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ABSTRACT

P4-ATPases belonging to the P-type ATPase superfamily mediate active transport
of phospholipids across cellular membranes. Most P4-ATPases form heteromeric
complexes with CDC50 proteins, which are required for transport of P4-ATPases,
except ATP9A and ATP9B proteins, from the endoplasmic reticulum (ER) to their final
destinations. P-type ATPases form auto-phosphorylated intermediates during the ATPase
reaction cycle. However, the association of the catalytic cycle of P4-ATPases with their
transport from the ER and their cellular localization has not been studied. In this study,
we showed that transport of ATP9 and ATPI11 proteins, and ATP10A from the ER
depends on the ATPase catalytic cycle, suggesting that conformational changes in

P4-ATPases during the catalytic cycle are crucial for their transport from the ER.
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INTRODUCTION

P-type ATPases constitute a large superfamily that transport ions and lipids across
cellular membranes using ATP as an energy source. The transport process by P-type
ATPases takes place according to the Post—Albers cycle [1-3], which involves four
major conformations; E1, E1P, E2P, and E2. These conformations involve large
movements of three cytoplasmic domains; N (nucleotide binding), P (phosphorylation),
and A (actuator) [1,4-7]. The main characteristic of all P-type ATPases is formation of a
phosphoenzyme intermediate (EP). An aspartate residue in the highly conserved
DKTGT sequence motif in the P domain is transiently phosphorylated during the
ATPase catalytic cycle. Moreover, a glutamate residue in the highly conserved
TGES/DGET sequence motif in the A domain is critical for the dephosphorylation of
the phosphoaspartate residue. The phosphorylation and dephosphorylation are tightly
coupled to binding, transport, and release of substrates [4-9].

P4-ATPases belonging to the P-type ATPase superfamily flip membrane lipids
from the exoplasmic to the cytoplasmic leaflet of biological membranes to regulate the
transbilayer lipid asymmetry [7,10-12]. In humans, 14 members of the P4-ATPase
family are expressed in various cell types and tissues, and translocate specific substrates,
not only glycerophospholipids, such as phosphatidylserine, phosphatidylethanolamine,
phosphatidylcholine, but also a glycosphingolipid, glucosylceramide [11,13-18].
Mutations in some of these P4-ATPases, such as ATPSA2, ATP8BI1, and ATP11C, are
linked to hereditary diseases [19-23]. The amino acid sequence similarity of P-type
ATPases indicates that the overall structure and domain organization of P4-ATPases
resemble those of other P-type ATPases, such as Ca?’-ATPase (SERCA) and
Na'/K'-ATPase [7,24,25]. While submitting the present manuscript, the cryo-EM
structures of Drs2p/Cdc50p and ATP8A1/CDCS0A have been reported and the ATPase
reaction cycle, which is similar to other P-type ATPases, has been elucidated [26,27],
although little is known about the actual mechanism of lipid translocation.

We and others previously showed that interaction of most P4-ATPases (P4A clade,
based on a revised phylogenetic analysis of P4-ATPases), except for ATP9A and ATP9B
(P4B clade), with CDCS50 proteins is crucial for their cellular localization [13,28-31].
Mutation of the aspartate residue within the DKTGT sequence motif does not allow
some P4-ATPases to exit the ER [11,29] and probably inhibits their interaction with
CDC50 proteins [32,33]. However, the role of the catalytic cycle of P4-ATPases,
including ATP9A and ATP9B, in their transport from the ER and their cellular
localization has not been examined.

In this study, we found that ATP9A and ATP9B, which are able to exit the ER in a



CDCS50A-independent manner, remain trapped in the ER by the mutation of the
aspartate residue. On the other hand, their mutants of the glutamate residue in the DGET
motif (dephosphorylation-deficient mutation), were able to exit the ER. These findings
suggest that, in addition to their lipid-transporting activities, the transport of
P4-ATPases from the ER to cellular compartments is associated with their ATPase

reaction cycle.

MATERIALS and METHODS

Plasmids

Expression vectors for C-terminally HA-tagged human P4-ATPases (ATP9A, ATP9B,
ATP10A, ATP11A, ATP11B, and ATP11C) and N-terminally FLAG-tagged human
CDC50A and CDC50B were constructed as described previously [11,16,34]. Point
mutations of P4-ATPases were introduced into the cDNASs using the QuikChange Il XL
Site-Directed Mutagenesis Kit (Agilent Technologies) or a PCR-based strategy using
mutagenic primers, and the seamless ligation cloning extract (SLiCE) method [35].
Oligonucleotides for the mutagenesis are shown in Supplementary Table. Each mutation
was confirmed by sequencing analysis. A cDNA for vesicle-associated membrane
protein—associated protein A (VAPA) was cloned from a human brain ¢cDNA library
using polymerase chain reaction and inserted into an enhanced green fluorescent protein
plasmid (pEGFP) vector (Clontech Laboratories).

Antibodies and reagents

Anti—-CDC50A antisera were raised in rabbits against a mixture of two peptides
synthesized by MBL: (C)APGGTAKTRRPDNT and (C)NHKYRNSSNTADITI; amino
acids 17-31 and 347-361, respectively. The antisera were affinity purified using the
peptide immobilized on Sulfolink beads (Pierce Chemical). To examine the specificity
of the affinity purified antibody, immunoblot analyses were performed using cell lysates
from HeLa cells expressing CDC50A or CDC50B and immunoprecipitates with
anti-DYKDDDDK antibody of each lysate (Supplementary Figure S1). The sources of
other antibodies used in this study were as follows: monoclonal rat anti-HA (3F10)
(Roche Applied Science); monoclonal mouse anti-EEA1, and anti-p230 (BD
Biosciences); monoclonal mouse anti-DYKDDDDK (1E6) (Wako Chemicals) and
anti-B-tubulin (KMX-1; EMD Millipore); monoclonal rabbit anti-ATP1A1 (EP1845Y;
Abcam); Alexa Fluor 488—conjugated secondary antibodies (Molecular Probes); and
Cy3-conjugated and horseradish peroxidase (HRP)-conjugated secondary antibodies



(Jackson ImmunoResearch Laboratories).

Cell culture and establishment of stable cell lines

HeLa cells were cultured in minimal essential medium (Nacalai Tesque) supplemented
with 5% heat-inactivated fetal bovine serum (FBS) at 37 °C under a 5% CO:
atmosphere. To transiently express P4-ATPases, HelLa cells were transfected with
expression plasmids for P4-ATPases and/or CDC50A using FUGENE6 (Promega) and
incubated for 48 h. For retroviral production, pMXs-neo-derived vectors for expression
of HA-tagged P4-ATPases were co-transfected with pEF-gag-pol and
pCMV-VSVG-Rsv-Rev into HEK293T cells, as described previously [11]. The
resultant retroviruses were concentrated and then used to infect HeLa cells to establish
stable cell lines.

Immunofluorescence analysis

HelLa cells were fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) at
room temperature for 15 min and quenched with 50 mM NH4Cl in PBS at room
temperature for 15 min. Then, the cells were permeabilized with 0.1% TritonX-100 in
PBS at room temperature for 5 min and blocked with 10% FBS in PBS at room
temperature for 30 min. Finally, the cells were incubated sequentially with primary and
secondary antibodies at room temperature for 1 h. Coverslips were placed onto Mowiol
mounting medium, and the cells were observed under an Axiovert 200M microscope
(Carl Zeiss).

Immunoprecipitation

HeLa cells were lysed in lysis buffer (20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES]-KOH, pH 7.4; 150 mM
NaCl; 1 mM ethylenediaminetetraacetic acid [EDTA]; 1% NP-40) containing a protease
inhibitor cocktail (Nacalai Tesque) and kept on ice for 30 min. Then, the cell lysates
were centrifuged at 16,100 x g at 4 °C for 30 min in a microcentrifuge. The supernatant
was incubated with an anti-HA antibody at 4 °C for 15 min and mixed with protein G—
coupled Dynabeads (Invitrogen) at 4 °C overnight. After washing, proteins were eluted
from the beads using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer, denatured at 37 °C for 2 h, separated by SDS-PAGE, and
electroblotted onto an Immobilon-P transfer membrane (EMD Millipore). Next, the
membrane was blocked using 5% bovine serum albumin in Tris-buffered saline with
Tween 20 (TBS-T) and incubated sequentially with primary and HRP-conjugated



secondary antibodies. Finally, detection was carried out using a Chemi-Lumi One Super
kit (Nacalai Tesque). Images were recorded on a LAS-3000 Bioimaging system
(Fujifilm).



RESULTS AND DISCUSSION

Role of the ATPase reaction cycle in the cellular localization of ATP11 proteins

Figures 1A—C show the crystal structures of SERCA (E1P and E2P conformations),
the cryo-EM structure of Drs2p, and the model structure of the ATP9A protein created
using Phyre? software [36], respectively. The mechanism of ATP-dependent
phosphorylation and dephosphorylation is conserved in all P-type ATPases [1,7,27,37].
In particular, the aspartate residue (D351, D560, and D391 in Figure 1A—D) within the
highly conserved DKTGT sequence motif in the P-domain is phosphorylated, and the
TGES/DGET motif in the A-domain (especially E183, E342, and E195 in Figure 1A-D)
is critical for dephosphorylation during the ATPase reaction cycle [7,38-40]. The
phosphorylated and ADP-bound form of the ATPase is denoted as E1P-ADP in Figure
1A (3BA6). In the A-domain of SERCA, E183, which is critical for dephosphorylation,
is located away from the phosphorylated D351 in the E1P conformation. ADP release
clears a binding site for the TGES loop of the A-domain and allow docking of the TGES
loop on the P-domain near the phosphorylated aspartate residue. And thus, E183 is
adjacent to the phosphorylated D351 in the E2P conformation (Figure 1A; 1WPG).
Figure 1E shows a scheme of the P-type ATPase catalytic cycle. Mutation of the
aspartate to asparagine in the DKTGT motif prevents phosphorylation and enzyme
activity. Mutation of the glycine to leucine in the TGES/DGET motif allows
phosphorylation that forms E1P, but inhibits the E1P—E2P transition, resulting in
trapping of the enzyme in the E1P conformation. Mutation of the glutamate to
glutamine in the TGES/DGET motif inhibits dephosphorylation of E2P to E2, resulting
in trapping of the enzyme in the E2P conformation (Figure 1D) [6,39-41].

We previously showed that mutation of glutamate to glutamine (EQ mutation) in
P4-ATPases does not affect their cellular localization but abrogates their flippase
activities toward NBD-labeled lipids [11,14,16]. On the other hand, mutation of
aspartate to asparagine (DN mutation) inhibits the exit of P4-ATPases from the ER and
some DN mutants could not interact with CDC50 proteins [11,29,32,33]. In order to
examine the relationship between the ATPase reaction cycle and cellular localization of
P4-ATPases, we substituted the aspartate in the DKTGT motif, or glycine or glutamate
residue in the DGET motif of human P4-ATPases (ATP11A, ATP11B, and ATPI11C,
PS/PE-flippases; ATP10A, PC-flippase [11,15,16]) with the asparagine, leucine, or
glutamine residue, respectively (Figure 1D,E), and observed their cellular localization
(Figure 2). The ATP11 proteins and ATP10A require the CDC50A protein for their
transport from the ER and appropriate cellular localization [16,34]. We therefore



transiently co-expressed each mutant of ATP11A, ATP11B, ATP11C, or ATP10A, which
is C-terminally tagged with HA, and N-terminally FLAG-tagged CDCS50A, and
investigated their localization with organelle markers by immunofluorescence analysis
(Figure 2). ATP11A(WT), ATP11C(WT), and ATP10A(WT) localized to the plasma
membrane and ATP11B(WT) to early/recycling endosomes but not to late endosomes
(Figure 2A,C,E,F]I, a-a") [16,34]. In addition, the ATP11A(EQ), ATP11B(EQ),
ATPIIC(EQ) and, ATP10A(EQ) mutants localized to the plasma membrane and
endosomes, similarly to WT enzymes (Figure 2A,C,E,FI, d-d”). In contrast,
ATPI11A(DN), ATP11B(DN), ATP11C(DN) and ATP10A(DN) mutants did not localize
to the plasma membrane or endosomes (Figure 2A,C,F,I, b-b"), but remained in the ER
(Figure 2B,D,G,J, b-b"), indicating that inhibition of E1-E1P transition inhibits the
transport of enzymes from the ER. In addition, ATP11A(GL), ATP11C(GL) and,
ATP10A(GL) mutants did not localize to the plasma membrane (Figure 2A,F,I, c-c”) but
remained in the ER (Figure 2B,G,J, c-¢”), indicating that suppression of the E1P-E2P
transition inhibits the transport of the ATP11 proteins and ATP10A from the ER. On the
other hand, a large proportion of the ATP11B(GL) mutant localized to early/recycling
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endosomes (Figure 2C, c-c”), and its small proportion remained in the ER (Figure 2D,
c-c"). Counting the number of cells in which ATP11B or their mutants localized to
endosomes, to both endosomes and the ER, and to the ER only (Figure 2H), we
revealed that most of the ATP11B(DN) mutant remained in the ER, whereas
ATP11B(WT) and ATP11B(EQ) mutant localized to endosomes (Figure 2H). Although
a significant proportion of the ATPI1B(GL) mutant remained in the ER, a large
proportion also localized to endosomes. These observations indicate that efficient
transport of the ATP11 proteins and ATP10A from the ER requires the E1P-E2P

transition.

Interaction between P4-ATPases and endogenous CDCS0A is altered during the
ATPase reaction cycle

Since the ATP11 proteins and ATP10A are transported from the ER and localized to
cellular compartments in a CDC50A-dependent manner [16,34], we investigated the
interaction of the ATPI11 and ATP10A mutants with CDCS50A. To exclude
overexpression artifacts, we established cells stably expressing HA-tagged ATPI11
proteins, ATP10A, and their mutants and examined whether endogenous CDC50A was
co-immunoprecipitated with the P4-ATPases (Figure 3). Mildly expressed ATPI11
proteins and ATP10A in stable cells were transported from the ER normally to the

plasma membrane or endosomes, even in the absence of exogenous expression of



CDCS0A. In addition, we detected flippase activities of the enzymes in the plasma
membrane in the absence of exogenous CDCS50A expression, indicating that the
endogenous level of CDC50A is sufficient for P4-ATPase transport in the stable cells
[11,14,16]. In fact, in cells stably expressing ATP11A-HA or ATP11B-HA, both
enzymes accumulate in the ER by depletion of endogenous CDC50A using short
interfering RNAs [16,34]. To detect endogenous CDC50A, we raised a polyclonal
anti-CDC50A antibody and confirmed that the antibody specifically detected CDC50A
(Supplementary Figure 1).

The WT and EQ mutants of each ATPIl protein and ATP10A
co-immunoprecipitated endogenous CDC50A (Figure 3A,C), indicating that the E2P
conformation of ATP11 proteins and ATP10A interact with CDC50A. The CDC50A
protein migrated as broad bands (Figure 2, asterisks) due to a high level of
N-glycosylation [30,34,42]. However, we hardly detected the CDCS50A protein
co-immunoprecipitated with ATP11A(GL), ATP11C(GL) and, ATP10A(GL) mutants
and with the DN mutants of all ATP11 and ATP10A. By contrast, the ATP11B(GL)
mutant co-immunoprecipitated a significant amount of CDCS50A. Because all
ATP11(EQ) mutants and the ATP11B(GL) mutant were transported from the ER (Figure
2), these data indicate that the interaction of the ATP11 and ATP10A with CDC50A is
correlated with their transport from the ER. These data also suggest that the ATP11—
CDCS0A interaction fluctuates during the ATPase reaction cycle of the P4-ATPases.
These results are consistent with previous studies showing that the DN and GL mutants
of yeast P4-ATPase Drs2p do not interact with Cdc50p [32]. Therefore, conformational
changes in the ATP11 proteins and ATP10A during the ATPase reaction cycle influence
their interaction with CDC50A. As shown in Figure 3B and D, the expression levels of
the GL and DN mutants were lower than those of the WT protein and the EQ mutants,
suggesting that, in the absence of the CDCS50A interaction, the GL and DN mutants
were degraded by a quality control mechanism in the ER. Given that coexpression of
CDCS50A increased the expression levels of ATP8A and ATP8B proteins compared with
the expression levels of the P4-ATPases when transfected alone [30], CDC50A could
stabilize P4-ATPases. We also cannot exclude a possibility that the two mutants are not
properly folded or less stable than WT and subsequently can be degraded.

How is the CDC50A interaction with P4-ATPases regulated during the ATPase
reaction cycle? Because CDCS50A interacted with all ATP11(EQ) and ATP10A(EQ)
mutants but did not interact with ATP11A(GL), ATP11C(GL), and ATP10A(GL), stable
interaction of CDCS50A requires the E2P conformation of the P4-ATPases. Drs2p
phosphoenzyme intermediate (EP) was readily formed in the presence of Cdc50p and



seemed to be stabilized at the E2P stage [32]. Moreover, we detected a larger amount of
the CDCS50A protein co-immunoprecipitated with the ATP11A(EQ) mutant compared
with ATP11A(WT) (Figure 3A and E). Therefore, the CDC50 protein might stabilize the
E2P conformation of P4-ATPases, preventing dephosphorylation that is in a good
agreement with the previous result of Cde50p and Drs2p [32]. Notably, a significant
proportion of the ATP11B(GL) mutant interacted with CDC50A and was transported
from the ER. One possibility is that the ADP-released E1P conformation of ATP11B
may resemble its E2P conformation, allowing interaction with CDC50A. Although the
rate of the CaE1P—E2P transition in the SERCA(GL) mutant is 10-100-fold slower than
that of wild type [39], another possibility is that the rate of EIP-E2P transition in
ATP11B(GL) mutant is faster than that in ATP11A(GL) and ATP11C(GL). Although the
recent cryo-EM structure of ATP8A1/CDCS0A shows that CDC50A seems to interact
with ATP8AT through the ATPase reaction cycle [27], the coimmunoprecipitation data
(Figure 3A and C) suggests that the interaction of DN and GL mutants with CDC50A is
unstable or its affinity is very low.

The ATPase activity of P4-ATPases can be stimulated by their substrates but not by
other lipids [15,18,43-45], indicating that incorporation of substrates triggers
dephosphorylation, thereby allowing the E2P—E2 transition. The flipped lipids are then
released from P4-ATPases via an unknown mechanism, and P4-ATPases return to the

ground-state E1 conformation.

ATP9A and ATPYB proteins did not interact with endogenous CDCS0A proteins
We previously showed that, when transiently expressed, ATP9A localized to
endosomes and the trans-Golgi network (TGN) and ATP9B to the TGN in a
CDC50A-independent manner [34]. We further investigated whether the ATP9A and
ATPO9B proteins interact with endogenous CDCS50A in cells stably expressing ATP9A,
ATP9B, and their mutants (Figure 3E). Endogenous CDC50A was not
co-immunoprecipitated with ATP9A or ATP9B proteins, or their mutants, confirming
that the ATP9A or ATP9B protein do not interact with endogenous CDCS50A (Figure 3E)
as well as exogenous CDCS50A [34]. As shown in Figure 3F, the expression levels of the
GL and DN mutants of ATP9 proteins were lower than those of the WT and EQ mutant.
The GL and DN mutants may be less stable than the WT and EQ mutant or may not be
properly folded and subsequently can be degraded. It also has been shown that the
ATP8A2(D416N) and ATP8B1(D454G, found in progressive familial intrahepatic
cholestasis 1 patients) mutants were expressed at a lower level compared to WT [11,44]

and the Drs2p(D560N) mutant was purified at very low levels even if the expression



levels of Drs2p(WT), Drs2p(EQ), and Drs2p(DN) were almost the same [46] supporting
that the DN mutant is less stable than the WT and EQ mutant. Therefore, although the
DN mutant has been used in many biochemical studies of P-type ATPases, the EQ

mutant would be a better negative control for functional studies of P4-ATPases.

EP conformation of ATP9A and ATPYB is required for transport from the ER

Next, we examined cellular localization of ATP9A and ATP9B proteins and their
DN, GL, and EQ mutants. When transiently expressed as C-terminally HA-tagged
protein, ATP9A localized to the TGN and endosomes (Figure 4A and C, a-a"), whereas
ATP9B localized to the TGN (Figure 4D, a-a”), even in the absence of exogenous
CDC50A expression as shown previously [34]. The ATP9A(EQ) and ATPIB(EQ)
mutants localized to endosomes and the TGN, similar to WT enzymes (Figure 4A,C,D,
d-d”), indicating that the ATP9 protein can be transported normally from the ER to
cellular compartments in their E2P conformation. In contrast, ATP9A(DN) and
ATPI9B(DN) mutants did not localize to the TGN or endosomes (Figure 4A,C,D, b-b"),
but remained in the ER (Figure 4B.E, b-b”), indicating that inhibition of the E1-E1P
transition suppresses the transport of the enzymes from the ER. The ATP9A(GL) mutant
also remained in the ER (Figure 4B, c-c¢”), but did not localize to the TGN or
endosomes (Figure 4A,C, c-c”). On the other hand, a significant proportion of the
ATPI9B(GL) mutant localized to the TGN (Figure 4D, c-c), although a large proportion
was observed in the ER (Figure 4E, c-c"). Exogenous expression of CDC50A did not
change the cellular localization of the ATP9(WT) proteins or their mutants
(Supplementary Figure S2). We also confirmed that the cellular localizations of ATP9
and ATP11 proteins and their mutants in stably expressing cells (Supplementary Figure
S3) were similar to those in transiently expressing cells (Figures 2 and 4). Counting the
number of cells in which ATP9B or its mutants localized to the Golgi only, to the Golgi
and the ER, and to the ER only (Figure 4F), most of the ATP9B(DN) mutant was
revealed to remain in the ER, whereas ATP9B(WT) and ATP9B(EQ) mutants localized
to the TGN (Figure 4H). Although a large proportion of the ATP9B(GL) mutant
remained in the ER, a significant proportion localized to the TGN (Figure 4D-F).
Therefore, suppression of the E1P-E2P transition substantially inhibits the ATP9A
transport but partially inhibits the ATP9B transport from the ER. These observations
suggest that at least the EP formation is required for the transport of ATP9A and ATP9B
from the ER. In particular, the E2P conformation of ATP9A and ATP9B is required for
their efficient transport from the ER. Notably, some proportion of the ATPIB(GL)
mutant was transported from the ER. One possibility is that the rate of the E1P-E2P
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transition in ATP9B(GL) mutant is rather faster than that in ATP9A(GL). Because
ATP9A and ATP9B did not require CDCS50A for the transport from the ER, their
conformational changes during the ATPase reaction cycle could directly affect the
transport from the ER.

Although it is unknown how ATP9A and ATP9B proteins can exit the ER without
interaction with CDCS50A, their cytoplasmic regions might play an important role in
their transport and targeting to intracellular compartments. In fact, the N-terminal
cytoplasmic region of ATPIB is critical for its localization to the TGN, and the
C-terminal regions of ATP11C isoforms determine their differential cellular localization
[34,47,48]. In addition, the N-terminal region of ATP13A2 (P5-ATPase) is required for
its  lysosomal targeting via interacting with  phosphatidic acid and
phosphatidylinositol-3,5-bisphosphate [49], and ATP7A and ATP7B (P1B-ATPases)
likely harbor intracellular trafficking signals in their C-terminal region[50]. Moreover,
the C-terminal regions of Drs2p and ATP8A2 seem to play an important role in their
enzymatic activities [51-53]. Therefore, the ATPase reaction cycle accompanied by
conformational changes in N- and/or C-terminal cytoplasmic regions of ATP9A and
ATPI9B is expected to play a key role in their transport from the ER and their cellular
localization and possibly in their enzymatic activities.

Taken together, these findings suggest that newly synthesized P4-ATPases seem to
progress through the reaction cycle at least once in the ER for quality control, which is
consistent with the substrate-independent autophosphorylation of P4-ATPases [44],
although it is unknown whether dephosphorylation can occur efficiently in the ER. In
particular, the E2P conformation could be important for their transport from the ER,
even in the absence of the CDC50 protein. CDC50A interacts with of ATP11A/B/C and
ATP10A proteins in the E2P conformation during their transport from the ER and
possibly stabilizes the conformation [32]. Because the EP formation is also required for
transport of ATP9A and ATPI9B from the ER, it remains to be elucidated how the E2P
conformation of ATP9A and ATP9B can be stabilized by preventing dephosphorylation
during their transport from the ER even without CDC50A. In one hand, a possibility of
the presence of another interacting protein for ATP9 proteins instead of CDC50 cannot
be excluded. A substrate is believed to bind the E2P conformation (Figure 1D) and to
trigger dephosphorylation of E2P [15,42-44,54]. It is tempting to speculate that intrinsic
ATPase activities of the ATP9 proteins are low in the lipid environment of the ER or
that lipid substrates are not abundant in the ER membranes and thus the E2P
conformation can be sustained during the exit from the ER. Our finding raises the big

question of how conformational changes of ATP9 proteins regulate protein transport
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from the ER and how those of ATP11 proteins and ATP10A regulate the interaction with
CDC50A.
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Figure legends

Figure 1 P-type ATPase catalytic cycle.

(A, B) Schematic overview of the structural organization of SERCA (P2A-ATPase) and
Drs2p (P4-ATPase), respectively. (C) model structure of ATP9A (P4-ATPase) generated
by Phyre? (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) based on the

partially activated Drs2p (6ROI). N, nucleotide-binding domain (green); P,
phosphorylation domain (blue); A, actuator domain (red). TM1-6 are shown in yellow.
(D) Sequence alignments of the TGES/DGET motif of the A-domain and the DKTGT
sequence motif of the P-domain in human P2A- and P4-ATPases. The conserved
TGES/DGET motif (magenta) and DKTGT sequence motif (blue) are indicated.
Residues (Gly and Glu of the A-domain and Asp of the P-domain) critical for each
transition in (E) are indicated (*). (E) Schematic overview of the P2A- and P4-ATPase
catalytic cycle. Residues critical for the E1-E1P, EIP—E2P, and E2P—E2 transitions in
SERCA1la (P2A-ATPase) are indicated.

Figure 2 Cellular localization of ATP11 proteins and their mutants.

(A, C, E, F, I) HeLa cells transiently co-expressing C-terminally HA-tagged ATP11A,
ATPI11B, ATP11C, ATP10A, or its mutant as indicated, and N-terminally FLAG-tagged
CDCS50A were fixed and stained for HA and ATP1Al (a marker for the plasma
membrane), TfnR (transferrin receptor, a marker for early/recycling endosomes), or
Lamp-1 (a marker for late endosomes), followed by incubation with Cy3-conjugated
anti—rat antibody and Alexa Fluor 488—conjugated anti-rabbit or anti-mouse secondary
antibodies. Scale bars, 20 um. Enlarged images of the boxed regions are shown on the
lines (scale bars, 2 um). (B, D, G, J) HeLa cells transiently co-expressing C-terminally
HA-tagged ATP11A, ATP11B, ATP11C, or ATP10A protein or its mutant as indicated,
and N-terminally FLAG-tagged CDC50A and EGFP-tagged VAPA (a marker for the
ER) were fixed and stained for HA, followed by incubation with Cy3-conjugated anti—
rat antibody. Scale bars, 20 um. Enlarged images of the boxed regions are shown on the
lines (scale bars, 2 um). (H) HeLa cells expressing ATP11B or its mutant as indicated
were classified into three categories of cellular localization of the ATP11B protein; (1)
localized to endosomes (E), (2) localized to endosomes and the ER (E + ER), and (3)
localized to the ER only (ER). The number of cells of each category was counted and
normalized against the total number of counted cells. In each sample, 112-152 cells

were counted. Graphs display averages + S.D. from three independent experiments.
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Figure 3 Interaction of P4-ATPases with endogenous CDC50A.

(A-F) HeLa cells stably expressing HA-tagged P4-ATPases and their mutants, and
parental cells (-) were lysed and immunoprecipitated with anti-HA antibody. Bound
materials were subjected to SDS-PAGE and immunoblotting using anti-HA or
anti-CDC50A antibody (A, C, E). 10% (WT and EQ mutant) and 5% (GL and DN
mutants) of the input of the immunoprecipitation reaction was loaded in each lane (B, D,
F; total lysate). WT, wild type. * indicates highly glycosylated CDC50A. ATP11A (1135
a.a.), ATP11B (1177, a.a.), ATP11C (1132 a.a.), ATP10A (1499 a.a.), ATP9A (1047 a.a.),
ATPOB (1136 a.a.).

Figure 4 Cellular localization of ATP9A and ATP9B and their mutants.

(A, C, D) HeLa cells transiently expressing C-terminally HA-tagged ATP9A or ATP9B
or its mutant as indicated were fixed and stained for HA and Golgin-245 (a marker for
the trans-Golgi network, TGN), or TfnR (a marker for early/recycling endosomes),
followed by incubation with Cy3-conjugated anti—rat antibody and Alexa Fluor 488—
conjugated anti-mouse secondary antibodies. (B, E) HeLa cells transiently
co-expressing C-terminally HA-tagged ATP9A or ATP9B and EGFP-tagged VAPA (a
marker for the ER) were fixed and stained for HA, followed by incubation with
Cy3-conjugated anti-rat antibody. Scale bars, 20 um. Enlarged images of the boxed
regions are shown on the bottom lines (scale bars, 2 um). (F) HeLa cells expressing
ATP9B or its mutant as indicated were classified into three categories of cellular
localization of the ATP9B protein; (1) localized to the Golgi (Golgi), (2) localized to the
Golgi and the ER (Golgi + ER), and (3) localized to the ER only (ER). The number of
cells of each category was counted and normalized against the total number of counted
cells. In each sample, 115-151 cells were counted. Graphs display averages + S.D. from

three independent experiments.

Supplementary Figure legends

Supplementary Figure S1 Specificity of anti-CDC50A antibody.

(A) HeLa cells transiently expressing N-terminally FLAG-tagged CDC50A or CDC50B
were lysed, subjected to SDS-PAGE, and analyzed by immunoblotting with anti—
CDC50A, anti-DYKDDDDK, or anti—3-tubulin antibody. The membrane was stained
with Ponceau S. (B) The cell lysates were immunoprecipitated with anti-DYKDDDDK
antibody and analyzed by immunoblotting with anti-CDCS50A or anti—-DYKDDDDK
antibody.
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Supplementary Figure S2 Localization of ATP9 proteins in the presence or absence of
exogenous CDC50A expression.

HeLa cells were transiently co-transfected with an expression vector for C-terminally
HA-tagged ATP9A or ATP9B, or its mutant as indicated and a vector for N-terminally
FLAG-tagged CDC50A. After 48 h of transfection, the cells were processed for
immunofluorescence microscopy. The cells were stained for HA and FLAG, followed
by incubation with Cy3-conjugated anti—rat and Alexa Fluor 488—conjugated anti—

mouse antibodies. Insets indicate CDC50A expression. Scale bars, 20 pum.

Supplementary Figure S3 Cellular localization of P4-ATPases and their mutants in
stably expressing cells.

HeLa cells stably expressing HA-tagged P4-ATPases and their mutants were fixed and
stained for HA and Golgin-245, ATP1Al, or TfnR followed by incubation with
Cy3-conjugated anti—rat antibody and Alexa Fluor 488—conjugated anti—rabbit or anti—

mouse secondary antibodies. Scale bars, 20 pm.

Supplementary Table Oligonucleotides used for mutagenesis in this study.
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Supplementary Table Tone et al.

Mutation | Primer Sequences (5°---- 37)

hATP9A | sense agctggatctggagacggactggaagetg This study
(G194L) | antisense | tccgtctecagatccagetgateegteege This study
hATP9A | sense ggatcagctggatgggcagacggactggaagetg This study
(E195Q) | antisense | cagcttccagteegtetgeccatccagetgatee This study
hATP9A | sense ttactcacaaacaagacaggcactcttacc This study
(D391N) | antisense | ctgtcttgtttgtgagtaagtacgaaatcctg This study
hATPI9B | sense aactagatctcgaaactgactggaagctgaag This study
(G271L) | antisense | tcagtttcgagatctagttgatcagttcgaata This study
hATP9B | sense cgaactgatcaactagatggtcaaactgactggaagcetgaaggtg | This study
(E272Q) | antisense | caccttcagcttccagteagtttgaccatctagttgatcagtteg This study
hATP9B | sense gectggtgtatttattgacaaacaaaacaggaaccctcacce This study
(D468N) | antisense | gggtgagggttcctgttttgtttgtcaataaatacaccagge This study
hATP10A | sense acctggatctagagaccaacctgaagegg This study
(G202L) | antisense | ttggtctctagatccaggttggeggteteg This study
hATP10A | sense gagaccgccaacctggatggacagaccaacctgaageggegg | [16]
(E203Q) | antisense | ccgecgettcaggttggtetgtccatccaggttggeggtete [16]
hATP10A | sense attttctcaaataaaactggcactttgacagag This study
(D427N) | antisense | cagttttatttgagaaaatgtactgtatctgtee This study
hATP11A | sense gcttggatctagaatccagecataaaacge This study
(GI8SL) | antisense | ctggattctagatccaagetggeggtggte This study
hATP11A | sense caccgccagcettggatggacaatccagecataaaacgeattac [11]
(E186Q) | antisense | gtaatgcgttttatggctggattgtccatccaagetggeggte [11]
hATPI11A | sense gacaggtggagtacatcttcacaaacaagaccggeaccctcacg | [11]
(D414N) | antisense | cgtgagggtgceggtettgtttgtgaagatgtactecacctgte [11]
hATP11B | sense gtttggacctcgaaactaacctgaagacacatg This study
(GI79L) | antisense | ttagtttcgaggtccaaactagcagttgtaac This study
hATP11B | sense ctgctagtttggacggacaaactaacctgaagacac This study
(E180Q) | antisense | gtgtcttcaggttagtttgtccgtccaaactageag This study
hATP11B | sense gtgtttacaaataaaactggtacactgacag This study
(D407N) | antisense | cagttttatttgtaaacacgtactctacctg This study




hATP11C | sense gtcttgatctggaatccaattgcaagacac This study
(GI83L) | antisense | ttggattccagatcaagactggctgtagtgac This study
hATP11C | sense cactacagccagtcttgatgggcaatccaattgcaagacacattatge | [11]
(E184Q) | antisense | gcataatgtgtcttgcaattggattgcccatcaagactggetgtagtg | [11]
hATPI11C | sense ggtcaggtggattatgtatttacaaataagactggaacactcactg [11]
(D412N) | antisense | cagtgagtgttccagtcttatttgtaaatacataatccacctgace [11]
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