT, and 0.05% LMNG]
containing approximately 10 ng of the purified protein was
prepared on ice, successively incubated at room temperature
for 10 min to warm the solution and at 37 °C for 20 min.
Released phosphate was reacted with malachite green oxalate
and ammonium heptamolybdate tetrahydrate in the presence
of polyvinyl alcohol, and the resulting malachite green—
molybdate phosphate complex was detected at 610 nm using
a microplate reader (Infinite M200; Tecan).

SDS-PAGE, BN-PAGE, and Western blotting

Regarding SDS-PAGE, the purified flippase complex was
incubated at room temperature for 20 min in SDS sample
buffer [66 mM Tris-HCl buffer (pH 6.8), 2% SDS, 10% glycerol,
1% p-mercaptoethanol, and 0.003% bromophenol blue] and
separated by electrophoresis on a 7.5 or 10% polyacrylamide
gel (Nacalai). Precision Plus Protein Standards (Bio-Rad) were
used as molecular weight markers.

BN-PAGE was performed according to a previously re-
ported method (61). Briefly, the purified flippase complex in
elution buffer was mixed with 1/10 volume of 5% CBB
G-250 and loaded onto NativePAGE Novex® 4 to 16% Bis-
Tris Gels (Life Technologies). After electrophoresis at
150 V at 4 °C for 35 min, the concentration of CBB G-250 in
the running buffer was changed from 0.02 to 0.002%, and the
sample was further electrophoresed at 150 V for 120 min.
Protein Standards (Thermo Fisher Scientific), consisting of
an IgM hexamer (1236 kDa), IgM pentamer (1048 kDa),
apoferritin (720 and 480 kDa), B-phycoerythrin (242 kDa),
lactate dehydrogenase (146 kDa), BSA (66 kDa), and soybean
trypsin inhibitor (20 kDa), were used as molecular weight
markers.

In Western blotting, proteins were transferred to PVDF
membranes (Merck Millipore) immediately after SDS-PAGE.
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BN-PAGE gels were immersed at room temperature for
15 min in SDS loading buffer [25 mM Tris-HCl (pH 8.3),
192 mM glycine, and 0.1% SDS] and transferred to PVDF
membranes. Membranes were probed with HRP-anti-FLAG
M2 mAD or anti-GFP Ab, followed by detection with Immo-
bilon Western Chemiluminescent HRP substrate (Merck
Millipore) or Chemi-Lumi One Super (Nacalai). In some cases,
proteins on PVDF membranes were stained with Ponceau S.

Data availability

All data described are located in this article.

Supporting article  contains

information.
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