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ATP11C, a member of the P4-ATPase flippase, translocates
phosphatidylserine from the outer to the inner plasma mem-
brane leaflet, and maintains the asymmetric distribution of
phosphatidylserine in the living cell. We present the crystal
structures of a human plasma membrane flippase, ATP11C–
CDC50A complex, in a stabilized E2P conformation. The struc-
ture revealed a deep longitudinal crevice along transmembrane
helices continuing from the cell surface to the phospholipid
occlusion site in themiddle of the membrane.We observed that
the extension of the crevice on the exoplasmic side is open, and
the complex is therefore in an outward-open E2P state, similar
to a recently reported cryo-EM structure of yeast flippase
Drs2p–Cdc50p complex. We noted extra densities, most likely
bound phosphatidylserines, in the crevice and in its extension to
the extracellular side. One was close to the phosphatidylserine
occlusion site as previously reported for the human ATP8A1–
CDC50A complex, and the other in a cavity at the surface of the
exoplasmic leaflet of the bilayer. Substitutions in either of the
binding sites or along the path between them impaired specific
ATPase and transport activities. These results provide evidence
that the observed crevice is the conduit along that phosphatidyl-
serine traverses from the outer leaflet to its occlusion site in the
membrane and suggest that the exoplasmic cavity is important
for phospholipid recognition. They also yield insights into how
phosphatidylserine is incorporated from the outer leaflet of the
plasmamembrane into the transmembrane.

Phospholipids are asymmetrically distributed between the
outer and inner leaflets in the plasma membrane of eukaryotic
cells. Aminophospholipids such as phosphatidylserine (PtdSer)
and phosphatidylethanolamine (PtdEtn) are confined to the
inner leaflet, whereas phosphatidylcholine (PtdCho) and sphin-
gomyelin are enriched in the outer leaflet (1). The asymmetric
distribution of phospholipids is widely conserved in eukaryotes,
being tuned for barrier functions and various signal transduc-
tions on the plasma membrane (2). On occasion, this phospho-
lipid asymmetry in the plasma membrane is disrupted, expos-
ing PtdSer on the cell surface. Cells undergoing apoptosis
expose PtdSer as an “eat me” signal to phagocytes (3, 4). Acti-

vated platelets also display PtdSer as a scaffold for clotting
enzyme reactions (5). The amphipathic nature of phospholipids
prevents their spontaneous flip-flop movement across the lipid
bilayer in most cases, and the translocation of phospholipids
therefore needs membrane proteins to overcome the energetic
barrier required for phospholipid translocation (2).
Although scramblases mediate nonspecific and bidirectional

movement of phospholipids between inner and outer leaflets
(6), flippases exhibit ATP-driven, directional and up-hill trans-
location of phospholipids from the outer to the inner leaflets
against their concentration gradient across the membrane
bilayer (7–9). Different from other members of cation-trans-
porting P-type ATPases (10–13), type IV P-type ATPase (P4-
ATPase) comprises a subfamily of P-type ATPases that trans-
ports phospholipids (14). Among all 14members of P4-ATPases
in humans, ATP11A and ATP11C work as aminophospholipid-
specific flippases at the plasma membrane (3, 4). They require
an accessary subunit, CDC50A, for their correct localization
and functional expression on the plasma membrane (15–17). In
fact, cells lacking ATP11A and ATP11C, or CDC50A almost
completely lose flippase activity for PtdSer and PtdEtn at the
plasma membrane, resulting in failure to maintain the asym-
metric accumulation of PtdSer in the inner leaflet. Their inacti-
vation causes PtdSer exposure on the cell surface. In apoptotic
cells, ATP11A andATP11C are subjected to a caspase-mediated
proteolysis and irreversible inactivation. It has been proposed
that calcium ions likely also inhibit the flippase activity for cal-
cium-dependent PtdSer exposure in activated platelets or lym-
phocytes (18). Regulation of aminophospholipid asymmetry by
flippases is physiologically important; ATP11A-deficient mice
are embryo lethal (19), and ATP11C-deficient mice display plei-
otropic phenotypes such as B-cell lymphopenia (20, 21), choles-
tasis (22), mild anemia (23), and dystocia. Recently, mutations
in the ATP11C gene were identified in patients who suffered
from anemia (24).
The directional translocation of specific phospholipidsmedi-

ated by P4-ATPases is achieved by the cyclic conversion of
enzyme conformations, E1, E2, and their autophosphorylated
forms E1P and E2P, similar to the Post-Albers–type reaction
scheme (14, 25) for cation-transporting P-type ATPases. How-
ever, despite the huge size of phospholipids relative to inor-
ganic cations, themechanism by which P4-flippases translocate
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phospholipids across the membrane, the so-called “giant sub-
strate problem” (26, 27), has remained elusive until recently
and yet is of considerable interest. Now cryo-EM structures of
flippases yeast Drs2p—cdc50p (28) and human ATP8A1—
CDC50A complexes (29) have greatly advanced our under-
standing of the underlying molecular mechanism. In the
Drs2p structure, there is a membrane crevice, which is most
likely the conduit for the translocated phospholipid,
although no phospholipids were found there. Several key
reaction intermediate structures, including the PtdSer-
occluded form, are described in a cryo-EM analysis of
human ATP8A1. Unexpectedly, the exoplasmic gate is sub-
stantially closed in the E2P state of ATP8A1. Here, we
describe a crystal structure of a bona fide human plasma
membrane flippase ATP11C—CDC50A complex in the out-
ward-open E2P conformation, analyzed to 3.9 Å resolution.
In the crystal structure, we found two extra electron den-
sities in the putative lipid translocation conduit, most likely
bound PtdSer. Together with functional analysis, our data
provide consolidating evidence for a PtdSer pathway from
the outer leaflet to the mid-membrane–binding site.

Results and discussion

Overall structure of the outward-open conformation

Human ATP11C and CDC50A were expressed using the
BacMam system (Fig. S1) (see “Experimental procedures”) (30).
Purified and deglycosylated proteins were mixed with dioleoyl-
phosphatidylcholine (DOPC) (31), and crystallized in the pres-
ence of phosphate analog (32) beryllium fluoride (BeFx) and
dioleoylphosphatidylserine (DOPS). Crystals were harvested in
the presence of excess DOPS, which was key to preservation
of crystal quality. X-ray diffraction data from more than
1,500 individual crystals were merged, and the structure was
determined by molecular replacement using the atomic
model of the E2BeF state of ATP8A1 (29) as a search model,
at a resolution of 3.9 Å with acceptable statistics of Rwork/Rfree =
27.9/34.7 (Fig. S1, Table 1). As seen in most of the other crystal-
lized P-type ATPases, molecular packing occurs as type I crystals
in which complexes are embedded in the lipid bilayer (33). The
asymmetric unit of the crystal consists of four protomers of
ATP11C—CDC50A. Due to different crystal contacts, the
appearance of the electron density map differs significantly for
each protomer (Fig. S2). Despite limited resolution, however,
well-ordered regions, especially the transmembrane (TM) region
of protomers A and B were visible at side chain level (Fig. S3). In
contrast, protomers C and D showed poor electron densities,
which may relate to the relatively large gap between Rwork and
Rfree values (6.9%). The overall molecular conformations of
the four protomers are essentially the same, although struc-
tural variations in some of the loop structures exist (Fig. S2).
We therefore focus on the well-ordered protomer A in what
follows.
Like other members of the well-characterized, cation-trans-

porting P-type ATPases (11–13), the uphill translocation of
aminophospholipids by ATP11C is achieved according to the
Post-Albers type reaction scheme (14, 25) (Fig. 1A). The out-
ward-open E2P conformation captures PtdSer or PtdEtn on the

outer leaflet and induces dephosphorylation of E2P, thus PtdSer-
or PtdEtn-dependent ATP hydrolysis can be detected (Fig. 1B),
similar to the inward transport of K1 by Na1,K1-ATPase and
H1,K1-ATPase. As we included BeFx and PtdSer for the crystalli-
zation, the molecular conformation (34) was expected to be the
outward-open E2P state in which PtdSer is bound to the conduit
facing toward the exoplasmic side (Fig. 1A). In fact, the overall
structure of the ATP11C—CDC50A complex (Fig. 1C) is very
close to the corresponding E2P structures of recently reported
flippases yeast Drs2p—Cdc50p (28) and human ATP8A1—
CDC50A (29) complexes. The sequence identities of each cata-
lytic subunit are 35.3 and 36.2%, respectively (Fig. S4, for
sequence alignment) (35). The molecular conformation is also
defined by the relative orientations of the cytoplasmic domains
(36) (actuator (A), phosphorylation (P), and nucleotide-binding
(N) domains), and the arrangement of the 10 TM helices of the
catalytic subunit ATP11C. The phosphate analog BeFx likely
forms a covalent bond to the invariant aspartate in the 409DKTG
signature sequence, which is covered by the 179DGE(S/T) motif
located on the surface of the A domain to prevent spontaneous
dephosphorylation by the bulk water (Fig. S5). In this conforma-
tion, the N domain is segregated from the P domain, and is
expected to be relatively flexible compared with the other two
domains due to the lack of intimate inter-domain interactions,
and this is consistent with its poor electron density (Figs. S2 and
S3). The relative orientation of the A and P domains in ATP11C
is close to those observed in the Drs2p and ATP8A1 E2P states,
and clearly different from that in the ATP8A1 E2-Pi transition
state (Fig. S5), indicating that the present ATP11C structure

Table 1
Data collection and refinement statistics

ATP11C E2P

Data collection
Number of crystals 1,588
Resolution (Å)1 4.73 4.23 3.9 (4.9–4.7a, 4.4–4.2b, 4.0–3.9c)2

Space group P 212121
Cell dimensions

a, b, c (Å) 100.46, 232.82, 498.89
a, b, g (˚) 90, 90, 90

Rmerge 1.141 (–)3

Rpim 0.0419 (–)3

I/sI 15.88 (6.00a, 1.82b, 0.21c)
CC1/2 0.92 (0.993a, 0.964b, 0.864c)
Completeness (%) 71.32 (81.84a, 35.29b, 11.64c)
Redundancy 776.9 (788.8a, 759.4b, 698.5c)

Refinement
Resolution (Å) 50–3.9 (4.0–3.9)
No. of reflections 82,706,647 (7,342,288)
Rwork/Rfree (%) 27.9/34.8 (26.8/32.6)
Wilson B-factor (Å2) 98.19
No. of atoms 45,171
Protein 44,727
Ligands 444
Average B-factor 163.19
Protein (Å2) 163.10
Ligands (Å2) 172.65
Root mean square deviation

Bond lengths (Å) 0.007
Bond angles (˚) 1.35

1The diffraction data are anisotropic. The resolution limits given are for the a*, b*, and
c* axes, respectively.
2 Statistics for the indicated resolution shells (a, b, and c) are shown in parentheses.
3 Statistics for the highest-resolution shell are not given due to the large number of
merged crystals and their strong anisotropy.
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adopts an E2P state. Arrangement of TM3–TM10 helices of
ATP11C and those of Drs2p and ATP8A1 are very similar. How-
ever, conformation of TM1 and TM2 in these flippases vary
(Fig. S5), which results in distinct structures of the exoplasmic
gate (Fig. S6) as discussed later. The location of TM1 and TM2 in
the ATP11C E2P state is close to that in the Drs2p E2P state, but
clearly different from that in the ATP8A1 E2P state (Fig. S5).
The CDC50A subunit consists of 2 TM helices with a long

N-terminal tail and a short C terminus on the cytoplasmic side,
and a large exoplasmic domain in which four N-linked (Asn-
107, Asn-180, Asn-190, and Asn-294) and one O-linked (Ser-
292) glycosylation site are located. We extensively investigated
various combinations of glycosylation site mutants to improve

protein expression and crystal quality, and found that the
N190Q/S292W double mutant produced the best crystals,
without affecting its PtdSer- or PtdEtn-dependent ATPase
activities relative to the unmodified enzyme (Fig. 1B). Because
the samples were treated with endoglycosidase to remove
excess glycans during purification, an acetylglucosamine
(GlcNAc) moiety is retained on each of the three remaining N-
linked glycosylation sites. Interestingly, peptide:N-glycosidase
treatment, which truncates all glycans including core GlcNAc,
produced tiny crystals, suggesting that these GlcNAcs contrib-
ute to rather stable crystal packing. We modeled one GlcNAc
moiety for each of the two sites (Asn-107, Asn-294), and three
glycans at a position close to Asn180 (Asn-180—GlcNAc—

Figure 1. Crystal structure of ATP11C-CDC50A complex. A, reaction scheme of phospholipid (PL) translocation coupled with ATP hydrolysis. Cartoons rep-
resent molecular conformations of ATP11C—CDC50A complex (inward- or outward-, and open or occluded states). B, PL-dependent ATPase activity by the
purified ATP11C—CDC50A complex. Specific ATPase activities of ATP11c_cryst—CDCQW complex (here referred to as “WT,” see “Experimental procedures”)
in the presence of DOPS (red), POPE (blue), or DOPC (black) were plotted as a function of their concentrations (closed symbols and lines). Dotted lines indicate
those of unmodified ATP11C—CDC50A complex. C, overall structure of the outward-open E2P state of the ATP11C—CDC50A complex in ribbon representa-
tion. Color of the ATP11C gradually changes from the N terminus (purple) to the C terminus (red). CDC50A subunit is shown in gray ribbon, and attached N-
linked glycans are displayed as green sticks. A DOPS molecule (PtdSer) and its hydrophilic phosphoserine part are shown as spheres in the exoplasmic cavity
and the occlusion site in the middle of the TM domain, respectively. Three cytoplasmic domains are indicated with different colors, and caspase recognition
sequences at the N domain surface are indicated in red. Gray ribbon in the N domain thus indicates the region that is removed after the caspase cleavage. D,
closed view of the exoplasmic region of CDC50A subunit. Surface represents electron density map (1.5s). Lobe A (light gray) and lobe B (dark gray) are shown
in different colors, and TM3-4 loop is shown in bluewith the Trp-323 side chain fitted into the map. N-Linked glycans (green) are highlighted. E and F, close-up
of the N domain (light blue) from two different viewpoints. Surface shows electron density map at 1.0s contour level. Three caspase recognition sites (I, II, and
III) and the region between them (Gly-466–Asn-477) are indicated in red and gray, respectively.
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GlcNAc—Man). A GlcNAc at the position of Asn-294 in proto-
mer B likely makes a crystal contact with CDC50A subunit in
the neighboring symmetry-related protomer A (Fig. S2), con-
sistent with the tiny crystal formed using peptide:N-glycosi-
dase–treated samples. The three glycans at Asn-180 fit into a
groove formed between two lobes (lobe A and B) of CDC50A
and Trp-323 (in the connecting loop between TM3 and TM4 of
ATP11C and conserved in mammalian flippases that require
CDC50A), like a wedge, thereby keeping them together and
sterically protecting them from the endoglycosidase during pu-
rification (Fig. 1D).
The electron density map of the N domain allowed visualiza-

tion of its overall folding at Ca level, and made it possible to
assign the location of the three caspase-recognition sites (Fig. 1,
E and F). Inactivation of ATP11A or ATP11C by effector cas-
pases requires cleavage of multiple caspase sites located on the
N domain, and a single site cleavage is not enough for full inac-
tivation of the flippase (4, 18). There are three caspase-recogni-
tion sites in ATP11C (sites I–III, Fig. 1, Fig. S4), and these are
located on loops at both ends of an a-helix–containing region.
Site I and site II are very close to each other at the N-terminal
side of the helix, and site III is at the C-terminal side. This
region, especially the a-helical part between the caspase-recog-
nition sites, is located at the center of the N domain scaffold,
and seems to function like a bolt that holds together the sur-
rounding a-helix and several b-sheets, and thus is obviously
important for N domain folding. Interaction between this helix
and surrounding N domain segments may be sufficient to keep
its fold even if one of the caspase sites is cleaved. Cleavage at
both ends of the helix must lead to irreversible unfolding of the
N domain that is required for the ATP binding. Note, all three
sites are exposed on the same side of the N domain with a dis-

tance of around 35;40 Å between two regions (sites I, II, and
site III). Such geometry of cleavage sites suggests that instanta-
neous two-site cleavage may occur by a caspase-3 dimer (37)
upon apoptotic signal transduction, rather than single, inde-
pendent cleavages, given that the distance between the catalytic
center of the caspase-3 dimer is around 40 Å.

Outward-open conformation

According to the reaction scheme of P4-flippase (Fig. 1A), the
outward-open E2P state, mimicked by the BeFx binding, is a reac-
tion state responsible for the incorporation of PtdSer from the
outer leaflet to the transport occlusion site. A structural require-
ment for the outward-open conformation is therefore the tran-
sient formation of a conduit that physically allows the transloca-
tion of the phospholipid head group from the outer leaflet to the
occlusion site in the middle of the membrane. We found a longi-
tudinal crevice in the peripheral region of TM in ATP11C (Fig.
2A, Fig. S6). The crevice is composed of TM2, TM4, and TM6
helices and runs along TM4, and is continuous from the exoplas-
mic surface of the lipid bilayer to the middle of the membrane
(Fig. 4B). Thus, the unwound part of TM4 (356PVSM motif),
which has been implicated in the lipid transport (27), is exposed
to the hydrophobic bulk lipid. Comparison with other flippase
structures in the corresponding reaction state reveals that the
crevice in ATP11C is continuous and wider than that in the
Drs2p E2P activated form (28) (see Fig. S6, E and F, for the com-
parison). In the ATP8A1 E2P state, a membrane crevice is not
formed at all (Fig. S6) (29) due to the distinct arrangement of
TM1 and TM2 in ATP8A1 compared with that in ATP11C (Fig.
S5). The differencemay be related to its longer C-terminal regula-
tory domain in ATP8A1 compared with that in ATP11C (;38
amino acids) (38). The exoplasmic side of the crevice is closed

Figure 2. The crevice in the TM region. A, surface representation of the ATP11C—CDC50A complex shows the crevice in the TM region. Green spheres with
CPK coloring represent phosphoserine at the occlusion site in the crevice, and PtdSer bound to the exoplasmic cavity. Surfaces of the atomicmodel of ATP11C
and CDC50A are shown in blue and gray, respectively. B, close-up view of themembrane crevice indicated as a dotted box in A. The crevice is mostly composed
of TM2, TM4, and TM6. Pro-94 makes a kink at the exoplasmic side of TM2 (yellow dotted lines), which exposes the unwound region of TM4 (PVSM, shown in
sticks) to the lipid bilayer phase. C, PtdSer- or PtdEtn-dependent ATPase activities of WT (same as in Fig. 1) and P94A mutant as indicated in the figure. D, ther-
mal stabilities of purified ATP11C—CDC50A complex determined by FSEC (see “Experimental procedures”). Peak values in the FSEC analysis were plotted as a
function of treatment temperature in the absence (free) or presence of indicated substrates.
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in the PtdSer-occluded E2-Pi transition state of ATP8A1, and
clearly different from that in the ATP11C E2P state (Fig. S6).
In ATP11C, TM2 is kinked at Pro-94, an amino acid residue
conserved in all mammalian P4-ATPases (Fig. 2B, Fig. S5), so
that the exoplasmic side of TM2 departs from the central axis
of the crevice in this region. This structural feature enables
the formation of the wide and continuous crevice from the
exoplasmic side to the PtdSer occlusion site near the un-
wound part of TM4. Substitution of Pro-94 for alanine signif-
icantly reduces apparent affinities for both PtdSer and PtdEtn
(Fig. 2C), indicating that the TM2 kink is key for developing a
crevice structure that is wide enough for passage of a phos-
pholipid head group. We conclude that the observed longitu-
dinal crevice is in fact the outward facing conduit that enables
phospholipid translocation.

Electron densities in the crevice and its extension

Well-ordered crystals were generated in the presence of
both BeFx and DOPS. The thermal stability (39) of the puri-
fied ATP11C—CDC50A complex in the presence of both
BeFx and PtdSer (Tm = 53.5 °C) is markedly higher than those
in the absence (Tm = 33.6 °C), or presence of either BeFx (Tm

= 41.3 °C) or PtdSer alone (Tm = 46.4 °C) (Fig. 2D), indicating
that the BeFx-bound form binds PtdSer, and the enzyme
likely accumulates in a distinct PtdSer-bound, but not
occluded, E2P form in the crystal. This conclusion is sup-
ported by the fact that an excess of PtdSer is required for
preservation of the crystals when harvested for X-ray dif-
fraction studies (“Experimental procedures”). Because the
expected conformation of E2P is an outward-open state,
excess PtdSer would favor its accumulation and stabilize the
enzyme conformation. These observations qualitatively
indicate that added PtdSer is bound to the enzyme in the
crystal, and persuaded us to model two PtdSer molecules in
the structure (Figs. 1 and 3-5).
Although the analyzed resolution is limited, we determined

two extra densities for each of the protomers in the asymmetric
unit after the initial MR phasing using a homology model of
ATP11C based on the PtdSer-free ATP8A1 E2P structure (29);
one is located near the unwound part of TM4, and the other in
the cavity structure composed of the TM3-4 loop and the
CDC50A exoplasmic domain around the outer leaflet surface.
These densities are observed, although to different degrees, in
the same positions for most protomers (except poorly ordered
protomer D). We tentatively modeled a PtdSer head group in
themid-membrane region and a whole PtdSer in the extra den-
sity at the surface location in protomer A, but without PtdSer
in other protomers due to their relatively weaker densities, and
further proceeded with the refinement. Composite omit maps
and Fo 2 Fc maps show significant densities at these positions
(Fig. 5), excluding the possibility that the observed extra den-
sities are due to model bias. However, the specific molecular
species and detailed conformation could not be explicitly deter-
mined in the 3.9 Å resolution electron density map. We cannot
rule out the following possibilities, that the species are deter-
gent, another type of phospholipid like PtdCho, or a number of
smaller molecules present in the crystal solution. The density

around the 356PVSM motif in the unwound part of TM4 is
observed at a position close to the PtdSer head group occluded
in the cryo-EM structure of the ATP8A1 E2-Pi state (29), sup-
porting its density as the head group of PtdSer in ATP11C (Figs.
4 and 5). The rest of the PtdSer may be disordered in the bulk
lipid phase. At the cavity site, the electron density seems to
encompass not only the PtdSer head group but also other parts,
including its acyl chains (Figs. 3 and 5). The assignment of
PtdSer molecules in the density map is further supported by the
functional studies described below.

PtdSer binding at the exoplasmic cavity

There is a cavity at the exoplasmic side of the conduit (Fig.
3), which is formed by the TM3-4 loop of ATP11C and the exo-
plasmic domain of CDC50A around the surface of the mem-
brane outer leaflet. This cavity is connected to the crevice
observed in the TM region (Fig. 3, Fig. S6). Unexpectedly, we
found an extra density at this position, and one PtdSer is tenta-
tively modeled here as described above (Figs. 3C and 5). The
head group of the PtdSer is accommodated deep in the cavity,
the surface of which is highly hydrophilic and electro-positive
because of the many basic amino acids from both ATP11C and
CDC50A arranged here (Fig. 3, A and B, and Fig. S4). A cluster
of basic amino acids in this region is also observed in the cryo-
EM structure of ATP8A1 (29). This positively-charged, and
hydrophilic cavity would be favorable for attracting the nega-
tively-charged phosphate group of a phospholipid. The hydro-
carbon tails of the bound PtdSer lie along the membrane plane,
projecting toward the membrane lipid phase. Single replace-
ments of the positively-charged amino acids located at the
entrance of the cavity produced only moderate effects on
PtdSer- or PtdEtn-dependent ATPase activities, probably due
to compensation by the remaining basic amino acids. This
interpretation is supported by the;50% reduction in the Vmax

of the triple mutant (R132ACDC/R133ACDC/K136ACDC) rela-
tive to that of WT (Fig. 3D, Fig. S7). Besides these positively-
charged amino acids, mutations in other hydrophilic amino
acids in this cavity (N325Q/D343A in ATP11C) produce a large
reduction in apparent affinity for PtdEtn (Fig. 3E). Ser-898
located in the TM5-6 loop is likely facing to the cavity (Fig. 3C),
and its mutation significantly impaired ATPase activity com-
pared withWT (Fig. 3,D and E). Interaction between the TM3-
4 loop and CDC50A may also be important, because the appa-
rent affinity for PtdEtn is also reduced in the alanine replace-
ment of Trp-323, the residue of which does not face to the
PtdSer but tethers the TM3-4 loop to the exoplasmic domain
of CDC50A (Figs. 1D and 3C). It is notable that the stabilities of
all mutants used in this study were evaluated by size-exclusion
chromatography analysis after purification, and only mutants
that gave a sufficiently symmetrical peak were used for ATPase
measurement. This means that the reductions in either Vmax or
apparent affinities for the above mutants are unlikely to be due
to reduced structural integrity. The data therefore support the
conclusion that the observed electron density at this position is
likely bound PtdSer.
The TM3-4 loop of ATP11C is 6 or 5 amino acids longer

than that of ATP8A1 and Drs2p, respectively, and less
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conserved than other parts of the protein (Fig. S4). However,
the hydrophilic and electro-positive nature of this cavity is
essentially the same, and may be conserved across P4-ATPases.

Interestingly, some mutations in the exoplasmic cavity had dif-
fering effects on the apparent affinities for PtdSer and PtdEtn
(Fig. 3, D and E), compatible with an intimate association with

Figure 3. Exoplasmic cavity. A and B, surface representations of the atomic model of ATP11C—CDC50A according to their hydrophobicity (A) or Cou-
lombic surface potentials (B). Each model was sliced at the plane where the phosphate moiety of PtdSer is located, along with the membrane plane,
and opened up to show the surface of the exoplasmic cavity interior. Color codes as indicated in the figures. C, PtdSer binding cavity in detail. Models
were shown as lines (color codes as described in the legend to Fig. 1), in which positions of Ca for the hydrophilic amino acids likely facing to the
PtdSer-bound cavity are shown as spheres. Color of Ca spheres are as follows: blue, basic; red, acidic; light blue, neutral and hydrophilic; wheat, hydro-
phobic. Green mesh and transparent surface represent the 2Fo 2 Fc electron density maps around the PtdSer molecule with contour levels of 1.0s and
2.0s, respectively. The figure was drawn from the viewpoint parallel to the membrane plane. See Fig. 5 for the electron densities around the exoplas-
mic cavity. D and E, the Vmax and apparent affinity for PtdSer or PtdEtn derived from the ATPase activities of the indicated mutants. The ATPase activity
per mg of purified protein was determined and analyzed in the presence of varying concentrations of PtdSer or PtdEtn (representatives shown in Fig.
S7). The Vmax is shown as a percentage of the WT value (D). The apparent affinities for phospholipids are expressed as the concentration giving half-
maximum activation (K0.5), and plotted as x-fold of WT values (E).
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these transported ligands. This observation is consistent with a
previously reported “two-gate” model, derived from chimeric
studies on yeast flippase Dnf1, which shows that amino acids in
the TM3-4 loop contribute to ligand specificity (26). Such simi-

larity between human and yeast flippases suggests conservation
of this binding site.
We then asked what the function of such a PtdSer-binding

site could be? Judging from its position at the meeting of

Figure 4. Transmembrane PtdSer occlusion site. A, lateral view of the PtdSer occlusion site in detail. Orange mesh and transparent surface represents the
2Fo2 Fc electron density maps around the PtdSer molecule with contour levels of 1.0s and 2.0s, respectively. Phospho-L-serine (stick, greenwith CPK) is mod-
eled according to the observed electron density. B, phospholipid conduit alongwith TM4. Surface of the atomicmodel (light blue) is shownwith superimposed
ribbonmodel. Only the surfacemodel is clipped by the different plane at the position where TM4 is located, so as to show how the conduit runs along TM4. Its
clipped surface is seen as transparent wheat color. The figure is drawn from the TM1 and TM2 viewpoint, with exoplasmic side-up. C and D, Vmax and K0.5 for
the indicated mutants determined from their PtdSer- or PtdEtn-dependent ATPase activities, as described in Fig. 3. E, the PtdSer flippase activity. ATP11A-
ATP11C knock-out (DKO) T-lymphoma cells expressing WT ATP11C or the indicated mutants were incubated with 1 mM NBD-PS for 3 min. Experiments were
performed two or three times, and flippase activity for NBD-PS is shown as a percentage to that of WT ATP11C. Horizontal red bars denote averages.
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membrane and medium, it could be a priming site, where the
initial incorporation of translocated phospholipids from
the membrane outer leaflet takes place, the beginning of the
transport pathway. Our mutagenesis study, however, does
not straightforwardly support this hypothesis because muta-
tions in and around the cavity produced rather modest effects
on their PtdSer-dependent ATPase activity. However, this
can be attributed to the likely multiple interactions between
the PtdSer head group and surrounding hydrophilic amino
acids. The limited resolution of the present structure does
not allow the side chains of amino acids in the cavity to be ex-
plicitly determined, yet, considering the hydrophilic nature
of the cavity and ligand (Fig. 3A), multiple hydrogen bonds
and/or electrostatic interactions can be anticipated. The tri-
ple mutant of CDC50A (R132ACDC/R133ACDC/K136ACDC)
has severe consequences, and single mutations are likely
compensated for by other hydrophilic amino acids. Alterna-
tively, this site may be a low affinity regulatory site, such that
low affinity lipid binding at the cavity and conduit entrance is
inhibitory because it restricts access. The hypothesis may be
related to the inhibition of PtdSer-dependent ATPase activity
in the presence of high concentration of PtdSer (27).

PtdSer occlusion site

As described above, there is an extra density at the canonical
TM occlusion site in the middle of the membrane (Fig. 4), close
to where PtdSer is occluded in the ATP8A1 E2-Pi transition
state. We could only model part of a PtdSer (phospho-L-serine
moiety) molecule in the observed electron density (Fig. 4A), the
other part including the acyl chains are likely disordered in the
bulk lipid phase. Like other flippases as well as cation-trans-
porting P-type ATPases, the conserved proline (Pro-356) in the
356PVSM sequence (corresponding to a PISL motif in most of
the other P4-ATPases) causes a characteristic unwinding at the
middle of TM4, enabling accommodation of a PtdSer head
group (Fig. 5). The conduit ends at Val-357 in the 356PVSM
motif (Fig. 4B), which has been implicated as a gating residue to
the cytoplasmic inner leaflet (27), similar to the glutamate resi-
due in the corresponding PEGL motif of P2-type ATPases
(40, 41). Hydrophobic Val-98 (corresponding to Ile-115 in
ATP8A2) supports the gating residue Val-357 on its cytoplas-
mic side, and these two hydrophobic amino acids form a tight
seal, the cytoplasmic gate, which prevents penetration of the
PtdSer head group to the cytoplasmic side in the outward-fac-
ing E2P state. In fact, mutation of these amino acids severely
impairs PtdSer- or PtdEtn-dependent ATPase activity as well
as PtdSer transport activity in the plasmamembrane (Fig. 4, C–
E), consistent with previous predictions for other flippases (26).
Mutation of the hydrophilic amino acids located at the cyto-

plasmic side of TM1 (Q63A, R66A, N69A (corresponds to Asn-
220 in yeast flippase Dnf1)) (42) also showed reduced Vmax val-
ues for ATPase activity relative to WT. These amino acids may
contribute to the rigidity of the cytoplasmic gate, or are actually
part of the conduit to the inner leaflet when the cytoplasmic
gate opens. Val-357 in ATP11C corresponds to Ile-357 in
ATP8A1, Ile-364 in ATP8A2, and Ile-508 in Drs2p, thus of
almost all the P4-ATPases only ATP11A and ATP11C have a
valine residue in this position (methionine in ATP8B3). In the
case of ATP11C,mutation V357I produces a remarkable reduc-
tion in apparent affinity for PtdSer and PtdEtn, whereas the
Vmax is slightly higher than that of WT (Fig. 4C). In fact, the
transport activity of V357I is comparable with that of WT (Fig.
4E). In contrast, the ATPase activities of V357A and V357F,
and the transport activity of V357F are significantly reduced
compared with those of WT. Evidently, a specific size is impor-
tant for gating residue Val-357. Mutagenesis studies also reveal
the important contribution of the conserved residues around
the occlusion site (Phe-72, Asn-352) and TM5-6 (Lys-880, Asn-
881, and Asn-912); all alanine mutants showed significant
reductions in either Vmax or apparent affinity for PtdSer and/or
PtdEtn determined through ATPase activity profiles, and trans-
port activities as well, in good agreement with previous studies
of ATP8A2 (27, 43). Interestingly, Phe-343 is not conserved
among P4-ATPases, despite its close position to the phospho-
lipid head group. In other PtdSer-transporting P4-ATPases,
including ATP8A1, ATP8A2, and Drs2p, Phe-343 in ATP11C
is replaced with asparagine (Fig. S4), and the hydrophilic resi-
due actually contributes to PtdSer coordination in the ATP8A1
E2-Pi structure (29). The F354N mutant in ATP11C showed
significantly higher affinity for PtdSer and PtdEtn relative to
WT, whereas keeping its Vmax of ATPase activity and PtdSer
transport activity comparable with WT level. Therefore, a
hydrophilic or smaller side chain in this position is favorable for
the accommodation of the aminophospholipid head group in
the occlusion site. It can be speculated that ATP11C has Val-
357 and Phe-354 instead of the most conserved isoleucine and
asparagine of other PtdSer-dependent flippases, to fine-tune
the PtdSer and PtdEtn transport activity relevant to a plasma
membrane flippase. As an important note, mutations Vl98A,
F72A, N881A, and N912A increases apparent affinity for
PtdSer, but lower that for PtdEtn, relative to the WT (Fig.
4D), therefore these mutants discriminate between PtdSer
and PtdEtn.

The transport mechanism of ATP11C and P4-flippases

The present crystal structure with bound PtdSer provides
structural and functional evidence for the transport model
based on the recently reported cryo-EM structures in which a

Figure 5. Electron density maps around PtdSer. A, whole enzyme structure as described in the legend to Fig. 1. B and C, close-up view of PtdSer-binding
sites indicated as dotted boxes in A. Transparent surface and mesh represent the 2Fo 2 Fc electron density maps for protein (gray) or around the PtdSer mole-
cule (green) with contour levels of 2.0s (surface) and 1.0s (mesh), respectively. Chain trace of protomer A is shown in B as in Fig. 3C. Ribbonmodels with amino
acid residues in stick representations are shown in C. D, composite-omit maps (first and third rows, 2s, yellow mesh) and Fo2 Fcmaps (second and fourth rows,
4s,magenta mesh) around PtdSer (stick representation) in the exoplasmic cavity of protomer A, and phosphoserine (sticks) in the indicated positions of other
protomers, except for the TM occlusion site of protomer D are shown with chain trace models of the indicated protomers. Note the Fo 2 Fc map was drawn
using amodel in which bound PtdSer and phosphoserine had been removed. For clarity, PtdSer and phosphoserine in protomer A are displayed as in the orig-
inal model. Because other protomers do not contain bound substrates, phosphoserine molecules are displayed for these protomers according to the Fo 2 Fc
density map.
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TM crevice is proposed to be a transport conduit for the phos-
pholipids. In addition, a newly determined potential PtdSer-
binding site at the exoplasmic cavity suggests a novel model
regarding incorporation of phospholipids from the outer leaflet
of the bilayer into the protein (Fig. 6).
So far two structures are available as outward-facing confor-

mations of P4-flippase. The E2P state of Drs2p shows a mem-
brane crevice, which is likely the conduit for the phospholipid,
but without bound phospholipid (28) (Fig. S6B). PtdSer is
occluded in the ATP8A1 E2-Pi state, and as benefits an occlu-
sion state, the exoplasmic gate is substantially closed (Fig. S6D).
Therefore, the present crystal structure of the E2P state of
ATP11C, in which PtdSer is bound to the crevice, which is wide
enough along its length for a phospholipid to traverse (Fig. S6,
A and E), resolves the uncertainly and provides structural evi-
dence that the observed membrane crevice is indeed the phos-
pholipid conduit. The crevice is formed between TM2 and
TM6, and along TM4, in good agreement with the previously
proposedmodel for ATP8A2 (27) but different from others (26,
44). Mutagenesis studies of ATP11C provide further support
for the conduit’s role. Val-349 in TM4 projects into the conduit
(Fig. 4, A and B). Its replacement with bulky phenylalanine
(V349F) severely impairs PtdSer- and PtdEtn-dependent
ATPase activity as well as PtdSer transport activity relative to
WT, in contrast to themore moderate effects of an alanine sub-
stitution (Fig. 4, C–E). In addition, phenylalanine mutations of
residues close to Val-349 (T90F in TM2 and L350F in TM4)
also significantly lower ATPase activity relative to the WT.
These amino acid residues are located between, and distant
from, the two substrate-binding sites and likely bulky substitu-

tions impede diffusion of the phospholipid head group from
the exoplasmic leaflet to the occlusion site.
We then asked how phospholipids are incorporated into the

conduit. The newly determined putative PtdSer-binding site at
the exoplasmic cavity may be one of the entrance sites for phos-
pholipid from the outer leaflet. The electro-positive and hydro-
philic nature of the cavity likely attracts the head group of the
phospholipid from the outer leaflet layer of the membrane. The
exoplasmic cavity connects to the longitudinal crevice along
TM4 (Fig. 2, Fig. S6). Therefore, once the phospholipid head
group is incorporated into the exoplasmic cavity, it may diffuse
along the crevice, whereas keeping its hydrocarbon chains
largely projecting toward the hydrophobic bulk lipid. We can-
not exclude, however, the possibility that the exoplasmic
PtdSer binding is irrelevant, because the affinity is too low or
the site too short-lived. The crystals were harvested in the pres-
ence of high concentrations of PtdSer, and most of the single
mutations in the cavity region had only modest effects on
ATPase activity compared with those in the occlusion site or
residues between the two PtdSer-binding sites.
Translocation of the phospholipid across the two leaflets is

energetically extremely unfavorable due to the amphiphilic na-
ture of phospholipids (45), and the rate of spontaneous phos-
pholipid flip-flop is of the order of several hours to several days.
In our envisaged translocation mechanism, the most energy-
consuming step may be moving the hydrophilic head group
from the outer membrane surface to the transport conduit. In
this step the phospholipid head group needs to disconnect
from the polar interactions formed with neighboring phospho-
lipids, surrounding membrane proteins as well as water

Figure 6. A phospholipid transport model for ATP11C. Schematic drawing of the PtdSer incorporation mechanism suggested from the present study of
the ATP11C—CDC50A complex. In the outward-open E2P state (present structure), phospholipid enters from the surface of outer leaflet to the exoplasmic
cavity by changing its orientation. Trapped phospholipid head group diffuses along the membrane crevice with its hydrophobic tails extending out to the
hydrophobic core of the bilayer. Close-up view of the membrane crevice indicated as a dotted box is shown on the right. Phospholipid head group traverses
frompositively-charged exoplasmic cavity to the occlusion site near Val-357 alongwith TM4.
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molecules, and also needs to change its orientation;90° from a
vertical to horizontal orientation in the lipid bilayer. Our struc-
ture and transport model could answer the fundamental ques-
tion in the translocation mechanism of flippase: how does a
phospholipid reach the transport conduit from the outer leaf-
let? The hydrophilic surface of the exoplasmic cavity interior
provides an environment similar to the water-facingmembrane
surface and lowers the energetic barrier required for acquisi-
tion of the phospholipid head group. Many membrane trans-
port proteins seem to employ a common strategy for the trans-
location of their specific substrates; the environment of the
substrate-binding site of the protein mimics that of the location
from where the substrate comes (46, 47). Flippases are not an
exception, and this strategy is applied in the most energy-con-
suming step in the sequence of the lipid flipping process by the
ATP11C—CDC50A complex.

Experimental procedures

Protein expression and purification

Human ATP11C (NCBI: XM_005262405.1)(4) was sub-
cloned into a hand-made vector as described previously (13).
Both of theN-terminal 7 amino acids (DN7) and the C-terminal
38 amino acids (DC38) of hATP11C were truncated, and the
FLAG epitope tag (DYKDDDDK), His6 tag, the enhanced green
fluorescence protein (EGFP) followed by a tobacco etch virus
(TEV) protease recognition sequence were attached to the N-
terminal of the deletion mutant (ATP11C_cryst). Human
CDC50A cDNA (NCBI: NM_018247.3) was subcloned into the
vector independently. The N190Q/S292W double mutation
was introduced into the construct to regulate its glycosylation
status (CDC50A_QW). The former mutation is simply aimed
to prevent N-linked glycosylation. The latter is to eliminate O-
linked glycosylation at Ser-292 and at the same time to increase
the efficiency of N-linked glycosylation at Asn-294 (48),
because these residues appeared to be glycosylated alterna-
tively. The heterodimer composed of ATP11C_cryst and
CDC50A_QW was successfully expressed in the plasma mem-
brane using baculovirus-mediated transduction of mammalian
Expi293 cells (Thermo) for 48 h at 31.5 °C as described previ-
ously (30, 49). We confirmed that the effect of deletion and gly-
cosylation-deficient mutations are negligible as seen in their
ATPase activities (Fig. 1B). The harvested cells were directly
solubilized with 1.5% (w/v) n-decyl b-D-maltoside in a lysis
buffer containing 40 mMMES/Tris (pH 6.5), 200 mMNaCl, 2 mM

Mg(CH3COO)2, 1 mM ATP, 1 mMDTT, 0.1 mM EGTA, and pro-
tease inhibitor mixture (Roche) on ice for 20min. After removing
the insoluble material by ultracentrifugation (200,000 3 g for 1
h), the supernatant was mixed with anti-FLAG M2 affinity resin
(Sigma-Aldrich) for 1 h at 4 °C. The resin was washed with 20 col-
umn volumes of buffer consisting of 20 mM MES/Tris (pH 6.5),
200 mM NaCl, 5% (v/v) glycerol, 1 mM Mg(CH3COO)2, 0.1 mM

ATP, 0.1mM EGTA, and 0.03% octaethylene glycolmonododecyl
ether (C12E8, Nikko Chemical). FLAG-EGFP–tagged ATP11C
was eluted with 0.2 mg/ml of FLAG peptide (Sigma-Aldrich)
in the wash buffer. Eluted proteins were incubated with TEV
protease and maltose-binding protein fusion endoglycosi-

dase (EndoHf, New England Biolabs) overnight at 4 °C.
Released affinity tags containing FLAG-EGFP were removed
from the mixture by a nickel-nitrilotriacetic acid resin (Qia-
gen). The nonabsorbed fractions were concentrated and
subjected to a size-exclusion column chromatograph using
a Superose 6 Increase column (GE Healthcare), equilibrated
in a buffer comprising 20 mM MES/Tris (pH 6.5), 1% (v/v)
glycerol, 50 mM NaCl, 5 mM MgCl2, and 0.03% C12E8. Peak
fractions were collected and concentrated to 10 mg/ml. See
Fig. S1 for the purity of the sample at each step. The concen-
trated ATP11C samples were mixed with 1 mM ADP, 0.5 mM

BeSO4, 1.5 mM NaF, and 0.1 mg/ml of DOPS, and added to
the glass tubes in which a layer of dried DOPC had formed,
in a lipid-to-protein ratio of 0.2. C12E8 was added to the glass
tubes in a protein-to-detergent ratio of 0.5 to 2.0, and the
mixture was incubated overnight at 4 °C in a shaker mixer
operated at 120 rpm (31). After removing the insoluble ma-
terial by ultracentrifugation, lipidated samples were sub-
jected to crystallization. Note that the effect of truncation of
both terminal amino acids of ATP11C, the double mutation
introduced to CDC50A and deglycosylation of CDC50A
on the PtdSer- and PtdEtn-dependent ATPase activity were
negligible compared with WT without endoglycosidase
treatment.

Gene editing for CDC50A

The CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats)-Cas (CRISPR-associated) system with pX330
vector (Addgene) was used to edit the CDC50A gene in
HEK293S GnT12 cells as described (4). The sgRNA sequences
for human CDC50A were as follows; 59-CACCGGGCAA-
CGTGTTTATGTATTA-39 and 59-AAACTAATACATAA-
ACACGTTGCCC-39. Target protospacer sequences are
underlined.

Crystallization and data collection

Crystals were obtained by vapor diffusion at 20 °C. The lipi-
dated (10 mg/ml) protein sample obtained either from the
Expi293 or CDC-KO cells, containing 1 mM ADP, 0.5 mM

BeSO4, 1.5 mM NaF, and 0.1 mg/ml of DOPS was mixed with
reservoir solution containing 10% (v/v) glycerol, 14–17%
PEG4000, 0.4 M MgSO4, and 2 to 5 mM b-mercaptoethanol.
Crystals made using protein samples purified from Expi293
cells grown in a thin plate-like shape with the dimensions of
8003 5003 50 mM in 2 weeks. In contrast, crystals from CDC-
KO cells grew as small crystals usually less than 50 mM with a
polyhedron shape. These crystals were picked up with Litho-
Loops (Protein Wave Corporation), and flash frozen in liquid
nitrogen. The crystals were harvested in the presence of 10%
(v/v) glycerol, 14–17% PEG4000, 0.4 M MgSO4, 4 mg/ml of
DOPS, 20 mM MES/Tris (pH 6.5), 50 mM NaCl, 5 mM MgCl2, 5
mM b-mercaptoethanol, 2% C12E8, 1 mM ADP, 0.5 mM BeSO4,
and 1.5 mM NaF. Note, when crystals were harvested in the ab-
sence of DOPS, a small percentage of crystals gave X-ray dif-
fraction better than 4 Å. In the presence of 4 mg/ml of DOPS,
however, the number of well-diffracting crystals increased to
;30%. Despite the different crystal morphologies of the crystals
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obtained from Expi293 and CDC50A KO cells (Fig. S1), the
crystals show the same space group (P212121) and unit cell size
(a = 100.5 Å, b = 232.8 Å, c = 492.9 Å, a = b = g = 90°).
X-ray diffraction data were collected at the SPring-8 beam-

line BL32XU, BL41XU, and BL45XU. For the large plate-like
crystals obtained from Expi293 cells, X-ray diffraction data
were collected by the helical scan method (50), or by irradiating
with a micro-focus beam directed perpendicularly to the c-axis
with the crystals on a 90°bent LithoLoop (Fig. S1). Full data sets
could not be collected from CDC-KO cells as they were too
small, nor could well-diffracting crystals be determined from
their morphology alone. Therefore, multiple crystals were
mounted on a w1 mm LithoLoop, and the raster scan was per-
formed to identify well-diffracted crystals. After selecting target
crystals, 10° small-wedge data were collected from each individ-
ual crystal (Fig. S1). In total 1,588 crystals were used for the
data collection, some of which was performed automatically
using the ZOO system (51).

Structural determination and analysis

All the diffraction data from the individual 1,588 well-dif-
fracting crystals were processed and merged using the auto-
matic data processing system KAMO (52) with XDS (53).
Structure factors were subjected to anisotropy correction using
the UCLAMBI Diffraction Anisotropy server (54) (RRID:SCR_
018722). A homology model of the ATP11C E2P state was
made using a UCSF Chimera (58) based on the cryo-EM struc-
ture of the E2P state of ATP8A1 in which no PtdSer is bound
(PDB ID 6K7L). Large gaps in the sequence alignment and dis-
ordered regions in the ATP8A1 structure are not included in
the homology model. The structure was determined by molec-
ular replacement with PHASER, using the homology model as
a search model. After the initial phasing, regions that were
missing in the model and that showed largely different confor-
mations including TM1 and -2 were manually built, and fol-
lowed by further iterative model building using COOT (55).
Refmac5 (56) and Phenix (57) were used for refinement. The
final crystallographic model of BeFx-bound human ATP11C at
3.9 Å resolution, refined to Rwork and Rfree of 0.29 and 0.36, was
deposited in the PDBwith accession code PDB code 6LKN. Fig-
ures were prepared using UCSF Chimera (58) and PYMOL
(RRID:SCR_000305).

Activity assay using recombinant proteins

To measure the ATPase activity, a FLAG-EGFP tag con-
nected by the TEV cleavage site to the N-terminal tail of
ATP11C_cryst was used to estimate its expression level by fluo-
rescence size-exclusion column chromatography (FSEC) (59).
The original and additional mutant complexes of ATP11C_cryst
and the CDC50A_QW(here referred to as “WT”) were expressed
using the BacMam system and purified in a smaller batch format
as described above except for TEV protease digestion and endo-
glycosidase treatment. The purified proteins (the purity of sam-
ples used for the ATPase measurement was comparable with
lane 4 of SDS-PAGE in Fig. S1) were subjected to an ATPase ac-
tivity assay as described previously (47). Briefly, partially purified
ATP11C (WT or mutants) was suspended in buffer comprising

40 mM HEPES, 2 mM MgCl2, 2 mM ATP, 2% glycerol, 100 mM

NaCl, 0.03mg/ml of C12E8 (pH 7.0 adjusted by Tris) and the indi-
cated concentrations of phospholipids (DOPS or POPE, dissolved
as 10 mg/ml of stock in 2% C12E8), in 96-well–plates.We added 1
mM BeSO4 and 3 mM NaF (BeF3

2) for every mutant as a blank.
Reactions were initiated by incubating the samples at 37 °C using
a thermal cycler, and maintained for 1 h. Reactions were termi-
nated, and the amount of released Pi was determined colorimetri-
cally using a microplate reader (TECAN). Samples used for the
ATPase measurement were analyzed by FSEC with Trp fluores-
cence (excitation 280 nm, emission 320 nm) monitoring, and
peak fluorescence values were determined. The peak values of
samples were compared with that of a fully purified sample used
for the crystallization whose protein concentration was accu-
rately determined by UV absorption, and protein concentrations
for each measured sample were estimated. The phospholipid
concentration-dependent ATPase activities were plotted, and
data fitted as described previously (43) to estimate apparent affin-
ities (K0.5) and Vmax using PRISM4 software. For all measure-
ments, data were duplicated at 12 different phospholipid concen-
trations for a single measurement, and at least three independent
measurements were conducted for each mutant. The K0.5 and
Vmax values plotted in Figs. 3 and 4 are mean 6 S.D. estimated
from at least three independent measurements, with representa-
tive ones shown in Fig. S5. Note the PtdSer- or PtdEtn-dependent
specific ATPase activities of ATP11C_cryst—CDC50A_QW
complex were almost the same as those of WT (Fig. 1A). We
therefore refer to ATP11C_cryst—CDC50A_QW as WT in the
activity assay for simplicity.

Flippase assay

Flippase activity was determined as described (60). In brief,
ATP11A—ATP11C double-deficient WR19L mutant (DKO)
cells were transformed with retroviruses carrying cDNA for
human FLAG-tagged CDC50A and EGFP-taggedWTATP11C
or mutants. The stable transformants were then subjected to
cell sorting for EGFP with FACSAriaII (BD Biosciences), cells
at the same EGFP-intensity were sorted and expanded. The
amounts of EGFP-tagged proteins and their localization to the
plasmamembrane were verified byWestern blotting and a con-
focal microscope (FV-1000D; Olympus), respectively. For the
flippase assay, DKO cells and their transformants expressing
WT ATP11C or mutants were incubated with 1 mM NBD-PS
(1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexa-
noyl}-sn-glycero-3-phosphoserine for 3 min at 20 °C in Hanks’
balanced salt solution containing 1 mMMgCl2 and 2 mM CaCl2.
The cells were collected by centrifugation, resuspended in
Hanks’ balanced salt solution containing 5 mg/ml of fatty acid-
free BSA to extract nonincorporated lipids, and analyzed by
FACSCanto II (BD Biosciences).

Thermal stability

Purified samples were incubated at the indicated tempera-
tures for 10 min in the presence of 40 mM HEPES, 100 mM

NaCl, 2 mM MgCl2 (free) with 1 mM BeSO4, 3 mM NaF (BeF),
and/or 0.1 mg/ml of DOPS (PtdSer). After incubation, samples
were cooled on ice and denatured aggregates were removed
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using a membrane filter (pore size 0.22 mM), and the resulting fil-
trates were analyzed by size-exclusion column chromatography
using Superose 6 Increase 10/150 GL (GE Healthcare). Peak val-
ues at the retention time for the complex were plotted as a func-
tion of incubation temperature, and theirTm values estimated.

Data availability

Atomic coordination and structure factors for the structures
reported in this work have been deposited in the Protein Data
Bank under accession number 6LKN. All remaining data are
contained within the article.
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