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Type IV P-type ATPases (P4-ATPases) are putative phospho-
lipid flippases that translocate phospholipids from the exoplas-
mic (lumenal) to the cytoplasmic leaflet of lipid bilayers and are
believed to function in complex with CDC50 proteins. In Sac-
charomyces cerevisiae, five P4-ATPases are localized to specific
cellular compartments and are required for vesicle-mediated
protein transport from these compartments, suggesting a role
for phospholipid translocation in vesicular transport. The
human genome encodes 14 P4-ATPases and three CDC50 pro-
teins. However, the subcellular localization of human P4-AT-
Pases and their interactions with CDC50 proteins are poorly
understood. Here, we show that class 5 (ATP10A, ATP10B, and
ATP10D) and class 6 (ATP11A, ATP11B, and ATP11C) P4-AT-
Pases require CDC50 proteins, primarily CDC50A, for their exit
from the endoplasmic reticulum (ER) and final subcellular local-
ization. In contrast, class 2 P4-ATPases (ATP9A and ATP9B)
are able to exit the ER in the absence of exogenous CDC50
expression: ATP9B, but not ATP11B, was able to exit the ER
despite depletion of CDC50 proteins by RNAi. Although
ATP9A and ATP9B show a high overall sequence similarity,
ATP9A localizes to endosomes and the trans-Golgi network
(TGN), whereas ATP9B localizes exclusively to the TGN. A chi-
meric ATP9 protein in which the N-terminal cytoplasmic region
of ATP9A was replaced with the corresponding region of
ATP9B was localized exclusively to the Golgi. These results indi-
cate that ATP9B is able to exit the ER and localize to the TGN
independently of CDC50 proteins and that this protein contains
a Golgi localization signal in its N-terminal cytoplasmic region.

In eukaryotic cells, the lipid bilayer of the plasma membrane
as well as membranes of secretory and endocytic compartments
exhibits asymmetric lipid distributions; aminophospholipids,
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phosphatidylserine (PS),®> and phosphatidylethanolamine are
concentrated in the cytoplasmic leaflet (1, 2). For example, in
resting human red blood cells, PS and phosphatidylethano-
lamine are restricted primarily to the inner leaflet of the plasma
membrane, whereas phosphatidylcholine and sphingomyelin
are exposed on the cell surface (3, 4). Regulated exposure of PS
in the outer leaflet occurs in many biological processes, such as
apoptotic cell death, platelet coagulation reactions, and the
fusion of muscle (4 -7); similarly, phosphatidylethanolamine is
exposed on the surface of the cleavage furrow during cytokine-
sis (8). In addition, phospholipid asymmetry of the bile canalic-
ular membrane is critical to membrane integrity and normal
bile secretion by hepatocytes (9); loss of phospholipid asymme-
try due to mutations in the human FIC1/ATP8B1 (a member of
the P4-ATPase family) gene causes a liver disease, progressive
familial intrahepatic cholestasis (10).

P4-ATPases are a subfamily of P-type ATPases and have
been implicated in flipping aminophospholipids from the exo-
plasmic (lumenal) leaflet to the cytoplasmic leaflet (11-15). The
yeast P4-ATPases (Drs2p, Neolp, Dnflp, Dnf2p, and Dnf3p)
are all involved in protein transport in the secretory and endo-
cytic pathways albeit at different stages (16). P4-ATPases also
play essential roles in membrane trafficking in other organisms,
including Caenorhabditis elegans and Arabidopsis thaliana
(17, 18). P4-ATPases form heteromeric complexes with mem-
bers of the CDC50 protein family (14, 19). Mutations in the
CDC50 genes in yeast and Arabidopsis phenocopy P4-ATPase
mutations and disrupt transport and asymmetry of aminophos-
pholipids (14, 17, 20, 21). The yeast CDC50 proteins Cdc50p,
Lem3p, and Crflp associate with Drs2p and Dnflp/Dnf2p, and
Dnf3p, respectively (14, 19). In contrast, the Neolp P4-ATPase
does not associate with either Cdc50p or Lem3p (14); further-
more, unique among the five yeast P4-ATPases, deletion of the
NEOI gene alone is lethal (22). Recently, the specificity of inter-
actions of human class 1 P4-ATPases (ATP8A1, ATP8A2,
ATP8B1, ATP8B2, ATP8B3, and ATP8B4) with CDC50 pro-
teins and the requirement of CDC50 proteins for the subcellu-
lar localization of the ATPases have been characterized (23—

3The abbreviations used are: PS, phosphatidylserine; P4-ATPase, type IV
P-type ATPase; TGN, trans-Golgi network; IRES, internal ribosomal entry
site; EEA1, early endosomal autoantigen 1; TfnR, transferrin receptor;
Lamp-1, lysosomal-associated membrane protein-1; ER, endoplasmic
reticulum; EGFP, enhanced GFP.
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26). However, the functional association with CDC50 proteins
and subcellular localization of other classes of human P4-AT-
Pases remain largely unknown.

Here, we systematically characterized the functional interac-
tions of human P4-ATPases with CDC50 proteins using HeLa
cells. We found that ATP9B, which is a putative orthologue of
yeast Neolp, requires neither CDC50A nor CDC50B for its
localization to the trans-Golgi network (TGN), although most
human P4-ATPases require CDC50 proteins (primarily
CDC50A). We also characterized the physical interactions of
class 2 (ATP9A and ATP9B) and class 6 (ATP11A, ATP11B,
and ATP11C) P4-ATPases with CDC50 proteins, determined
their subcellular localizations, and identified the Golgi localiza-
tion signal in ATP9B.

EXPERIMENTAL PROCEDURES

RT-PCR—Total RNA from HeLa and RPE1 cells was isolated
using an RNeasy minikit (Qiagen) and subjected to RT-PCR
analysis using a SuperScript III One-Step RT-PCR system
(Invitrogen). Total RNA of mouse testis was a gift from Yuki
Okada, Kyoto University. The primers used are shown in sup-
plemental Table S1.

Cloning—A full-length cDNA of ATP11C was obtained by
amplification of HeLa cell total RNA by RT-PCR. The full-
length ¢cDNAs of human ATP8A1 (IMAGE clone 40036536),
ATP9B (IMAGE clone 40123958), ATP10A (IMAGE clone
6258931), and ATP10D (IMAGE clone 40082621) were pur-
chased from Open Biosystems (Huntsville, AL), and cDNA of
ATP10B (ORKO01674) was obtained from Kazusa DNA
Research Institute (Kisarazu, Chiba, Japan). The partial cDNA
of human ATP8B1 (IMAGE clone 3609288) was purchased
from Open Biosystems; those of ATP9A (ORK00109), ATP11A
(ORK04210), and ATP11B (ORKO04211) were obtained from
Kazusa DNA Research Institute. Missing cDNA regions were
obtained by amplification of HeLa total RNA and ligated to the
partial cDNAs to construct full-length cDNAs. The full-length
P4-ATPase cDNAs were cloned into the pENTR3C vector
(Invitrogen). The region encompassing the attR1 site, ccdB
gene, chloramphenicol resistance gene, and attR2 site (DEST)
was amplified from pcDNA6.2/V5-DEST (Invitrogen) by PCR.
Bglll and Xhol artificial restriction sites were introduced at the
5'- and 3'-ends of the PCR product and cloned into the
pCAGGS-neodelEcoRI expression vector (27) with a C-termi-
nal HA tag. Transfer of the genes to expression vectors was
performed using the Gateway system (Invitrogen). Human
CDC50A was amplified by RT-PCR from HeLa total RNA and
cloned into the pTAC1 vector by TA cloning (BioDynamics
Laboratory). Human CDC50A and open reading frames of
human CDC50B (Open Biosystems) were subcloned into
pcDNA3, pcDNA3 with an N-terminal FLAG tag, and pIRES2-
EGFP (Clontech).

Antibodies and Reagents—Sources of antibodies used in the
present study were as follows: polyclonal rabbit anti-TGN46
(28), a kind gift from Minoru Fukuda, Burnham Institute;
monoclonal mouse anti-transferrin receptor (TfnR) (H68.4),
Zymed Laboratories Inc; monoclonal mouse anti-GM130,
anti-EEA1, and anti-Lamp-1, BD Biosciences; monoclonal rat
anti-HA (3F10), Roche Applied Science; monoclonal mouse
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anti-FLAG (M2) and polyclonal rabbit anti-FLAG, Sigma-Al-
drich; Alexa Fluor 488-conjugated monoclonal mouse anti-
CD147 (HIM6), BioLegend; Alexa Fluor-conjugated secondary
antibodies, Molecular Probes; and Cy3-conjugated and horse-
radish peroxidase-conjugated secondary antibodies, Jackson
ImmunoResearch Laboratories.

Cell Culture, siRNA-mediated Knockdown, and Immunoflu-
orescence Analysis—Culture of HeLa cells and transfection of
expression plasmids were performed as described previously
(29, 30). RPE1 cells were grown in a 1:1 mixture of Dulbecco’s
modified Eagle’s medium and Ham’s F-12 medium supple-
mented with 10% heat-inactivated fetal calf serum, 2 mm L-glu-
tamine, 100 units/ml penicillin, and 100 pug/ml streptomycin.
Preparation of pools of siRNA for CDC50A and CDC50B and
knockdowns using these siRNA pools were performed as
described previously (31, 32) (33). Briefly, a pool of siRNA
directed against the mRNA region spanning nucleotide resi-
dues 597-1086 of human CDC50A or 599-1056 of human
CDC50B (when the A residue of the initiation Met codon is
assigned as residue 1) was prepared using a BLOCK-iT RNAi
TOPO transcription kit and a BLOCK-iT Dicer RNAi kit (Invit-
rogen). HeLa cells were transfected with the siRNA pool using
Lipofectamine 2000 (Invitrogen) and incubated for 24 h. The
transfected cells were then transferred to a culture dish con-
taining coverslips, incubated for a further 48 h, and processed
for immunofluorescence and RT-PCR analyses. The immuno-
fluorescence staining was described previously (30) and was
visualized using an Axiovert 200MAT microscope (Carl Zeiss,
Thornwood, NY) for epifluorescence images or an LSM510
META microscope (Carl Zeiss) or FV1000 microscope (Olym-
pus, Melville, NY) for confocal images.

Immunoprecipitation—HeLa cells were transfected using
FuGENE 6 or X-tremeGENE 9 (Roche Applied Science) with
different combinations of expression vectors for P4-ATPase
and CDC50 and grown for 2 days. Prior to cell lysis, protein
expression was induced by treating the cells with 4 mm sodium
butyrate for 12—16 h. The cells were then lysed in lysis buffer (20
mM Hepes, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% Nonidet
P-40) containing a Complete™ protease inhibitor mixture
(Roche Applied Science) at 4 °C for 30 min. The lysates were
centrifuged at maximum speed for 20 min at 4 °C in a micro-
centrifuge to remove cellular debris and insoluble materials.
The supernatant was incubated at 4 °C for 15 min with an
anti-HA antibody and further incubated at 4 °C for 16 h with
Protein G-coupled Dynabeads (Invitrogen). After washing,
beads were incubated at 37 °C for 2 h in SDS sample buffer, and
the supernatant was subjected to immunoblot analysis using rat
anti-HA and mouse anti-FLAG or mouse anti-TfnR antibodies.

RESULTS

Expression of P4-ATPases and CDC50 Proteins in HeLa Cells—
To investigate the interactions of human P4-ATPases with
CDC50 proteins and their subcellular localization in HeLa cells,
we first determined whether these genes are endogenously
expressed in HeLa cells. RT-PCR analyses revealed the pres-
ence of mRNA for all but one P4-ATPase; ATPS8A2 was not
expressed in HeLa cells but was highly expressed in human
retinal pigment epithelial (RPE1) cells (Fig. 1). HeLa cells
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expressed CDC50A and CDC50B but not CDC50C, indicating
that both CDC50A and CDC50B are potential interacting part-
ners of P4-ATPases; because CDC50C expression is restricted
to spermatocytes and spermatids (25, 26, 34—36), total RNA of
mouse testis was subjected to RT-PCR as a positive control of
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FIGURE 1. Gene expression of P4-ATPase and CDC50 in HelLa cells. RT-PCR
was performed using total RNA isolated from HeLa and RPE1 cells and mouse
testis. In control reactions, RNA was omitted. Primers are shown in supple-
mental Table S1. Primers for CDC50C were designed to amplify both human
and mouse mRNAs; the product size of human and mouse is 236 and 194 base
pairs, respectively.
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CDC50C mRNA expression using a set of primers designed to
amplify both human and mouse CDC50C mRNAs.
Translocation of P4-ATPases from ER upon Exogenous
Expression of CDC50A or CDC50B—Recent studies have
revealed that CDC50 proteins co-immunoprecipitate with class
1 P4-ATPases (ATP8A1l, ATP8A2, ATP8B1, ATPS8B2,
ATP8B3, and ATP8B4) and are required for transport of these
P4-ATPases from the ER (23-25, 37). We first sought to deter-
mine whether other P4-ATPases require CDC50A and/or
CDC50B for their translocation from the ER to specific cellular
compartments. We transiently expressed C-terminally
HA-tagged P4-ATPases either alone (Fig. 2, A-J) or in combi-
nation with untagged CDC50A or CDC50B expressed on a
bicistronic transcript along with GFP (CDC50A-IRES-EGFP or
CDC50B-IRES-EGFP) (Fig. 2, A'-J and A"-J", respectively) in
HeLa cells; the insets in Fig. 2, A'~J' and A"-J", show EGFP
signals, which indirectly indicate CDC50 expression. In the
absence of exogenous CDC50 expression, class 5 (ATP10A,
ATP10B, and ATP10D) and class 6 (ATP11A, ATP11B, and
ATP11C) P4-ATPases were predominantly localized to the ER
(Fig. 2, C-H, and supplemental Fig. S1), overlapping almost
completely with the ER marker protein calnexin (see Fig. 4D,
panel a, and supplemental Fig. S1). ATP8A1 and ATP8B1 were
also localized to the ER when they were expressed alone (Fig. 2,
I and J, and supplemental Fig. S1) as reported previously (24,
25). By contrast, the staining for class 2 P4-ATPases (ATP9A
and ATP9B) was observed on intracellular organelles (Fig. 2, A
and B) and showed only limited overlap with calnexin (see Fig.
4A, panel a, and supplemental Fig. S1) even in the absence of
exogenous CDC50 expression. ATPIA was localized to periph-
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ATPS8A1
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FIGURE 2. Translocation of human P4-ATPases upon CDC50 coexpression. Hela cells were transiently co-transfected with an expression vector for C-ter-
minally HA-tagged P4-ATPase and a control IRES-EGFP vector (A-J) or an expression vector for CDC50A-IRES-EGFP (A’-J') or CDC50B-IRES-EGFP (A"-J"). After
48 h of transfection, cells were processed forimmunofluorescence microscopy. Insets indicate CDC50A- or CDC50B-expressing cells identified by EGFP signals.

Bar, 20 pm.
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FIGURE 3. Co-immunoprecipitation analysis of interactions between P4-ATPases and CDC50 proteins. Hela cells were transfected with an expression
vector encoding either FLAG-CDC50A (A, lane 8) or FLAG-CDC50B (B, lane 8) alone or in combination with that encoding HA-tagged P4-ATPase as indicated
(lanes 1-7). As a control, HeLa cells were transfected with an empty vector (lane 9). After 48 h of transfection, cells were lysed and immunoprecipitated with
anti-HA antibody. Bound materials (A and B) and inputs (A’ and B’) were subjected to SDS-PAGE and immunoblotting using anti-HA, anti-FLAG, or anti-TfnR
antibody. A bracket and an asterisk indicate positions of highly glycosylated forms and an endoglycosidase H-sensitive, ER-localized form of CDC50 proteins,

respectively (see supplemental Fig. S3). WB, Western blot.

eral punctate and perinuclear structures, whereas distribution
of ATP9B was limited to perinuclear Golgi-like structures (Fig.
2, A and B, respectively). The subcellular distribution of ATP9A
and ATP9B was not apparently altered by coexpression of
either CDC50A or CDC50B (Fig. 2, A-—A" and B-B", respec-
tively). These results indicate that unlike other HA-tagged
P4-ATPases ATP9A-HA and ATP9B-HA are able to exit the ER
without exogenous CDC50 expression. Upon coexpression of
CDC50A, significant translocation of other HA-tagged P4-AT-
Pases was observed even though these P4-ATPases were over-
expressed: ATP10A, ATP10D, ATP11C, and ATP8B1 were
predominantly localized to the plasma membrane (Fig. 2, C’,
D', H',and]’, and supplemental Fig. S2); ATP10B and ATP11B
were primarily localized to punctate structures in the cyto-
plasm (Fig. 2, D" and G'); ATP11A was predominantly localized
to the plasma membrane and secondarily to some punctate
structures (Fig. 2F" and supplemental Fig. S2); and ATP8A1 was
localized to punctate structures in the cytoplasm with some
observed on the plasma membrane (Fig. 2/ and supplemental
Fig. S2). In contrast, only a few P4-ATPases were translocated
upon coexpression of CDC50B: ATP8B1 was localized to the
plasma membrane as seen with CDC50A coexpression (Fig. 2/")
(23-25) and ATP11C was localized to the plasma membrane
but to a much lesser extent (Fig. 2, H' and H"). Other P4-AT-
Pases (ATP10A, ATP10B, ATP10D, ATP11A, ATP11B, and
ATP8A1) were apparently retained in the ER even upon
CDC50B coexpression (Fig. 2, C", D", E", F', G", and I"). Thus,
these C-terminally HA-tagged P4-ATPases primarily require
CDC50A for their translocation from the ER toward specific
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cellular destinations. These results and those of previous
reports (23—-25) show that CDC50 proteins are indispensable
for export of most P4-ATPases from the ER but may be negli-
gible for translocation of ATP9A and ATP9B.

CDC50 Proteins Are Not Co-immunoprecipitated with
ATP9A and ATP9B—We next investigated whether CDC50A
and CDC50B physically interact with P4-ATPases, including
ATP9A and ATP9B. To this end, HeLa cells were transiently
transfected with different combinations of a C-terminally HA-
tagged P4-ATPase and an N-terminally FLAG-tagged CDC50
construct; total cell lysates were immunoprecipitated with
anti-HA antibody and processed for immunoblotting with anti-
FLAG antibody. Expression of the tagged proteins was con-
firmed by immunoblotting of total cell lysates (see Fig. 3, A" and
B’, input panels). ATP8A1-HA co-immunoprecipitated with
FLAG-CDC50A but not FLAG-CDC50B (Fig. 3, A and B, lane
1), whereas ATP8B1-HA co-immunoprecipitated with both
CDC50 proteins (Fig. 3, A and B, lane 2) consistent with a pre-
vious report (24). ATP11A-HA, ATP11B-HA, and
ATP11C-HA co-immunoprecipitated with FLAG-CDC50A
but not FLAG-CDC50B (Fig. 3, A and B, lanes 5-7). These
results are in keeping with the data in Fig. 2, which demon-
strates that exogenous expression of CDC50A, but not
CDC50B, results in translocation of ATP8A1, ATP11A,
ATP11B, and ATP11C from the ER, whereas both CDC50A
and CDC50B are able to translocate coexpressed ATP8B1. In
contrast to the class 1 and class 6 P4-ATPases, ATP9A-HA
and ATP9B-HA failed to co-immunoprecipitate with FLAG-
CDC50A and FLAG-CDC50B (Fig. 3, A and B, lanes 3 and 4),
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(+CDC50A)

FIGURE 4. Subcellular localization of human P4-ATPases in Hela cells. Hela cells were transiently transfected with an expression vector encoding HA-
tagged ATP9A (A, panels a—f), ATP9B (B, panels a-c), or ATP11B (D, panel a) alone or co-transfected with FLAG-CDC50A and an expression vector for HA-tagged
ATP11A (C, panels a-c), ATP11B (D, panels b-d), or ATP11C (E, panels a and b). Samples were doubly stained for HA and an organelle marker as indicated.

suggesting that neither ATP9A nor ATP9B forms a stable
complex with CDC50 proteins in the cell. These results are
in line with the data in Fig. 2 showing that ATP9A and
ATDPIB are able to exit the ER in the absence of coexpressed
CDC50.

It is noteworthy that in co-immunoprecipitations with HA-
tagged class 1 and class 6 P4-ATPases the bands corresponding
to CDC50 proteins appear as a smear (Fig. 3, A and B, indicated
by a bracket) in marked contrast to relatively sharp bands
around 50 kDa in the corresponding lanes of the input panels
(Fig. 3, A" and B’, indicated by an asterisk). CDC50A is known
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to be N-glycosylated (24, 26). The 50-kDa band was sensitive to
endoglycosidase H (supplemental Fig. S3A), whereas the higher
molecular weight bands were N-glycosidase F-sensitive but
endoglycosidase H-resistant (supplemental Fig. S3, A and B).
Likewise, CDC50B has an evolutionarily conserved N-glycosy-
lation site (36). Therefore, the smeared bands at higher molec-
ular weight probably represent highly glycosylated forms of
CDC50 proteins, and the 50-kDa bands represent ER-localized
forms. These results suggest that P4-ATPases preferentially
form complexes with highly glycosylated forms of CDC50
proteins.
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FIGURE 5. Depletion of CDC50A does not affect Golgi localization of ATP9B but abolishes endosomal localization of ATP11B. HeLa cells stably express-
ing HA-tagged ATPO9B (A, left panels, and B) or ATP11B (A, right panels, and C) were treated with a pool of siRNA for LacZ, CDC50A, CDC50B, or both CDC50A and
CDC50B. After 72 h, cells were lysed to isolate total RNA, which was processed for RT-PCR using primers shown in supplemental Table S1 (A). Alternately, cells
were fixed, permeabilized, and immunostained for HA and either TGN46 (B), TfnR (C, upper four rows), or calnexin (C, bottom). Bar, 20 um.

Endomembrane localization of class 2 and 6 P4-ATPases—
We next determined the subcellular localizations of class 2 and
class 6 P4-ATPases; presumably, these locations represent the
sites where the proteins serve their ultimate function. To this
end, HeLa cells were transfected with an expression plasmid for
HA-tagged P4-ATPase alone (in the case of class 2) or in com-
bination with FLAG-CDC50A (in the case of class 6) and dou-
bly immunostained for HA and each of several organelle mark-
ers. As described above, the staining for ATP9A was found on
punctate structures throughout the cytoplasm as well as peri-
nuclear Golgi-like structures (see Fig. 2A4). The punctate
ATPOYA staining overlapped extensively with an early endo-
somal marker, EEA1 (Fig. 44, panel b), and partially with an
early/recycling endosomal marker, TfnR (A, panel c), but not
significantly with a late endosomal/lysosomal marker, Lamp-1
(A, panel d). On the other hand, the perinuclear ATP9A stain-
ing overlapped extensively with TGN46 (Fig. 44, panel e) but
exhibited limited overlap with a cis-Golgi marker, GM130 (A,
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panel f). Thus, ATP9A is localized to the early/recycling endo-
somes but not late endosomes and to the TGN rather than the
cis-Golgi. Unlike ATP9A, ATP9B was localized exclusively to
the perinuclear region (see Fig. 2B) but not on EEA1-positive
early endosomes (Fig. 4B, panel a). The ATPIB staining over-
lapped significantly with TGN46 (Fig. 4B, panel b) but was adja-
cent to GM130 (B, panel c), suggesting that ATP9B mainly
localizes to the TGN. The Golgi localization of transiently
expressed ATP9A and ATP9B was not affected by treating cells
with cycloheximide (data not shown), excluding the possibility
that the Golgi signals represent a transient localization along
the exocytic pathway.

When coexpressed with CDC50A, ATP11A localized mainly
to the plasma membrane (supplemental Fig. S2) and secondar-
ily to punctate structures in the cytoplasm (Fig. 4C, panel a).
The punctate staining for ATP11A overlapped significantly
with TfnR (C, panel b) and partially with EEA1 (Fig. 4C, panel
a), suggesting that a subpopulation of ATP11A associates with
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early/recycling endosomal compartments. The peripheral
punctate structures positive for ATP11B were superimposed
on TfnR-positive endosomes and overlapped partially with
EEA1-positive structures but not with Lamp-1-positive struc-
tures (Fig. 4D, panels b—d), indicating that ATP11B is mainly
localized to recycling endosomal compartments. ATP11C sig-
nals were observed predominantly at the plasma membrane
and did not overlap with any endomembrane markers exam-
ined, including EEA1, TfnR, and Lamp-1 (Fig. 4E, panels a and
b, and data not shown). Because exogenous CDC50A tends to
be overexpressed and is largely localized to the ER in HeLa cells,
we could not determine the specific localization of CDC50A in
HeLa cells by immunofluorescence analysis (supplemental Fig.
S2).

CDC50 Knockdown Does Not Affect Localization of ATP9B—
Although our data indicate that exogenously expressed CDC50
proteins are not critical for the translocation of ATP9A and
ATPIB (Figs. 2B and 4B), it remained a possibility that endog-
enous CDC50 may contribute to transport of the class 2 P4-AT-
Pases. To address this possibility, we asked whether knockdown
of endogenous CDC50A and/or CDC50B by RNAI affects
P4-ATPase localization. To circumvent issues arising from
overexpression, we first tried to establish HeLa cell lines stably
expressing these P4-ATPases and succeeded in establishing a
cell line expressing ATP9B-HA. We also established a cell line
stably expressing ATP11B-HA for use as a control.

Because antibodies that can detect endogenous levels of
CDC50A or CDC50B are not available, specific and efficient
knockdown of CDC50A or CDC50B in the stable cell lines was
confirmed by RT-PCR (Fig. 54). As shown in Fig. 5B, neither
knockdown of CDC50A or CDC50B alone nor knockdown of
both genes simultaneously affected the ATP9B localization to
the TGN. In contrast, knockdown of CDC50A alone or both
CDC50A and CDC50B, but not CDC50B alone, caused redis-
tribution of ATP11B from the recycling endosomal compart-
ments (Fig. 5C). The ATP11B staining in the CDC50A-knocked
down cells was colocalized with calnexin (Fig. 5C, bottom pan-
els). These observations demonstrate that CDC50 is not essen-
tial for the ER exit or TGN localization of ATP9B, whereas
CDC50A, but not CDC50B, is required for ER exit and/or recy-
cling endosomal localization of ATP11B.

N-terminal Region of ATP9B Harbors Golgi Localization
Signal—ATP9A and ATPIB exhibit a high sequence similarity
with 75% identity at the amino acid level. However, their N-ter-
minal cytoplasmic regions are divergent (supplemental Fig. S4,
A and B). Because ATPYA is localized to the early/recycling
endosomal compartments and the TGN, whereas ATP9B is
localized exclusively to the TGN (Fig. 4, A and B), we speculated
that the N-terminal variant regions give rise to the localization
difference between ATP9A and ATP9B. To address this spec-
ulation, we constructed chimeric proteins of ATP9A and
ATPIB, expressed them in HeLa cells (Fig. 64), and counted the
numbers of cells with different subcellular distributions of each
protein (Fig. 6B). The ATP9BA construct in which the N-ter-
minal cytoplasmic region of ATP9A was replaced with that of
ATPIB (see supplemental Fig. S4B) localized exclusively to the
Golgi apparatus (Fig. 6, A and B). On the other hand, the
ATP9AB chimera in which the N-terminal region of ATP9B
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FIGURE 6. N-terminal cytoplasmicregion of ATP9B is required for its Golgi
localization. Hela cells were transfected with an expression vector for HA-
tagged ATP9A, ATP9B, or a chimeric construct of these proteins (ATP9AB or
ATP9BA) schematically shown on the right side. Samples were doubly stained
for HA and TGN46 and processed for immunofluorescence microscopy (A).
Bar, 20 um. Cells transfected and immunostained as in A were scored for
distribution patterns of ER, ER + Golgi, Golgi, Golgi + puncta, and puncta (B).
In each transfection, 200-350 cells were counted. The values are percentages
of cells showing the specified distribution patterns of ATP9 constructs.

was replaced with that of ATP9A mislocalized to the ER. We do
not know the exact reason for the mislocalization, but we spec-
ulate that ATP9AB may fail to fold properly at some point along
its biosynthetic pathway. Taken together, these results suggest
that the N-terminal cytoplasmic region of ATP9B contains a
Golgi localization signal. Furthermore, we found that a con-
struct encompassing the N-terminal cytoplasmic region of
ATPI9B alone (residues 1-136) can be localized to the Golgi
apparatus (Fig. 7, A and C-C"), whereas that of ATP9A (resi-
dues 1-59) is distributed throughout the cytoplasm with some
peripheral punctate structures (Fig. 7, A and B-B"). These
observations further demonstrate that the N-terminal region of
ATP9B contains a Golgi localization or Golgi retention signal.

We next set out to delineate the minimal region of ATP9B
required for its Golgi localization by truncating ATP9B(1-136).
A construct with a 10-amino acid truncation at the C terminus,
ATP9B(1-126), retained the ability to localize to the Golgi (Fig.
7, D-D"). However, a further eight-amino acid truncation
induced a dramatic redistribution: the ATP9B(1-118) con-
struct exhibited reduced localization to the Golgi and increased
distribution to peripheral punctate structures (Fig. 7, E-E") rel-
ative to ATP9B(1-136) (C—C") and ATP9B(1-126) (D-D"). On
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FIGURE 7. Delineation of region critical for Golgi localization of ATP9B. HeLa cells were transfected with an expression vector for HA-tagged ATP9A(1-59)
(B; schematically shown in A), ATP9B(1-136) (C; schematically shown in A), or a truncation mutant (D-/) as indicated. Samples were doubly stained for HA (B-)
and TGN46 (B'-I") and processed for immunofluorescence microscopy. Merged images are also shown (B"-/"). Bar, 20 um.

the other hand, constructs with truncations of 39 or 53 amino
acids from the N terminus (Fig. 7, F-F" and G—-G", respectively)
remained at the Golgi. However, a construct with a further
four-amino acid truncation, ATP9B(57-136), was redistrib-
uted to punctate structures (Fig. 7, H—H"). Finally, we con-
firmed that the ATP9B(53—126) construct retained the ability
to localize to the Golgi (Fig. 7, I-I"). Thus, the region encom-
passing amino acid residues 53—126 contains the minimal sig-
nal required for Golgi localization of ATP9B.

DISCUSSION

CDC50 proteins are indispensable for localization of class 1
P4-ATPases (ATP8A1l, ATP8A2, ATP8B1, ATP8B2, and
ATP8B4) to cellular compartments beyond the ER (24 -26). In
the present study, we found that class 5 (ATP10A, ATP10B, and
ATP10D) and class 6 (ATP11A, ATP11B, and ATP11C)
P4-ATPases also require CDC50 proteins for their exit from the
ER and localization to specific cellular compartments where
they perform their functions (Fig. 2). Although ATP8B1 was
localized to the plasma membrane when coexpressed with
either CDC50A or CDC50B, other P4-ATPases primarily
require CDC50A (Fig. 2). In accordance with these observa-
tions, ATP8A1, ATP11A, ATP11B, and ATP11C were co-im-
munoprecipitated with CDC50A, whereas ATP8B1 could co-
immunoprecipitate with either CDC50A or CDC50B (Fig. 3).
Although a subpopulation of ATP10D was localized to the
plasma membrane in the absence of exogenous CDC50A
expression, its plasma membrane localization was more prom-
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inent in cells coexpressing CDC50A (Fig. 2, E-E", and supple-
mental Fig. S2). When expressed at a low level in the absence of
exogenous CDC50A expression, ATP8A1, ATP11A, ATP11B,
and ATP11C all exhibited localization similar to that seen in
cells where the P4-ATPase was expressed at a relatively high
level in conjunction with exogenous CDC50A expression (see
Fig. 5C, top panels, for ATP11B-HA stably expressed in HeLa
cells; data not shown for others), suggesting that endogenous
CDC50A might be sufficient to translocate some proportion of
exogenous P4-ATPases from the ER.

Exogenously expressed ATP9A-HA and ATP9B-HA were
able to localize to specific organelles beyond the ER independ-
ently of exogenous CDC50 expression (Fig. 2), whereas only a
small proportion of each protein was associated with the ER.
Moreover, knockdown of CDC50A, CDC50B, or both at once
did not affect Golgi localization of stably expressed ATP9B-HA
(Fig. 5B) even though CDC50A knockdown induced redistribu-
tion of stably expressed ATP11B-HA from endosomal com-
partments to the ER. Thus, it is likely that CDC50A is required
for ER exit of ATP11B but not ATP9B. In addition, because
neither ATP9A nor ATP9B co-immunoprecipitated with
CDC50 proteins (Fig. 3), we conclude that unlike other P4-AT-
Pases neither protein forms a stable complex with CDC50 pro-
teins. In this context, it is interesting to note that in yeast
P4-ATPases Drs2p, Dnflp/Dnf2p, and Dnf3p associate with
CDC50 family proteins Cdc50p, Lem3p, and Crflp, respec-
tively (14, 19); in contrast, Neolp, which is phylogenetically

VOLUME 286+NUMBER 44+-NOVEMBER 4, 2011


http://www.jbc.org/cgi/content/full/M111.281006/DC1
http://www.jbc.org/cgi/content/full/M111.281006/DC1

related to human ATP9A and ATP9B (16, 22, 38), does not
associate with either Cdc50p or Lem3p (14). Thus, the yeast
Neolp data are in agreement with our present data, showing
that neither ATP9A nor ATP9B associates with CDC50A or
CDC50B (Fig. 3).

A recent study in Arabidopsis has indicated that various
plant P4-ATPases gain functionality when coexpressed with
any of three different CDC50 proteins yet retain their distinct
lipid substrate specificities irrespective of the CDC50 isoforms
that bind to the P4-ATPases (39). In addition, murine ATP8A1
purified from baculovirus-infected insect cells retains PS-spe-
cific ATPase activity in the absence of CDC50 proteins (40).
Moreover, yeast Drs2p purified with a substoichiometric
amount of Cdc50p exhibits a PS-specific flippase activity in an
in vitro reconstitution system (15). Overall, these studies indi-
cate that the determinants of substrate specificity primarily
reside in the P4-ATPases, not in the CDC50 proteins, and that
flippase activity is retained in the absence of CDC50. Thus, the
CDC50 proteins are likely to function as chaperone-like mole-
cules that are required for exit of the P4-ATPase from the ER.
However, Cdc50p is indirectly required for the ATPase activity
of Drs2p (41). The intrinsic role of CDC50 proteins in the
P4-ATPase complex remains to be determined.

We found that the distinct subcellular localizations of
ATP9A and ATP9B can be attributed to the N-terminal cyto-
plasmic region of ATP9B. The ATP9BA chimera was localized
exclusively to the Golgi apparatus as was wild-type ATP9B (Fig.
6). More intriguingly, the N-terminal region alone was able to
localize to the Golgi; ultimately, we identified a region encom-
passing residues 53—126 that is minimally required for the
Golgi localization of ATPIB. In this context, identification of
interacting partners of the ATP9B N-terminal region will help
to understand the cellular function of ATP9B.
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