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The human P4 ATPase ATP8B1 in complex with the auxiliary noncatalytic protein
CDC50A or CDC50B mediates the transport of cell-membrane lipids from the outer
to the inner membrane leaflet, which is crucial to maintain the asymmetry of
membrane lipids. Its dysfunction usually leads to an imbalance of bile-acid circulation
and eventually causes intrahepatic cholestasis diseases. Here, we found that both
ATP8B1–CDC50A and ATP8B1–CDC50B possess a higher ATPase activity in the
presence of the most favored substrate phosphatidylserine (PS), and, moreover, that the
PS-stimulated activity could be augmented upon the addition of bile acids. The 3.4-Å
cryo-electron microscopy structures of ATP8B1–CDC50A and ATP8B1–CDC50B
enabled us to capture a phosphorylated and autoinhibited state, with the N- and
C-terminal tails separately inserted into the cytoplasmic interdomain clefts of ATP8B1.
The PS-bound ATP8B1–CDC50A structure at 4.0-Å resolution indicated that the
autoinhibited state could be released upon PS binding. Structural analysis combined
with mutagenesis revealed the residues that determine the substrate specificity and a
unique positively charged loop in the phosphorylated domain of ATP8B1 for the
recruitment of bile acids. Together, we supplemented the Post–Albers transport cycle
of P4 ATPases with an extra autoinhibited state of ATP8B1, which could be activated
upon substrate binding. These findings not only provide structural insights into the
ATP8B1-mediated restoration of human membrane lipid asymmetry during bile-acid
circulation, but also advance our understanding of the molecular mechanism of P4
ATPases.

ATP8B1 j P4 ATPase j phospholipid flippase j bile acid j cryo-EM structure

The eukaryotic cell membrane consists of a variety of lipids, which are asymmetrically
distributed across the lipid bilayer (1). Phosphatidylcholine (PC), sphingomyelin (SM),
and glycolipids are enriched at the outer leaflet of the plasma membrane, whereas phos-
phatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylinositol (PI) are
mainly restricted to the inner leaflet. The asymmetric distribution of lipids is essential
to maintain cellular functions, including cell and organelle shape determination and
dynamics, vesicle budding and trafficking, membrane stability and impermeability, cell
signaling, apoptosis, and homeostasis of bile and cholesterol (2, 3). The disturbance of
lipid asymmetry will lead to the imbalance of cell membrane and eventually cell death.
For instance, loss of PS asymmetry is an early indicator of cell apoptosis, as well as a
signal to initiate blood clotting (4). To maintain membrane asymmetry, eukaryotic
cells express a series of cooperatively functioning lipid transporters, such as scramblases,
floppases, and flippases. Scramblases, which are energy-independent, drive bidirectional
lipid scrambling in response to intracellular concentrations of Ca2+ (5); whereas flop-
pases, which are usually ATP-binding cassette (ABC) transporters, mediate the unidi-
rectional translocation of lipids from the inner to the outer leaflet of the membrane
bilayer (6). In contrast, flippases are usually P-type Type IV ATPase (P4 ATPase for
short) in eukaryotic cells, which transport phospholipids from the outer leaflet to the
inner leaflet (3).
The widespread P-type ATPases, which are featured with a phosphorylated interme-

diate during the transport cycle (P stands for phosphorylation), catalyze the transport
of ions, phospholipids, polyamines, or transmembrane (TM) helices by utilizing the
energy of ATP hydrolysis (7–10). The human genome encodes a total of 14 P4 ATPase
members, which are further grouped into P4A and P4B clades (11). For proper locali-
zation and integral function, members of a P4A clade should form a complex with an
auxiliary noncatalytic protein of the CDC50 family (12). To date, three CDC50 paral-
ogs (CDC50A, CDC50B, and CDC50C) have been identified in mammals (13). As
reported, most human P4A ATPases could bind to only CDC50A (12, 14), whereas
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some P4A ATPases, such as ATP8B1 and ATP8B2, are able to
form complexes with either CDC50A or CDC50B (14, 15).
Recently, a series of structures of human P4A ATPases
(ATP8A1 and ATP11C) complexed with CDC50A have been
reported (16–18). However, the complex structure of P4A
ATPase with CDC50B remains unknown.
ATP8B1, a member of P4 ATPase, is also known as FIC1

(familial intrahepatic cholestasis type 1) (19). It colocalizes with
the primary bile-salt export pump ABCB11 in cholangiocytes
and the canalicular membrane of hepatocytes (20). To counter-
act the disturbance of the asymmetric homeostasis of the cell
membrane resulting from lipid flow accompanied by bile-acid
transport driven by ABCB11 (21), the floppase ABCB4 exports
PC to envelop bile-acid micelles (22), and ATP8B1 flips PS
(23) or PC (24) from the outer to the inner membrane leaflet
to restore membrane asymmetry. Defects in ATP8B1 are usu-
ally associated with severe human diseases, such as the intrahe-
patic cholestasis diseases PFIC1 (progressive FIC1) and BRIC1
(benign recurrent intrahepatic cholestasis type 1) (25).
Here, we solved the cryo-electron microscopy (cryo-EM) struc-

tures of apo-form ATP8B1–CDC50A and ATP8B1–CDC50B
and a PS-bound structure of ATP8B1–CDC50A. These struc-
tures unraveled a yet-unknown autoinhibited phosphorylated state
of P4 ATPases, which is activated upon substrate binding. These
findings not only advance our understanding of the molecular
mechanism of P4 ATPases, but also provide a structural platform
for further therapeutic intervention of intrahepatic cholestasis
diseases.

Results

The ATPase Activities of ATP8B1–CDC50A/B Are Significantly
Stimulated by PS. We overexpressed human ATP8B1–CDC50A
and ATP8B1–CDC50B in HEK293F cells, with a Flag tag fused
to the N terminus of ATP8B1, and purified the complexes using
an affinity column followed by size-exclusion chromatography
(SEC). Sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis indicated that both complexes were purified in a homo-
geneous state (SI Appendix, Fig. S1). As substrates were reported
to greatly enhance the ATPase activity of P4 ATPases (16, 18,
26), we performed ATPase activity in the presence or absence of
different phospholipids at the concentration of 300 μM.
Dodecyl-β-D-maltopyranoside (DDM; 1%, weight [wt]/volume
[vol]) was added as the hydrotropic agent for the dissolution of
lipids to produce clear and homogeneous stock solutions at room
temperature. The ATPase activities of both ATP8B1–CDC50A
and ATP8B1–CDC50B showed a significant increase when PS
was added compared with the basal activity (Fig. 1A). The EC50

(concentration for 50% of maximal effect) values of
PS-dependent ATPase activities for the ATP8B1–CDC50A and
ATP8B1–CDC50B complexes were 63.6 ± 3.8 and 87.1 ± 3.7
μM, with Vmax values of 269.1 ± 8.0 and 244.4 ± 3.7
nmol�min�1�mg�1, respectively (Fig. 1B). However, PC only
showed a modest stimulation of the ATPase activity for
ATP8B1–CDC50B, but no significant effect for ATP8B1–
CDC50A. In contrast, PE had no effect on ATPase activity stim-
ulation for both complexes. Considering that the phase properties
of the PS, PC, and PE lipids are quite different, we further per-
formed ATPase activity assays in the proteoliposomes to compare
the activities upon the addition of extra PS, PC, or PE with the
activity assay system in PC. ATP8B1–CDC50A/B were reconsti-
tuted in 100% PC; 90% PC and 10% PS; and 90% PC and
10% PE, respectively, and showed similar activities to those in
the detergents (SI Appendix, Fig. S2). We also performed the

phospholipid flippase activity assays using a dithionite-based
quenching approach in proteoliposomes (27). The PS and PC
analogs bearing a fluorescent 7-nitro-2-1,3-benzoxadiazol-4-yl
(NBD) group were used as the substrates, and the assays displayed
a weak, but obvious, flippase activity of ATP8B1–CDC50A/B
complex toward NBD-PS (Fig. 1C and SI Appendix, Fig. S3). In
contrast, the activity toward NBD-PC was not detectable. These
results revealed that PS is the most favored substrate of
ATP8B1–CDC50A/B.

Bile Acids Can Further Augment the ATPase Activity. It is puz-
zling that the Vmax of ATP8B1 is less than 1/6 of the previously
reported P4 ATPases (16, 18, 26). Notably, the yeast P4
ATPase Drs2p in complex with Cdc50p with a nondetectable
ATPase activity in the presence of substrate could be activated by
an activator molecule, lipid phosphatidylinositol 4-phosphate
(PI4P) (28). In addition, bile acids could enhance the ATPase
activities of ABCB4 (29) and ABCG5/G8 (30), both of which
are localized in hepatocytes like ATP8B1. Thus, we tested the
ATPase activities of ATP8B1–CDC50A/B complexes in the pres-
ence of cholate, the main component of bile acids. However, the
addition of cholate alone only exhibited a slight increase in activ-
ity for both complexes, compared with the basal activity (Fig.
1D). Compared with the activities of ATP8B1–CDC50A/B in
the presence of PS solubilized in the detergent DDM at ∼230 or
180 nmol�min�1�mg�1, the two complexes in the presence of PS
solubilized in cholate displayed a significantly increased activity to
∼2 or 3 μmol�min�1�mg�1 (Fig. 1D). Notably, the ATPase activ-
ity of ATP8B1 in the presence of 300 μM cholate and 100 μM
PS is comparable to that of other characterized P4 ATPases (16,
18, 26, 31). We introduced a mutation (E234Q) in the DGET
motif of the A domain that prevents the dephosphorylation of the
phosphorylated ATP8B1, and the mutant displayed a significant
decrease of activity compared with the wild type (Fig. 1D). The
activity could also be completely inhibited by AlF4

�, an inhibitor
of P-type ATPases (32). The ATPase activity assays in the pres-
ence of PS solubilized in other detergents, such as octyl glucoside
and glyco-diogenin (GDN), yielded an activity similar to that in
DDM (SI Appendix, Fig. S4A). Cholate concentration-dependent
stimulated ATPase activities in the presence of 50 μM PS solubi-
lized in DDM further suggested that the bile salt could serve as
an activator (SI Appendix, Fig. S4B). Moreover, PS solubilized in
either primary or secondary conjugated bile acids could greatly
augment the ATPase activity (Fig. 1E), compared with that in
DDM. Notably, tauro-conjugated bile acids, including taurocho-
lic acid (TC), have higher augmentation rates. All these data sug-
gested that various bile acids can augment the PS-simulated
ATPase activity of ATP8B1–CDC50A/B.

Overall Structures of ATP8B1–CDC50A and ATP8B1–CDC50B.
We solved the 3.4-Å cryo-EM structures of the ATP8B1–
CDC50A and ATP8B1–CDC50B complexes, respectively (Fig.
2 A and B), which followed the gold-standard Fourier shell cor-
relation criterion of 0.143 (SI Appendix, Table S1 and Figs. S5
and S6). About 95% of the complete sequence could be mod-
eled in both structures, except for a few disordered regions,
most at the termini (Met1∼Glu13, Glu30∼Lys60, and
Arg1228∼Ser1251 of ATP8B1; Met1∼Ala23 and Asn355∼
Ile361 of CDC50A; and Met1∼Ala7 and Asp346∼Glu351 of
CDC50B). Superposition of the two complex structures yields
an rmsd of 0.42 Å over 990 Cα atoms, indicating that the two
structures resemble each other. Similar to the previously
reported P4 ATPase structures, ATP8B1 also has a TM domain
of 10 TMs (TM1–10) and three cytoplasmic domains: the A
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(actuator), N (nucleotide-binding), and P (phosphorylation)
domains (Fig. 2 A and B). The N domain is responsible for
binding to ATP, which donates the phosphate group for auto-
phosphorylation of the conserved Asp454 of the P domain,
generating a phosphorylated intermediate during the transport
cycle. The A domain can dephosphorylate the phosphorylated
P domain via the catalytic residue Glu234 and, finally, triggers
substrate translocation. In addition, the N terminus and C ter-
minus form long loops, termed the N-tail and C-tail, respec-
tively, which might function as regulatory domains (33). In
both complexes, superposition of CDC50A and CDC50B gives
a quite similar structure with an rmsd of 0.79 Å over 269 Cα
atoms, in agreement with their high sequence identity of 54%
(SI Appendix, Fig. S7). CDC50A/B interact with ATP8B1
through the extracellular domains, the two TMs and an
unstructured loop preceding the N terminus of the TMs, form-
ing three interfaces almost identical in the two complexes.
These interfaces are conserved in known structures of P4
ATPases complexed with CDC50A (16, 17).

ATP8B1 Adopts an Autoinhibited E2P State. The transport
cycle of P4 ATPases has been clearly depicted by the
Post–Albers scheme (34, 35), including several intermediate

states (SI Appendix, Fig. S8): ATP binding (E1-ATP), phos-
phorylated (E1P and E2P), substrate binding (E2Pi-PL),
dephosphorylated (E2), and substrate release (E1) states (8).
These states have been captured in a previous report of the
cryo-EM structure of ATP8A1–CDC50A (16). Superposition
of ATP8B1 with the known structures of ATP8A1 revealed
that ATP8B1 possesses a lowest rmsd of 2.01 Å with ATP8A1
in the E2P state (Fig. 2C and SI Appendix, Fig. S9).

In our two structures, an extra density could be found in
proximity to residue Asp454 from the conserved DKTG motif
of the P domain, which could be fitted with a PO4

� and a
Mg2+ ion (Fig. 2D), indicating that Asp454 is phosphorylated.
The Mg2+ ion is coordinated by Asp454, Thr456, Asp893, and
PO4

� (Fig. 2D). However, the catalytic residue Glu234 from
the conserved DGET motif of the A domain is stabilized by
Asp232, Lys238, and Arg867 via salt bridges and hydrogen
bonds (H-bonds). As a result, the phosphorylated Asp454 is
too far away from Glu234 to be dephosphorylated, which is a
feature of the E2P state (16). Thus, ATP8B1 is most likely in
the E2P state, in which the P domain has been phosphorylated
and ready to bind the substrate.

Superposition of ATP8B1 against ATP8A1, both at the E2P
state, revealed that the core structures can be well superimposed

Fig. 1. Substrate-stimulated and bile-acid-augmented ATPase activity assays of ATP8B1–CDC50A and ATP8B1–CDC50B complexes. (A) ATPase activities of
ATP8B1–CDC50A/B in different phospholipids. The final concentration of the phospholipids was set to 300 μM dissolved in 0.03% (wt/vol) DDM. (B) The phos-
pholipid concentration-dependent ATPase activities of ATP8B1–CDC50A/B. Data points represent the means ± SD of three measurements at 37 °C and were
fitted by the Hill equation. (C) Flippase activity assays shown as the percentages of flipped NBD-lipids. ND, nondetected. (D) Cholate-augmented ATPase
activities of ATP8B1–CDC50A/B in the presence of PS. The PS was dissolved in DDM or cholate sodium, and a final concentration of PS was set to 100 μM dis-
solved in 0.01% (wt/vol) DDM or 300 μM cholate sodium. AlF4

� was produced by mixing 2 mM AlCl3 and 10 mM NaF. (E) Augmented ATPase activity of
ATP8B1–CDC50A/B upon addition of PS dissolved in various bile acids (final concentration: 100 μM PS dissolved in 300 μM various bile acids). GC, glycocholic
acid; TCDC, taurochenodoxycholic acid; GCDC, glycochenodeoxycholic acid; TDC, taurodeoxycholic acid; TUDC, tauroursodeoxycholate acid. At least three
independent assays were performed to calculate the means and SDs, and the data are presented as the means ± SD. Two-tailed Student’s t test was used
for the comparison of statistical significance. **P < 0.01; ***P < 0.001.
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(Fig. 2C). However, both the N-tail and C-tail insert into the
clefts of the three cytoplasmic domains of our ATP8B1 (Fig. 2
A and B), whereas the N terminus of ATP8A1 is missing in
their structure (Fig. 2C) (16). Specifically, the N-tail interacts
with the P domain by H-bonds (Asp26–Asn807) and hydro-
phobic interactions between Pro17 and Trp805 and interacts
with the N domain via an H-bond between Glu20–Ser598
(Fig. 2E). The C-tail interacts with the P domain via the
cation–π interaction between Arg1206 and Phe744, the A
domain via a π–π interaction between Phe239–Tyr1217 and an
H-bond between Asn221–Arg1225, and the N domain via two
pairs of salt bridges between Asp644–Arg1205 and Asp684–
Arg1215 (Fig. 2F). Remarkably, Tyr1209 and Phe1211 from
the conserved GYAFS motif occupies the ATP binding site
(Fig. 2F). Truncation of either the N-tail or C-tail of ATP8B1
resulted in an increased ATPase activity of approximately
twofold or threefold to that of the wild type, respectively
(Fig. 2G), further suggesting that ATP8B1 basically adopts an

autoinhibited E2P state. Besides ATP8A1, an autoinhibited
state of yeast Drs2p have been reported, which was also inhib-
ited by the C-terminal tail only (36, 37). In addition, an
N-terminal inhibited state of yeast P5B ATPase Ypk9 was
reported (9). In the structure, the N terminus of Ypk9 resides
between the N, A, and P domains (SI Appendix, Fig. S10),
which partly resembles our case of ATP8B1. It is notable that
all of these previously reported autoinhibited structures at the
E2P state were obtained upon the addition of the phosphate
analog beryllium fluoride (BeF3

�), which differs from our auto-
inhibited structure of ATP8B1 in the absence of any additives.

The Positively Charged P-Loop Is Responsible for the Recruit-
ment of Bile Acids. Superposition of ATP8B1 against ATP8A1
also revealed an extra loop in ATP8B1 protruding from the P
domain (hence, named the P-loop) (Fig. 2C), which is rich in
positively charged residues. Further structural analysis revealed
two other positively charged segments from the C-tail, which

Fig. 2. Structures of ATP8B1–CDC50A and ATP8B1–CDC50B at the autoinhibited phosphorylated state. Overall structures of ATP8B1–CDC50A (A) and
ATP8B1–CDC50B (B) are shown as cartoons. The major domains and motifs are labeled in different colors. The same color scheme is used throughout the
manuscript. (C) Structure superposition of ATP8B1–E2P against ATP8A1–E2P (PDB ID code: 6K7L). ATP8B1 and ATP8A1 are colored in cyan and yellow-
orange, respectively. (D) The phosphorylation site of ATP8B1. The phosphorylated Asp454 from the P domain and related residues are shown as sticks.
PO4

� is shown as sticks, and Mg2+ is shown as spheres. Densities are shown as gray mesh, contoured at 8σ. Interactions of the N-tail (E) and the C-tail (F)
with the cytoplasmic domains. All interacting residues are shown as sticks. (G) ATPase activities of the N-tail or C-tail truncated ATP8B1 in complex with
CDC50B compared with the wild type. ΔN and ΔC stand for the deletion of N-terminal Met1∼Glu30 and C-terminal Ala1187∼Ser1251, respectively. Data
were normalized against the basal activity of ATP8B1–CDC50B. At least three independent assays were performed to calculate the means and SDs, and the
data are presented as the means ± SD. Two-tailed Student’s t test was used for the comparison of statistical significance. ***P < 0.001. Structures of
ATP8B1 shown in C–F are derived from the complex structure of ATP8B1–CDC50B.
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are termed the C-helix (residues Ser1172–Arg1184) and the
C-turn (residues Arg1193–Arg1206), respectively (Fig. 3A).
There are 16 positively charged residues in the 34-residue
P-loop of ATP8B1, which is absent in other P4-type ATPases
(Fig. 3B and SI Appendix, Fig. S11). The C-helix is a short
helix corresponding to the amphipathic helix of yeast Drs2p,
which is adjacent to the binding site of the activator PI4P (36),
while the C-turn is an arginine-rich sharp turn of the C-tail (SI
Appendix, Fig. S11A). Considering that bile acids are negatively
charged under physiological conditions (38), the three segments
might be responsible for the recruitment of bile acids.
Hence, we truncated the P-loop (residues from Lys813 to Lys846)

and mutated the positively charged residues in the C-helix
(K1177E–K1180E–H1181D–R1182E–K1183E–R1184E–K1186E)
and C-turn (R1194T–R1199S–R1200S–R1206S) for ATPase
activity assays. The results showed that the truncation of the
P-loop led to a significant reduction in TC-augmented activity
compared with the wild type, whereas either the C-helix or
C-turn mutant displayed no obvious change in activity (Fig. 3C).
It suggested that the P-loop, which is conserved in ATP8B1
orthologs according to the multisequence alignment (Fig. 3B),
might be responsible for the recruitment of bile acids.
We grouped the positively charged residues on the P-loop

into three clusters as P1, P2, and P3 (Fig. 3B) and constructed
three mutants with these residues in each cluster mutated to gly-
cine and/or serine, respectively (P1 mutant: K813G–K814S–
K816G–R817S–K819S; P2 mutant: K822S–K824S–R827G–
R832G–R833S–R835G; and P3 mutant: K839G–R840S–
R841G–K845S–K846S), for the bile-acid-augmented ATP
hydrolysis assays. It indicated that only the positively charged
residues in P1 might be involved in the recruitment of bile acid
(Fig. 3C). Moreover, we performed a simulation of the TC mol-
ecule binding to the P-loop and found that the negatively
charged taurine moiety of TC interacts with P1 of the P-loop
(SI Appendix, Fig. S11), in agreement with the mutant activity
assays. Thus, we propose that the P1 region, which is adjacent to
the N-tail, might play the key role in bile-acid recruitment. In
this simulation model, upon TC binding, the P-loop undergoes

a conformational change of departure from the N-tail, presum-
ably in consequence facilitating the release of the N-tail, which is
rich in negatively charged residues (14DSQPNDEVVPYSD-
DE29T), in the autoinhibition state.

The Substrate-Bound ATP8B1–CDC50A Structure Revealed the
Release of Autoinhibition. To further investigate the substrate
specificity of ATP8B1, we solved the cryo-EM structure of
substrate-bound ATP8B1–CDC50A at a 4.0-Å resolution with
the addition of PS and AlF4

� (SI Appendix, Fig. S12). An extra
density in the cavity formed by TM2, TM4, and TM6 of
ATP8B1 could be fitted with a molecule of PS (Fig. 4A). The ser-
ine group of PS is stabilized by Thr143, Thr144, and Asn397,
which are conserved in PS flippases (SI Appendix, Fig. S13). The
phosphate group and glycerol backbone of PS are embraced by
Ser403, Asn989, and Ser994 (Fig. 4B), which are conserved resi-
dues in most P4 ATPases (SI Appendix, Fig. S13). Notably, previ-
ous reports showed that clinical variants of S403Y and S994R of
ATP8B1 were associated with the severe intrahepatic cholestasis
disease PFIC1 (39, 40). Moreover, single mutation (T143A,
T144A, N397Q, N397A, S403Y, N989A, or S994R) of the PS
binding residues showed a significantly reduced ATPase activity in
the presence of PS dissolved in TC (Fig. 4C). Notably, multiple-
sequence alignment indicated that Asn397 in ATP8B1 differs
from the conserved the glutamine residue on TM4 of PC trans-
porters (SI Appendix, Fig. S13). Indeed, the N397Q mutant of
ATP8B1 showed a significant decreased activity toward PS com-
pared with wild type.

Remarkably, both the N-tail and C-tail of ATP8B1 are invis-
ible in the PS-bound structure (Fig. 4A), suggesting the release
of autoinhibition upon substrate binding. Superposition of this
PS-bound structure against the apo-form ATP8B1 revealed sig-
nificant rotations of TM1 and TM2 for ∼10° and ∼13°,
respectively. In consequence, the cavity formed by TM2, 4,
and 6 is closed by the TM1–2 loop in the outer leaflet and

Fig. 3. The P-loop conserved in ATP8B1 and orthologs is essential for the
recruitment of bile acids. (A) The three positively charged regions of
ATP8B1, namely, the P-loop, C-helix, and C-turn. The positively charged res-
idues on the P-loop were grouped into three clusters as P1, P2, and P3. (B)
Multiple-sequence alignment of the P-loop and flanking regions in P4-type
ATPases. The P-loops rich in positively charged residues in ATP8B1 and
orthologs are marked with a blue box. (C) Relative ATPase activities of
ATP8B1–CDC50B and mutants in the presence of 100 μM PS dissolved in
300 μM TC, with the corresponding activity in the presence of PS dissolved
in DDM setting as 100%. At least three independent assays were per-
formed to calculate the means and SDs, and the data are presented as the
means ± SD. WT, wild type.

Fig. 4. The PS-bound structure of ATP8B1–CDC50A and the PS-binding
site. (A) Overall structure of PS-bound ATP8B1–CDC50A. ATP8B1 is colored
in slate; PS is shown as sticks and spheres in orange. (B) The PS-binding
site. The density of the PS is shown in gray mesh, contoured at 3σ. (C)
ATPase activities of ATP8B1–CDC50B mutants compared with the wild type
(WT), in the presence of 100 μM PS dissolved in TC. Data were normalized
against the activity of the wild type. At least three independent assays were
performed to calculate the means and SDs, and the data are presented as
the means ± SD. Two-tailed Student’s t test is used for the comparison of
statistical significance. ***P < 0.001. (D) Superposition of the autoinhibited
E2P state against the PS-bound state of ATP8B1–CDC50A by aligning the
TM7-10 of ATP8B1. The E2P state and PS-bound ATP8B1–CDC50A are col-
ored in cyan and slate, respectively.
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opened in the inner leaflet, a conformational change necessary
for the release of lipid to the inner leaflet of the membrane.
Furthermore, the rotation of TM1 and TM2 makes the A
domain shift toward the P domain, which is subject to being
dephosphorylated (Fig. 4D). This conformation is similar to
that of ATP8A1 in the E2Pi-PL state (16), in which AlF4

�

substituted PO4
� in proximity to residue Asp454 of the P

domain; despite this, we could not fit AlF4
� in our PS-bound

structure due to the relatively low resolution of cytoplasmic
domains (SI Appendix, Fig. S12). Superposition of the E2Pi-PL
state ATP8B1 against the E2Pi-PL state ATP8A1 yielded an
rmsd of 2.2 Å (SI Appendix, Fig. S14), and, moreover, PS in
both structures could be well superimposed, including residues
that were suggested to be a central hydrophobic gate for the
lipid translocation, indicating that E2Pi-PL state ATP8B1 is
also in the occluded state as ATP8A1 (16).

Discussion

An autoinhibited state has been reported in the previous struc-
tures of yeast Drs2p, the C-tail of which was found to lock the
cytoplasmic domains (36, 37), similar to the inhibited E2P
state of human ATP8A1 upon the addition of the inhibitor
BeF3

� (16). In addition, a recent report revealed a resting state
of the yeast P5B ATPase Ypk9 autoinhibited by the N terminus
(9). Our present structures, in complex with either CD50A or
CDC50B, showed that ATP8B1 adopts an autoinhibited E2P
state, in which the N-tail and C-tail separately insert into the
cytoplasmic interdomain clefts, and the residue Asp454 of the
P domain is phosphorylated. ATPase activity assays indicated
that the activity of ATP8B1 could be inhibited by its own
N-tail and C-tail, which might interrupt the interdomain cross-
talk. Most likely, an inhibited E2P state for inhibiting the activ-
ity of P4 ATPases is necessary for the homeostasis of membrane
lipid asymmetry.
Based on our findings and previous reports, we proposed a

transport mechanism of ATP8B1 with an extra autoinhibited
E2P state, which is an equilibrium state with the E2P state in
the Post–Albers cycle of P4 ATPase (Fig. 5). As shown in our
PS-bound structure, this autoinhibition state could be switched

to the E2Pi-PL state upon substrate binding (Fig. 5). In addi-
tion, our biochemical results indicated that bile acids can aug-
ment the PS-stimulated ATPase activity of ATP8B1, similar to
the previous reports that PI4P can stimulate the ATPase activ-
ity of yeast Drs2p (28). Furthermore, mutations of the posi-
tively charged P-loop, which is highly conserved in ATP8B1
orthologs, led to a reduced ATPase activity of ATP8B1 in
response to the addition of bile acids. In fact, ATP8B1 usually
functions under a physiological environment with enriched bile
acids; thus, the release of autoinhibition could be induced by
the substrate and further accelerated upon the easily recruited
bile acids.

A recent preprint paper also reported the apo-form structure
of the ATP8B1–CDC50A complex, which displayed a similar
autoinhibited state locked by both the N- and C-tails (41). In
contrast, they discovered that PC could stimulate ATPase activ-
ity of ATP8B1 after the truncation of the N- and C-tails and
activated by the addition of phosphoinositides. This discrep-
ancy to our PS-stimulated activity assays may imply that
ATP8B1 might adopt various regulatory mechanisms to flip
different lipids.

In summary, ATP8B1 free of substrate basically adopts an
autoinhibited conformation at the homeostatic membrane
asymmetry. Once this asymmetry is altered, usually due to the
phospholipid flow accompanying the efflux of bile acids across
the membrane, ATP8B1 is fully activated in the presence of
both substrate and bile acids. The present structural analysis
together with biochemical assays supplement our understanding
on the Post–Albers cycle of P4 ATPases.

Materials and Methods

Cloning and Expression. The full-length human ATP8B1 (Uniprot: O43520),
CDC50A (Uniprot: Q9NV96), and CDC50B (Uniprot: Q3MIR4) genes were synthe-
sized after codon optimization for the mammalian cell-expression system by
Sangon Biotech Company. The wild-type ATP8B1 and mutants were subcloned
into a pCAG vector with an N-terminal Flag-tag (DYKDDDDK). CDC50A and
CDC50B were, respectively, subcloned into the same vector with a C-terminal
6×His-tag or an N-terminal 6×His-tag using the One Step Cloning Kit (Vazyme).

For protein expression, HEK293F cells were cultured in SMM 293T-II medium
(Sino Biological, Inc.) at 37 °C with 5% CO2. Cells were transfected when the
density reached ∼2.5 × 106 cells per mL. For transfection, ∼1.8 mg of pCAG-
ATP8B1 and ∼0.3 mg of pCAG-CDC50A/B were incubated with 4 mg of linear
polyethyleneimines (Polysciences, Inc.) in 45 mL of fresh medium for 15 min,
followed by a 15-min static incubation. The transfected cells were grown at
37 °C with 5% CO2 for 48 h before harvesting. Cell pellets were resuspended in
the lysis buffer containing 50 mM Tris�HCl (pH 7.5), 150 mM NaCl, and 20%
glycerol (vol/vol) after centrifugation at 1,500 × g for 10 min. The suspension
was frozen in liquid nitrogen and stored at�80 °C for further use.

All mutants were generated with a standard PCR-based strategy and were
cloned, overexpressed, and purified the same way as the wild-type protein.

Protein Preparation. For protein purification, 2 mM ATP (Sangon Biotech)
and 2 mM MgCl2 were added to the thawed suspension, and the mixture was
incubated with additional 1% (wt/vol) DDM (Bluepus) and 0.2% (wt/vol) choles-
teryl hemisuccinate (Anatrace) at 8 °C for 2 h for membrane solubilization and
protein extraction. After ultracentrifugation at 45,000 rpm for 45 min (Beckman
Type 70 Ti), the supernatant was incubated with the anti-Flag M2 affinity gel
(Sigma) on ice for at least 40 min. Then, the resin was washed by 30 mL of wash
buffer containing 50 mM Tris�HCl (pH 7.5), 150 mM NaCl, and 10% (vol/vol)
glycerol, with 0.02% GDN (wt/vol; Anatrace) for ATP8B1–CDC50A or 0.06% digi-
tonin (wt/vol; Apollo Scientific) for ATP8B1–CDC50B. The protein was eluted with
6 mL of wash buffer plus 200 μg/mL Flag peptide. The samples were further
concentrated and purified by SEC on a Superose 6 Increase 10/300 or Superdex
200 Increase 10/300 gel-filtration column (GE Healthcare), pre-equilibrated with
SEC buffer (50mM Tris�HCl, pH 7.5, 150mM NaCl, and 0.02% GDN or 0.06%

Fig. 5. Proposed transport mechanism. The two structures (autoinhibited
E2P and E2Pi-PL state ATP8B1–CDC50A) we report here are shown as the
schemes, with the domains of ATP8B1–CDC50 shown in different colors,
whereas the rest states are shown as yellow squares. Binding and hydro-
lyzing ATP would trigger transition of ATP8B1 from the state E1 to E1P.
Afterward, the rearrangement of the cytoplasmic domains makes ATP8B1
to adopt an E2P state, which is most likely equilibrated at the autoinhibited
E2P state with the N-tail and C-tail inserting into the cytoplasmic interdo-
main clefts. The release of autoinhibition could be induced upon phospho-
lipid binding and further accelerated in the presence of bile acids, switching
ATP8B1 at the E2Pi-PL state. The ATP8B1 at the E2 state with a dephos-
phorylated P domain undergoes domain rearrangement accompanying with
the release of phospholipid, and, finally, ATP8B1 returns to the E1 state.
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digitonin). The purified samples were analyzed by SDS-gel electrophoresis with a
commercial precast acrylamide gel (with a gradient from 4 to 20%). The peak
fractions were collected, concentrated to 4 to 6mg/mL, frozen in liquid nitrogen,
and stored at�80 °C before use.

Lipid and Detergent/Lipid Mixture Preparations. Lipids (Avanti) were pre-
pared in 20 mM Tris�HCl (pH 7.5) and 75 mM KCl to a final concentration of
10 mg/mL (∼12.5 mM) by sonicating in a water-bath sonicator at room tempera-
ture until forming a homogenous solution. Bile acids (sodium salts) were dis-
solved at a final concentration of 100 mM in water and mixed with lipid stocks
in a mole ratio of 3:1. Then, 20% (wt/vol) DDM stocks were prepared in water
and added to the lipids solution in a final concentration of 1%. All the mixtures
were frozen in liquid nitrogen and thawed at room temperature three times,
resulting in a clear and homogeneous solution at room temperature. Lipid
stocks, bile acids, and lipid mixtures were stored at�20 °C before use.

ATPase Activity Assays. For the substrate-stimulated ATPase activity assay, 2
μg of purified proteins was preincubated at room temperature for 5 min with or
without 600 μM lipids in 150 μL of reaction buffer, containing 20 mM Tris�HCl
(pH 7.5), 75 mM KCl, 2 mM MgCl2, and 0.02% DDM. The proteins or protein/
lipid mixtures were cooled in ice and further mixed with an equal volume of pre-
cooled reaction buffer containing 4 mM ATP. Reactions were performed at 37 °C
for 20 min, and the amount of released phosphate group (Pi) was quantitatively
measured by using the ATPase colorimetric Assay Kit (Innova Biosciences) in
96-well plates at OD650 nm.

The bile-acid-augmented assays were measured similarly to that mentioned
above, except that the proteins were preincubated with detergent/lipids mixtures
to a final lipid concentration of 200 μM dissolved in 600 μM bile acids.

Proteoliposome Preparation. Proteoliposomes were prepared by detergent
removal using Bio-Beads SM-2 adsorption (42). All steps were performed at
4 °C, unless otherwise stated. Normally, lipid mixtures (99.5% brain polar lipids
and 0.5% NBD–phospholipid) were resuspended in reconstitution buffer
(20 mM Tris�HCl, pH 7.5, and 75 mM KCl) to the final concentration of 10 mg/mL
The proteins were added to the destabilized liposomes (pretreated by 0.45% Triton
X-100 for 1 h at room temperature) and incubated for 1 h. The ratio of lipids and
proteins was kept at 80:1 (wt/wt). Triton X-100 was removed by incubation with
SM-2 Adsorbent Bio-Beads (Bio-Rad) overnight and repeated for another 2 h.
Then, 5 mM dithionite was added to the mixture to quench the free fluorescent
lipid probes. Proteoliposomes were diluted and resuspended twice with the ice-
cold reaction buffer by 250,000 × g for 1 h. The treated proteoliposomes were
stored at 4 °C before use.

Flippase Activity Assays. Flippase activity was defined by a change of inter-
leaflet distribution of fluorescent lipid probes (NBD–phospholipids) in proteolipo-
somes measured by using a dithionite-based quenching approach (27). For each
individual measurement, 25 μL of proteoliposomes containing ∼100 ng of
ATP8B1–CDC50A/B complexes were incubated with 4 mM ATP in the presence
or absence of 8 mM MgCl2 in 25 μL of reaction buffer (20 mM Tris�HCl, pH 7.5,
and 75 mM KCl) at 37 °C. After 10 min of incubation, each sample was diluted
to 100 μL and assayed for probe distribution. The fluorescence (FT) was recorded
continuously in a CLARIOstar fluorometer (BMG LABTECH, Inc.) (λex = 485 nm,
λem = 520 nm). After stable baseline was obtained (∼5 min), 10 μL of 50 mM
dithionite dissolved in 1 M Tris�HCl (pH 10) was added to the sample and mixed
to quench the fluorescent probes in the outer leaflet of liposomes, and fluores-
cence was recorded until a stable line was obtained (∼120 s, FD). Subsequently,
the sample was solubilized by the addition of 10 μL of 10% Triton X-100, and
the background fluorescence (F0) was recorded for another 180 s. The percent-
age of NBD–phospholipid in the outer leaflet of proteoliposomes that is accessi-
ble to dithionite quenching was calculated as (FT/FD)/(FT/F0) × 100%.

Cryo-EM Sample Preparation. For the apo-form ATP8B1–CDC50A or
ATP8B1–CDC50B complex, purified proteins were concentrated to 4.5 mg/mL.
After centrifugation at 14,000 × g for 10 min, 3.5-μL samples were placed on
glow-discharged holey carbon grids (Quantifoil, Cu R1.2/1.3, 300-mesh) with
blot force setting of �2 and blot time of 3 s and plunged into liquid ethane by
using Vitrobot Mark IV (FEI) at 8 °C and 100% humidity.

For the substrate-bound sample, ATP8B1–CDC50A purified by the anti-Flag
M2 affinity gel was preincubated with 2 mM AlCl3, 10 mM NaF, and 2 mM

MgCl2 overnight. The mixture samples were further concentrated and purified
by SEC. The purified ATP8B1–CDC50A was concentrated to 5 mg/mL and incu-
bated with additional 1 mM AlCl3, 5 mM NaF, 2 mMMgCl2, and 10 μM 1,2-dio-
leoyl-sn-glycero-3-phospho-L-serine for 1 h in ice. The 3.5-μL samples were
placed on glow-discharged holey carbon grids (Quantifoil, Cu R1.2/1.3, 300-
mesh) with blot force setting of�2 and blot time of 3 s and plunged into liquid
ethane by using Vitrobot Mark IV (FEI) at 8 °C and 100% humidity.

Cryo-EM Data Collection. The cryo-EM grids of apo-form ATP8B1–CDC50A
were loaded into a Titan Krios transmission electron microscope (ThermoFisher
Scientific) operated at 300 KeV with a Gatan K2 Summit direct electron detector
at the Center for Integrative Imaging, University of Science and Technology of
China (USTC). A total of 3,003 movie stacks were collected in super-resolution
mode at nominal magnification of 29,000× with a defocus range from �2.5 to
�1.5 μm. Each movie stack of 32 frames was exposed for 6.4 s under a dose
rate of 10 e�/pixel/s, resulting in a total dose of ∼60 e� Å�2.

The cryo-EM data of apo-form ATP8B1–CDC50B complex were collected at the
Center for Biological Imaging at the Institute of Biophysics (IBP), Chinese Acad-
emy of Sciences (CAS). A total of 3,717 micrographs were collected in super-
resolution mode with a K3 camera at nominal magnification of 22,500× with a
defocus range from �1.5 to �2.0 μm. Exposures of 6.4 s fractionated into 32
frames were collected at a dose rate of 1.5 or 1.6 e� Å�2 per frame, correspond-
ing to a total dose of ∼60 e� Å�2.

The cryo-EM data of PS-bound ATP8B1–CDC50A were collected at 300 KeV
with a Gatan K2 Summit direct electron detector at the Center for Integrative
Imaging of USTC. A total of 2,983 movie stacks were collected in super-
resolution mode at nominal magnification of 29,000× with a defocus range
from �2.5 to �1.5 μm. Each movie stack of 32 frames was exposed for 6.4 s
under a dose rate of 10 e�/pixel/s, resulting in a total dose of ∼60 e� Å�2.

Cryo-EM Data Processing. All movie frames were corrected for gain reference
and binned by a factor of 2 to yield a pixel size of 1.06 Å in RELION3.1 (43)
through MotionCor2 (44). The contrast transfer function (CTF) parameters were
estimated from the corrected movie frames using CTFFIND4 (45). After manual
inspection of the micrographs, ∼3,000 particles were manually selected. Par-
ticles were automatically extracted by RELION with binning factor 2.

For apo-form ATP8B1–CDC50A, a total of 773,161 particles were picked and
subjected to two-dimensional (2D) classification. After multirounds of 2D classifi-
cation, 399,091 particles were selected for further three-dimensional (3D) classi-
fication with three classes using the reference generated by the 3D initial model.
A total of 182,618 particles from the best class were refined and re-extracted for
further 3D refinement. To improve the EM density, 3D skip alignment classifica-
tion, followed by CTF refinement and Bayesian polishing, were performed, giv-
ing rise to an average resolution of 3.4 Å.

For apo-form ATP8B1–CDC50B, 2,561,714 particles were automatically
extracted and subjected to 2D classification. A total of 494,609 particles were
selected for further 3D classification with four classes using the reference gener-
ated by the 3D initial model. A total of 160,435 particles from one of the classes
were further refined and postprocessed to yield a 3.4-Å map.

For PS-bound ATP8B1–CDC50A, 1,286,936 particles were automatically
extracted and subjected to 2D classification. A total of 230,809 particles were
selected for further 3D classification with three classes using the reference gener-
ated by the 3D initial model. A total of 159,960 particles from the best class
were refined and reextracted for further 3D refinement. The 3D skip alignment
classification, followed by CTF refinement and Bayesian polishing, was per-
formed, giving rise to an average resolution of 4.0 Å.

The data-processing pipelines are presented in SI Appendix. Map resolution
was estimated with the gold-standard Fourier shell correlation 0.143 criterion
(46). Local resolutions were estimated by using Resmap with RELION3.1 (43).

Model Building and Refinement. The final sharpened map with a B-factor of
�140 Å2 was used for model building in Coot (47). Initial structure models for
ATP8B1 and CDC50B were predicted by SWISS-MODEL (48). The CDC50A struc-
ture was obtained from PDB 6K7L. The initial model of ATP8B1–CDC50A/B com-
plexes were built by fitting the ATP8B1 and CDC50A/B model into the map
using UCSF Chimera (49). Then model building and refinement were accom-
plished manually by Coot (47). After several rounds of manual building, the
model was almost completely built and automatically refined against the map
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by the real_space_refine program in PHENIX (50) with secondary structure and
geometry restraints. Figures were prepared with Pymol (51) or Chimera (49).

Molecular Dynamics Simulations. The initial model of TC docking to ATP8B1
was prepared by using HADDOCK (52). Starting from the best cluster model, a
molecular dynamics (MD) simulation was conducted on residues 803 to 858.
The Amber20 software package (53) with the ff19SB force field was used. The
Generation Amber Force Field was used to generate parameters of TC. A periodic
boundary condition of truncated tetrahedral box was adopted. The minimum dis-
tance from the solute to the boundary was 10 Å. The box was filled with TIP3P (54)
water molecules and nine Cl� ions. To eliminate bad contacts, the whole protein
was restrained (the force constant was 500 kcal�mol�1�Å�2), and the waters and
ions were minimized to 2,000 steps by using the steepest decent method in the
first 1,500 steps, followed by 500 steps conjugate gradient minimization. In the sec-
ond stage of energy minimization, restraints on the protein were removed, except
for residues 803 to 809 and 849 to 858 (force constant was 1 kcal�mol�1�Å�2).
Again, 2,000 steps were performed, with the first 1,500 steps using the steepest
descent method and the last 500 steps using the conjugate gradient algorithm.
Then, during a constant volume MD of 100 ps, the system was heated from 0 to
300 K, and the weak restraint to the solute was 10 kcal�mol�1�Å�2. After that, by
setting skinnb to 5.0 Å, an equilibration simulation of 500 ps was performed under
the isothermal-isobaric ensemble condition, with the whole protein restrained (force
constant was 10 kcal�mol�1�Å�2). Finally, the Langevin dynamics with a collision
frequency of 1.0 ps�1 was used to adjust the temperature, and the graphics proc-
essing unit accelerated pmemd.cuda code was used to conduct an MD simulation
of 100 ns under the isothermal-isobaric ensemble condition, with the residues 803
to 809 and 849 to 858 weakly restrained (force constant was 10 kcal�mol�1�Å�2).
The skinnb value was set to its default value of 2.0 Å. The 2-fs time step was used.

All bonds, including hydrogen atoms, were restricted by using the SHAKE algo-
rithm. Pressure was controlled at 1 bar by isotropic position scaling, and the relaxa-
tion time was 2.0 ps. For a limited range of nonbonded interactions, long-range
electrostatic interaction was calculated by using the Particle-mesh Ewald method
with a cutoff value of 10 Å.

Data Availability. All study data are included in the article and/or SI
Appendix. Atomic coordinates and EM density maps of the autoinhibited E2P
state ATP8B1–CDC50A (PDB: 7VGI; EMDB: EMD-31970), autoinhibited E2P state
ATP8B1–CDC50B (PDB: 7VGH; EMDB: EMD-31969) and, PS-bound
ATP8B1–CDC50A (PDB: 7VGJ; EMDB: EMD-31971) complexes in this paper have
been deposited in the Protein Data Bank and the Electron Microscopy Data
Bank, respectively.
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