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P,-ATPases comprise a relatively new subfamily of P-type
ATPases implicated in the energy-dependent translocation
of aminophospholipids across cell membranes. In this study,
we report on the localization and functional properties of
Atp8a2, a member of the P,-ATPase subfamily that has not
been studied previously. Reverse transcription-PCR revealed
high expression of atp8a2 mRNA in the retina and testis.
Within the retina, immunofluorescence microscopy and sub-
cellular fractionation studies localized Atp8a2 to outer seg-
ment disc membranes of rod and cone photoreceptor cells.
Atp8a2 purified from photoreceptor outer segments by immu-
noaffinity chromatography exhibited ATPase activity that was
stimulated by phosphatidylserine and to a lesser degree phos-
phatidylethanolamine but not by phosphatidylcholine or other
membrane lipids. Purified Atp8a2 was reconstituted into lipo-
somes containing fluorescent-labeled phosphatidylserine to
measure the ability of Atp8a2 to flip phosphatidylserine across
the lipid bilayer. Fluorescence measurements showed that
Atp8az2 flipped fluorescent-labeled phosphatidylserine from the
inner leaflet of liposomes (equivalent to the exocytoplasmic
leaflet of cell membranes) to the outer leaflet (equivalent to
cytoplasmic leaflet) in an ATP-dependent manner. Our studies
provide the first direct biochemical evidence that purified
P,-ATPases can translocate aminophospholipids across mem-
branes and further implicates Atp8a2 in the generation and
maintenance of phosphatidylserine asymmetry in photorecep-
tor disc membranes.

Lipids are asymmetrically distributed across cell membranes
(1). Phosphatidylserine (PS)? and phosphatidylethanolamine
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(PE) are confined to the cytoplasmic leaflet of the plasma mem-
brane, whereas phosphatidylcholine (PC) and sphingolipids,
including sphingomyelin and glycolipids, are preferentially if
not exclusively localized on the extracellular leaflet (2). Mem-
branes of intracellular organelles and vesicles also display trans-
bilayer lipid asymmetry (1, 3).

Lipid asymmetry has been implicated in a number of impor-
tant cellular functions. These include generating tight lipid
packing to increase membrane impermeability; establishing the
shape of intracellular organelles through membrane; bending;
cell division; phagocytosis and cell death; fertilization; vesicle
transport and fusion; regulating the functional activity of mem-
brane-associated proteins, including enzymes, receptors, trans-
porters, and channels; and sequestering protein complexes to
membrane surfaces (4—6).

A number of recent genetic studies have implicated members
of the P,-ATPase family of membrane proteins in translocation
of the aminophospholipids from the exocytoplasmic to the
cytoplasmic leaflet of membranes (7). In Caenorhabditis
elegans, knockdown of the P,-ATPase TAT-1 results in the
exposure of PS on the surface of germ cells (8). Although no
effect on reproduction was found, there was a significant loss of
neural and muscle cells, which could be rescued by deletion of a
PS-binding phagocyte receptor. In yeast, a deficiency in the
P,-ATPases Drs2 and Dnf3 causes a loss of PE and PS asymme-
try and a reduced rate of transport of fluorescent phospholipid
derivatives across membranes (3, 9). Mutants of these P,-
ATPases in yeast cause defects in vesicular trafficking (10, 11),
suggesting a possible role for P,-ATPases in vesicle formation.
In the spermatozoa of mice, Atp8b3 is necessary for PS asym-
metry and fertilization (12).

The importance of P,-ATPases is underscored by the finding
that mutations in several members of this subfamily of proteins
are known to cause severe human disorders. Mutations in the
gene encoding Atp8b1l cause progressive familial cholestasis, a
disease associated with defects in bile secretion (13), as well as
impaired hearing (14). Mutations in the gene encoding Atp10c
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have been linked to Angelman syndrome, a severe form of men-
tal retardation (15).

In earlier biochemical studies, membranes of erythrocytes
and bovine chromaffin granules were reported to contain
aminophospholipid translocase activity (16 —19). PE and PS but
not PC derivatives were translocated from the outer to the
inner cytoplasmic leaflet of the membrane in an ATP-depend-
ent manner. The ATPase implicated in aminophospholipid
translocase activity in chromaffin granules has been identified
as Atp8al, a member of the P,-ATPase family (20). Recent stud-
ies have identified isoforms of Atp8al in murine erythrocytes,
suggesting that this member of the P, ATPase family may also
be responsible for aminophospholipid translocase activity in
erythrocyte membranes (21).

Outer segments are specialized light sensing compartments
of rod and cone photoreceptor cells. They consist of a stack of
highly organized disc membranes packed with the photopig-
ment protein, rhodopsin, in rod outer segments (ROS) and
cone opsin in cone outer segments. Rhodopsin and enzymes
involved in the G-protein-mediated visual cascade in ROS have
been extensively studied, leading to a comprehensive under-
standing of phototransduction (22). Mutations in the genes
encoding many photoreceptor-specific proteins are known to
cause inherited retinal degenerative diseases, which are a major
cause of blindness in the population (23, 24). However, despite
the progress made in understanding phototransduction and
retinal degenerative diseases, we still know relatively little about
proteins involved in photoreceptor outer segment morphogen-
esis and structure. Furthermore, although phospholipids were
reported to be asymmetrically distributed across the disc mem-
brane over 25 years ago, the protein(s) responsible for generat-
ing and maintaining this transbilayer asymmetry have not been
identified (25, 26).

Recently, we have carried out a mass spectrometry-based
proteomic study designed to identify low abundance mem-
brane and soluble proteins of photoreceptor outer segments
with the goal of defining their role in outer segment structure,
function, and morphogenesis (27). The P,-ATPase Atp8a2 was
identified as a membrane protein present in photoreceptor
outer segment preparations. atp8a2 has been previously
reported to be expressed in the testis as a 4.5-kb mRNA with
high levels occurring during early spermatid development (28).
The biochemical properties of this member of the P,-ATPase
family, however, have not been investigated to date.

To begin to define the role of Atp8a2 in retinal photorecep-
tors, we have generated several monoclonal antibodies to
Atp8a2 and used these immunoreagents to localize, purify, and
characterize the functional properties of Atp8a2. Here, we
show that Atp8a2 is expressed in the retina as well as testes and
is present in outer segment disc membranes of rod and cone
photoreceptors. Importantly, we have purified Atp8a2 from
disc membranes by immunoaffinity chromatography for anal-
ysis of its aminophospholipid-dependent ATPase and flippase
activities. The ATPase activity of Atp8a2 was activated by PS
and to a lesser extent PE. Upon reconstitution into lipid vesi-
cles, Atp8a2 was found to flip fluorescent-labeled PS to the
cytoplasmic side of the membrane, confirming the aminophos-
pholipid translocase activity of Atp8a2. To our knowledge, this
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is the first report in which a specific P,-ATPase has been
directly shown to display flippase activity by functional recon-
stitution of the purified protein and the first membrane protein
linked to phospholipid asymmetry in photoreceptor cells.

EXPERIMENTAL PROCEDURES

Materials—1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,
2-dioleoyl-sn-glycero-3-phosphoethanolamine, 1,2-dioleoyl-
sn-glycero-3-phosphoserine (DOPS), brain polar lipids (por-
cine), L-a-phosphatidylinositol (bovine, liver), 1,2-dioleoyl-
sn-glycero-3-phosphate, 1,2-dioleoyl-su-glycero-3-phosphog-
lycerol, sphingomyelin (porcine, brain), cholesterol (ovine,
wool), L-a-phosphatidylcholine (egg, chicken), C6 NBD-PS, C6
NBD-PE, C6 NBD-PC, and C12 NBD-PS were purchased from
Avanti Polar Lipids (Alabaster, AL). ATP and n-octyl-B-p-glu-
copyranoside were purchased from Sigma, dithionite was from
Fisher, CHAPS was from Anatrace (Maumee, OH), and syn-
thetic 6C11 peptide (Ac-RDRLLKRLS) was purchased from
Biomatik (Cambridge, Canada). The Rho 1D4 antibody was
obtained from UBC-UILO.

DNA Constructs—Total bovine, human, and murine retinal
RNA was isolated using the guanidinium thiocyanate phenol
chloroform method (29). Because the only available sequences
for bovine atp8a2 were incomplete, a 5'-rapid amplification of
c¢DNA ends was performed (30). Random primed cDNA was
prepared using the RT-PCR Master Mix Kit (GE Healthcare).
Full-length human, bovine, and mouse atp8a2 were amplified
by PCR using Pfu polymerase (Fermentas, Burlington, Canada).
Restriction sites were introduced by PCR. Bovine and mouse
atp8a2 were cloned into pcDNA3 and pCEP4 using the BamHI
and Notl restriction sites, and human atp8a2 was cloned into
pcDNA3 using Kpnl and Notl. 1D4-tagged Atp8a2 contained a
9-amino acid C-terminal tag (TETSQVAPA). The sequence of
bovine atp8a2 was deposited in GenBank™ (GQ303567). The
sequences of human and murine atp8a2 had previously been
deposited (NM_015803.2, NM_016529.4).

In Situ Hybridization—Detection of gene expression using
DIG-labeled riboprobes was performed (31) with modifica-
tions. A fragment was isolated from an EcoRI/HindIII digest of
murine atp8a2 and ligated into pcDNA3 (nucleotides 923—
1641). Sense and antisense cRNA were made using the DIG
RNA labeling kit (Roche Applied Science) with the SP6 and T,
polymerases, respectively. Probes were treated with DNase I
(Fermentas) and purified by LiCl precipitation. Eyes from
6-month-old BALB/c mice were fixed for 40 min in 4%
paraformaldehyde in PBS (10 mMm phosphate, pH 7.4, 140 mMm
NaCl, 3 mm KCIl), frozen in Tissue-Tek OCT, and cut into
12-pum sections. Probes were diluted to 400 ng/ml and incu-
bated with sections for 16 h at 60 °C. Sections were treated with
anti-DIG-alkaline phosphatase (Roche Applied Science) and
developed in 5-bromo-4-chloro-3-indolyl-phosphate/nitro
blue tetrazolium for 15 h.

Gene Expression by RT-PCR—RNA was isolated from tissues
from 6-month-old C57/B6 mice to prepare random primed
cDNA. atp8a2 gene expression was measured using the follow-
ing forward and reverse primers: 5'-ACGAGGGACGTGCT-
CATGAAGC-3' and 5'-CCTCAAGTGTCACCAGCAGGCT-
3'. Glyceraldehyde-3-phosphate dehydrogenase was used for
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comparison employing the following forward and reverse
primers: 5'-ATCAAATGGGGTGAGGCCGGTG-3" and
5'-CGGCATCGAAGGTGGAAGAGTG-3'. The primers were
annealed at 55 °C, and the PCR was run for 25 cycles using Taq
polymerase (New England Biolabs).

Generation of Monoclonal Antibodies against Atp8a2—Frag-
ments corresponding to the C-terminal 103 amino acids and
the P-domain (amino acids 371-873) of bovine Atp8a2 were
cloned in frame with glutathione S-transferase (GST) in the
pGEX-4T-1 vector (GE Healthcare). Mice were immunized
with GST fusion proteins purified on glutathione-Sepharose 4B
(GE Healthcare). Hybridoma cell lines were generated as previ-
ously described (32) and screened for reactivity against Atp8a2
using Western blots of bovine ROS. The epitope for the
Atp6C11 monoclonal antibody was identified by measuring its
immunoreactivity to synthetic overlapping 9-amino acid pep-
tides spanning the C terminus of Atp8a2 as described previ-
ously (33).

Expression of Atp8a2 in HEK293T—HEK293T cells (Ameri-
can Type Culture Collection, Manassas, VA) in 10 cm dishes
were transfected at 30% confluence with 20 ug of Atp8a2—1D4
in pcDNA3 by the calcium phosphate method (34) and har-
vested 48 h later. For control experiments, cells were trans-
fected with empty pcDNA3. HEK293T membranes were iso-
lated as described (35).

Immunofluorescence Microscopy—Cryosections of retina tis-
sue from bovine eyes fixed in 4% paraformaldehdye, 100 mm
phosphate buffer (PB), pH 7.4, for 1 h were blocked and perme-
abilized with 10% normal goat serum and 0.2% Triton X-100 in
PB for 30 min. The sections were then labeled overnight at
room temperature with Atp2F6 hybridoma culture fluid
diluted 1:3 in PB containing 2.5% normal goat serum and 0.1%
Triton X-100. Sections were washed with PB and labeled for 1 h
with Cy3-conjugated goat anti-mouse Ig secondary antibody
(diluted 1:1000) and counterstained with 4',6-diamidino-2-
phenylindole nuclear stain. For controls, Atp2F6 was preab-
sorbed with 20 ug of GST fusion protein for 30 min before the
antibody was added to the sections. For double labeling studies,
sections were labeled with Atp2F6 and a mixture of cone opsin
antibodies (JH 492, JH 455; diluted 1:4000), a kind gift of Jeremy
Nathans (36). The sections were labeled with secondary 1:1000
diluted anti-mouse and anti-rabbit antibodies conjugated to
Alexa-488 and Alexa-594, respectively. Samples were visual-
ized under a Zeiss LSM 700 confocal microscope.

Isolation of Retina and ROS Membranes—Retina and ROS
membranes from frozen bovine retinas were prepared as previ-
ously described (27, 37, 38). Highly enriched ROS disc mem-
branes were prepared by an immunogold density perturbation
procedure (27).

Purification of Atp8a2—Purified Atp6C11 monoclonal anti-
body was coupled to CNBr-activated Sepharose at a concentra-
tion of 1.5-2 mg of protein/ml of packed beads as described
previously (39). Atp8a2 was purified by solubilizing 3.5 mg of
ROS in 1 ml of buffer A (50 mm Hepes, pH 7.5, 150 mm NaCl, 5
mm MgCl,, 1 mm DTT, 20 mm CHAPS, and 0.5 mg/ml DOPC)
containing complete protease inhibitor (Roche Applied Sci-
ence) for 30 min at 4 °C. Insoluble material was removed by
centrifugation (100,000 X gfor 10 min), and the soluble fraction
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was incubated with Atp6C11-Sepharose at 4 °C for 2 h. The
matrix was washed six times with 500 ul of buffer B (50 mMm
Hepes, pH 7.5, 150 mMm NaCl, 5 mm MgCl,, 1 mm DTT, 10 mm
CHAPS, 0.5 mg/ml DOPC), and the protein was eluted twice in
buffer B containing 0.2 mg/ml of 6C11 peptide at room temper-
ature in 50 pl for 1 h.

Reconstitution of Atp8a2 into Lipid Vesicles—Atp8a2 was
purified from ROS as described above with the following mod-
ifications. Atp6C11-Sepharose was washed in buffer B contain-
ing 0.75% (w/v) n-octyl-B-p-glucopyranoside and 0.5 mg/ml
L-a-phosphatidylcholine instead of CHAPS and DOPC. Puri-
fied protein was mixed 1:1 with buffer C (50 mm Hepes, pH 7.5,
150 mMm NaCl, 5 mm MgCl,, 1 mm DTT, 1% n-octyl-B-p-gluco-
pyranoside, 10% sucrose, 5 mg/ml L-a-phosphatidylcholine)
and stirred for 1 h at room temperature. Subsequently, the sam-
ple was dialyzed against 1 liter of buffer D (10 mm Hepes, pH
7.5, 150 mm NaCl, 5 mm MgCl,, 1 mm DTT, 10% sucrose) for
~20 h with two changes to remove the detergent.

ATPase Activity Assay—Typically 25 ng of Atp8a2 was
diluted in 25 pl of buffer E (50 mm Hepes, pH 7.5, 150 mm NaCl,
12.5 mm MgCl,, 1 mm DTT, and 5 mm ATP). The concentration
of Atp8a2 was determined by comparison with known amounts
of bovine serum albumin or with known amounts of Atp8a2 by
quantitative Western blots. For ATPase activity assays in deter-
gent, buffer E contained 10 mm CHAPS and 2.5 mg/ml DOPC
and the stimulating lipid at the indicated concentration. For
ATPase assays of reconstituted Atp8a2, the buffer contained
10% sucrose and a final lipid concentration of 1 mg/ml. Samples
were incubated at 37 °C for 15-30 min and stopped by the addi-
tion of 25 ul of 12% SDS. The concentration of phosphate was
determined as described (40). Briefly, color was developed for 5
min following the addition of 75 ul of Solution D (6% ascorbic
acid, 1% ammonium molybdate in 1 N HCI). The reactions were
stopped by the addition of 120 ul Solution E (2% sodium citrate,
2% sodium meta-arsenite, 2% acetic acid) and read at 850 nm in
a microplate reader. The amount of phosphate released was
determined by comparison with known phosphate concentra-
tions. All data points were performed in triplicate, and each
experiment was repeated at least three times independently
with similar results. Data were analyzed with GraFit 6.0 (Eritha-
cus Software).

Flippase Assay—The dithionite NBD-lipid assay was used as
described (41-43) with modifications. Atp8a2 was purified
from 3.5 mg of ROS and reconstituted into 250 ul of liposomes
at a lipid concentration of 2.5 mg/ml containing 2.5% (w/w)
NBD-lipid. Transport was initiated by mixing 20 ul of reconsti-
tuted Atp8a2 with nucleotide in buffer D to 50 ul (final nucle-
otide concentration 0.5 mMm) and incubated at 23 °C for 2.5 min.
In some cases, NEM or sodium orthovanadate were also added
at a concentration of 5 and 1 mwm, respectively. The sample was
then diluted to 1 ml in buffer D, transferred to a cuvette (path
length 1 cm), and read in a fluorescence spectrophotometer
(Varian, Palo Alto, CA) using excitation and emission wave-
lengths of 478 and 540 nm, respectively, and a slit width of 5 nm.
Sodium dithionite prepared in 1 M Tris, pH 10, was added at a
final concentration of 2 mm once a base-line fluorescence was
achieved. After a stable base line was reached, Triton X-100 was
then added to a final concentration of 1%. The percentage of
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FIGURE 1. Gene expression of atp8a2 by RT-PCR and in situ hybridization. A, the relative gene expression of atp8a2 was measured using gene-specific
primers on cDNA prepared from RNA isolated from different mouse tissues. The relative gene expression of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a loading control. Expression of atp8a2 is only detected in the retina and the testis. B, labeling of antisense
probe and control sense probe to atp8a2 in mouse retina. atp8a2 mRNA is detected in the outer nuclear layer and inner segment in mouse retina. OS, outer
segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Bar,

30 wm.

NBD-lipid that was accessible to dithionite treatment was
defined as %NBD_,, and was used to calculate the extent of
NBD-lipid transport using the following equation,

Percentage of NBD-lipid transport = ((%NBDysial

- %NBDout,controI)/(%NBDout,ATP - %NBDout,control)) X100 (Eq.1)

where control, trial, and ATP represent liposomes treated with
AMP-PNP, various nucleotides or inhibitors, and ATP, respec-
tively. All data points were performed in triplicate, and each
experiment was repeated independently at least three times.
SDS-PAGE and Western Blots—Proteins were separated by
SDS gel electrophoresis on 9% polyacrylamide gels and either
stained with Coomassie Blue or transferred to Immobilon FL
membranes (Millipore, Bedford, MA) in buffer containing 25
mM Tris, 192 mm glycine, 10% methanol, pH 8.3. Membranes
were blocked with 1% milk in PBS for 30 min, incubated with
culture supernatant diluted in PBS for 40 min, washed strin-
gently with PBST (PBS containing 0.05% Tween 20), incubated
for 40 min with secondary antibody (goat anti-mouse conju-
gated with IR dye 680 (LI-COR, Lincoln, NE) diluted 1:20,000 in
PBST containing 0.5% milk), and washed with PBST prior to
data collection on a LI-COR Odyssey infrared imaging system.
The concentrations of various antibody supernatants used in
this study for Western blot are given (supplemental Table 1).

RESULTS

atp8a2 mRNA Expression in the Retinal Photoreceptor Cells
and Testis—The expression of atp8a2 mRNA in various tissues
of 6-month-old C57/B6 mice was examined by RT-PCR. A
500-bp atp8a2 fragment was detected in retina and testis but
not heart, kidney, spleen, liver, brain, or lung (Fig. 14). Detec-
tion in the testis by RT-PCR is in general agreement with earlier
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studies showing high atp8a2 expression in the testis by North-
ern blot analysis (28).

In sity hybridization using DIG-labeled antisense probes to
atp8a2was carried out to identify cells in the retina that express
atp8a2. atp8a2 mRNA expression was detected in photorecep-
tor cells with the most intense staining observed in the inner
segment (IS) and outer nuclear layer (ONL) (Fig. 1B). Weak
staining was also detected in the inner nuclear and ganglion cell
layers. In control samples, no staining was observed when the
sense probe was used.

Monoclonal Antibodies to Atp8a2—Monoclonal antibodies
were generated against GST fusion proteins for use as probes to
study the biochemical properties and subcellular localization of
Atp8a2. The Atp6C11 antibody was obtained from a mouse
immunized with a GST fusion protein comprising the C-termi-
nal 103 amino acids of bovine Atp8a2, and the Atp2F6 antibody
was produced from a mouse immunized with a GST fusion
protein containing amino acids 371-873 of the P-domain of
Atp8a2.

The specificity of these antibodies was confirmed on West-
ern blots of expressed bovine 1D4-tagged Atp8a2 (Atp8a2-
1D4) and ROS membranes. As shown in Fig. 2, both the
Atp6C11 and Atp2F6 antibodies labeled a prominent 130-kDa
protein in both transfected HEK293T cells and bovine ROS.
The size of the protein was consistent with the molecular mass
of ~132 kDa determined from the amino acid sequence of
bovine Atp8a2. The identity of the 130-kDa protein as Atp8a2
was further confirmed on Western blots of atp8a2—1D4-trans-
fected cells labeled with the Rho 1D4 antibody (Fig. 2). In con-
trols, no labeling was observed in membranes from mock-
transfected HEK293T cells. The Atp6Cl11 antibody against
bovine Atp8a2 cross-reacted with both human and mouse
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FIGURE 2. Characterization of Atp8a2 antibodies by Western blotting.
Western blots of membranes (10 ug of protein) from HEK293T cells trans-
fected with human, bovine, or mouse Atp8a2-1D4 vector or empty vector
(Mock) together with bovine ROSs (30 ug of protein) were labeled with the
Atp6C11 and Atp2F6 monoclonal antibodies to Atp8a2 and the Rho 1D4
monoclonal antibody to the 1D4 epitope. The same 130-kDa bovine protein
was detected in both the HEK293T and ROS membrane samples. The Atp6C11
labeled the human, bovine, and mouse Atp8a2, whereas the Atp2F6 antibody
was specific for the bovine protein. No labeling was observed in membranes
from mock-transfected cells.

Atp8a2, whereas the Atp2F6 antibody only labeled the bovine
protein (Fig. 2). Mouse Atp8a2 expressed in HEK293T cells
appeared less stable than the human and bovine proteins and
accordingly showed weaker staining by both the Rho 1D4 and
Atp6Cl11 antibodies.

Synthetic peptides and GST fusion proteins were used to
further localize the epitope for these monoclonal antibodies.
The epitope for the Atp6C11 antibody was mapped to a 9-
amino acid sequence RDRLLKRLS (amino acids 1,118 -1,126 of
bovine Atp8a2) on the basis of immunoreactivity to synthetic
peptides, whereas the epitope for the Atp2F6 antibody was
localized to a region between amino acids 440 and 468 using
GST fusion proteins.

Localization of Atp8a2 in the Retina by Immunofluorescence
Microscopy—Cyrosections of bovine retina were labeled with
the Atp2F6 antibody to determine the cellular and subcellular
distribution of Atp8a2 within the retina (Fig. 34). Immunola-
beling was observed in the outer segment layer of photorecep-
tors consisting of mainly ROS but not in other layers of the
retina. Double labeling studies using the Atp2F6 monoclonal
antibody and cone opsin-specific polyclonal antibodies
revealed that cone as well as rod outer segments were stained
with the Atp2F6 antibody (Fig. 3B). In control samples, immu-
nolabeling was abolished by preabsorbing the Atp2F6 antibody
with a GST fusion protein containing the Atp2F6 epitope (Fig.
3A). The Atp6C11 antibody could not be used for immunolo-
calization of Atp8a2 because the epitope was sensitive to
paraformaldehyde fixation. Furthermore, additional studies
indicated that this antibody cross-reacted with an unidentified
soluble protein in retinal extracts by Western blot (supplemen-
tal Fig. 1).

Atp8a?2 Is Present in ROS Disc Membranes—The distribution
of Atp8a2 within ROS was further evaluated by subcellular frac-
tionation. Disc membranes, which comprise 95% of total ROS
membranes, were separated from the ROS plasma membrane
by an immunogold density perturbation method (27, 37). West-
ern blots of crude retinal membranes, isolated ROS mem-
branes, and disc membranes were probed for Atp8a2 for com-
parison with ABCA4, a marker for the disc membrane, and the
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A

Atp2F6 Control

Cone Opsin

FIGURE 3. The localization of Atp8a2 in the bovine retina by immunoflu-
orescence microscopy. A, Atp8a2 was immunolabeled with Atp2F6 anti-
body (green) and nuclei with 4’,6-diamidino-2-phenylindole (blue). In the
control sample, Atp2F6 antibody was blocked by excess GST fusion protein
prior toimmunolabeling. Atp8a2 is localized to the outer segment layer con-
sisting primarily of ROS. OS, outer segments; IS, inner segments; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. Bar, 30 um. B, double labeling of
Atp8a2 (green) and cone opsin (red) and merged image showing co-localiza-
tion of Atp8a2 and cone opsin in cone outer segments (arrows). Bar, 10 um.

cyclic nucleotide-gated channel subunit a-subunit CNGA1, a
marker for the plasma membrane of ROS (33, 44). Fig. 4 shows
that Atp8a2 was present at similar levels in ROS and disc mem-
branes and at lower amounts in crude retinal membranes. This
profile was similar to that of ABCA4 and distinctly different
from CNGA1, which is absent in disc membranes. These results
indicate that Atp8a2 is present in disc membranes of ROS.
Purification of Atp8a2 by Immunoaffinity Chromatography—
Atp8a2 was purified from detergent-solubilized ROS in order
to study its functional properties. Our purification strategy
involved 1) solubilization of Atp8a2 from ROS with CHAPS in
the presence of PC as a stabilizing lipid; 2) binding of Atp8a2 to
an Atp6C11-Sepharose immunoaffinity matrix; 3) removal of
unbound protein by extensive washing; and 4) elution of func-
tional Atp8a2 with buffer containing the competing 9-amino
acid synthetic 6C11 peptide. The eluted protein identified as
Atp8a2 by Western blotting was largely free of other detectable
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proteins, as shown by Coomassie Blue staining (Fig. 5). The
remaining Atp8a2 that was not eluted with peptide could be
recovered under denaturing conditions by elution with 2% SDS.
The purification and enzymatic activity of purified Atp8a2
obtained under nondenaturing conditions is given in Table 1.
This immunoaffinity purification method resulted in a 51%
yield with purification in the specific PS-activated ATPase
activity of nearly 2,000-fold.
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FIGURE 4. Atp8a2 localizes to the disc membranes of outer segments.
Approximately 30 ug of crude retina membranes (Retina), isolated ROS, and
purified disc membranes (Discs) were resolved by SDS gel electrophoresis.
The gels were stained with Coomassie Blue, and Western blots were labeled
with the Atp6C11 antibody to Atp8a2, PMc 1D1 antibody to CNGA1 as a
plasma membrane-specific marker, and the Rim 3F4 to ABCA4 as a disc-spe-
cific marker. The profile of Atp6C11 resembled Rim3F4, indicating that
Atp8a2 is localized to disc membranes.
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FIGURE 5. Purification of Atp8a2 from bovine ROS membranes by immu-
noaffinity chromatography. ROS membranes solubilized in CHAPS deter-
gent (precolumn) were applied to an Atp6C11-Sepharose column. The flow-
through (unbound) and bound Atp6C11 eluted first with the competing 6C11
peptide (peptide) and subsequently with SDS were resolved by SDS gel elec-
trophoresis. Gels were stained with Coomassie Blue, and Western blots were
labeled with the Atp6C11 antibody to Atp8a2. The following amount of pro-
tein was applied to the indicated lanes: precolumn (30 ng), unbound (30 .g),
peptide elution (100 ng), and SDS elution (100 ng).

TABLE 1

The abundance and ATPase activity of Atp8a2 were deter-
mined in ROS preparations. Atp8a2 comprised less than 0.1%
of the total ROS membrane protein, in general agreement with
earlier proteomic studies (27). Despite its low abundance, how-
ever, the ATPase activity of Atp8a2 accounted for more than
35% of total ATPase activity in bovine ROS preparations. This
was determined by comparing the ATPase activity of solubi-
lized ROS membranes before and after the complete removal of
Atp8a2 on the immunoaffinity column under basal conditions
for other ATPases (Table 1). Additional studies indicated that
phospholipids, such as PC, and reducing agents, such as DTT,
were required during purification in order to stabilize Atp8a2
and prevent disulfide bond formation.

Kinetics of ATP Hydrolysis by Atp8a2—Because the ATPase
activities of various members of the P,-ATPase family of pro-
teins have been shown to be stimulated by phospholipids, we
studied the effect of different phospholipids on the ATPase
activity of detergent-solubilized, immunoaffinity-purified
Atp8a2. Fig. 6A shows that the ATPase activity of Atp8a2 is
strongly stimulated by the addition of 10 mol % brain polar
lipids and 10 mol % synthetic DOPS, resulting in a specific
activity of 45-55 umol of ATP/min/mg of protein. Atp8a2 was
only weakly activated by the 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine and not activated by other lipids, including
DOPC, DOPI, 1,2-dioleoyl-sn-glycero-3-phosphate, choles-
terol, and sphingomyelin.

The effect of increasing PS and PE concentrations on the
ATPase activity of Atp8a2 was examined. Michaelis-Menten
kinetics was observed for both PS and PE. The K, for PS and PE
was 78 = 7 and 660 £ 90 um, respectively (Table 2). The V, ..
for PS was ~6.5 times higher than for PE. The resulting speci-
ficity constant (K_,,/K,,,) was 60-fold greater for PS compared
with PE (Table 2).

The effect of ATP concentration on the ATPase activity was
also studied at a saturating concentration of PS (Fig. 6D).
Michaelis-Menten kinetics revealed a K,,, for ATP of 704 = 7
pManda V. of 57 = 2 umol of ATP/min/mg of protein. For
comparison with other P,-ATPases purified from natural
sources, Atp8al from bovine chromaffin granules was reported
to have a maximal specific activity of 8 umol of ATP/min/mg
and a K, of 350 uM (18), whereas the protein isolated from
human erythrocytes had a specific activity of 790 nmol of ATP/
min/mg and a K, of between 200 and 260 uM (45). The kinetic
parameters of Atp8a2 are summarized (Table 2).

The effect of ATPase inhibitors on the activity of Atp8a2 was
also investigated (supplemental Fig. 2A). The sulfhydryl-modi-
fying reagent NEM at 1 mMm and vanadate at 0.1 mM inhibited
the ATPase activity of Atp8a2 by over 90%. In contrast, ouabain
and azide, inhibitors of Na/K-ATPase and mitochondrial

Purification of Atp8a2 from bovine rod outer segments by immunoaffinity chromatography

The activity of Atp8a2 was measured in the presence of 5 mm ATP and endogenous lipid concentrations following solubilization for the lysate and unbound fractions,
respectively. For the elution fraction, 10% exogenous DOPS was added to maximally stimulate the ATPase activity.

Fraction Volume Protein Total PS-stimulated activity Specific activity Yield Purification
ul mg nmol ATP/min nmol ATP/min/mg % -fold

Lysate 490 1.59 0.232 28.67 100 1.0

Unbound 490 1.59 0.152 18.74

Elution 65 43X 10°* 1.010 54,087 51 1,887
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shown). As in the case of detergent-
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solubilized enzyme, the ATPase
activity of reconstituted Atp8a2
increased, with PS concentration
reaching a maximal activity of ~35
pmol of ATP/min/mg of protein for
5 mol % DOPS, a value that is ~25%
less than Atp8a2 in CHAPS deter-
gent (supplemental Fig 34).

We reasoned that the lower
ATPase activity of reconstituted
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vorable orientation of a fraction of
Atp8a2 in lipid vesicles, such as to
exclude ATP. The orientation of
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Atp8a2 was determined by compar-
ing the effect of limited trypsin
digestion of Atp8a2 in hypotonically
lysed ROS with that in reconstituted
lipid vesicles. As shown in supple-
mental Fig. 4A4, the Atp6Cll
epitope was rapidly degraded by
trypsin in ROS discs, consistent
with the C terminus of Atp8a2 being
accessible on the cytoplasmic side of
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TABLE 2

The kinetic parameters of the ATPase activity of Atp8a2

The ATPase activity was measured in 5mm ATP under varying concentrations of PS
and PE to determine the K,/ V. for each lipid. Similarly, varying concentrations of

max

ATP were used in the presence of 10% PS to determine the K,/ V.. for ATP.
Substrate K, Vnax K, K./K,,
M wmol ATP/min/mg st s um!
PS 78 £7 454 0.8 100 £ 2 1.3x0.1
PE 660 * 90 6.9 * 0.4 152+09 0.023 £ 0.007
ATP 704 7 57 £2 125 £ 4 0.18 = 0.04

ATPases, respectively, had no effect. Atp8a2 was specific for
ATP because GTP was not hydrolyzed by Atp8a2 (supplemen-
tal Fig. 24).

Finally, we have studied the effect of pH on the activity of
Atp8a2. Maximum activity was observed between pH 7 and 9
when PS was used as a substrate. In contrast, PE showed a nar-
row pH optimum at pH 8 with activity dropping to 40% at pH 9
(supplemental Fig. 2B). This loss in activity above pH 8 may be
the result of deprotonation of the primary amino group of PE.

Kinetics of Reconstituted Atp8a2—To investigate the activity
of Atp8a2 incorporated into a lipid bilayer, Atp8a2 purified
from ROS was reconstituted into PC vesicles containing vari-
ous amounts of PS by a dialysis procedure. These vesicles were
unilamellar, as observed by cryoelectron microscopy (data not

32676 JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. Effect of different lipids and ATP on the ATPase activity of Atp8a2. A, the velocity of ATP hydrol-
ysis of detergent-solubilized and purified Atp8a2 in the presence of various lipids (10 mol %) and phosphati-
dylcholine (90 mol %) at 5 mm ATP. BPL, brain polar lipids; Pl, phosphatidylinositol; PA, phosphatidic acid; PG,
phosphatidylglycerol; Chol, cholesterol; SM, sphingomyelin. B, the effect of varying PS concentration on the
velocity of ATP hydrolysis in the presence of PCand 5 mm ATP. G, the effect of varying PE concentration on the
velocity of ATP hydrolysis of Atp8a2 in the presence of PC and 5 mm ATP. D, the effect of varying ATP concen-
tration on the velocity of ATP hydrolysis of Atp8a2 in the presence of 10% PS.

T T T
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disc membranes. In contrast, the
Atp2F6 epitope was largely resistant
to trypsin digestion. In the case of
Atp8a2 reconstituted into lipid ves-
icles, trypsin had a more limited
effect on the Atp6C11 epitope (sup-
plemental Fig. 4B). Quantification
of the Atp6Cll immunolabeling
following trypsin treatment sug-
gested that 30% of the reconstituted Atp8a2 was inaccessible to
trypsin and correspondingly ATP. Hence, the lower specific
activity observed for reconstituted Atp8a2 relative to the deter-
gent-solubilized protein can be accounted for by the observa-
tion that only ~70% of reconstituted Atp8a2 is accessible to
ATP in the lipid vesicles.

Phospholipid Flippase Activity of Atp8a2—NBD-labeled
phospholipids have been previously used to measure lipid flip-
pase activity in various biological systems by fluorescence
measurements (9, 41, 42). To determine the feasibility of using
this assay for measuring PS flippase activity of Atp8a2, we first
determined if NBD-labeled PS could stimulate the ATPase
activity of Atp8a2. As shown in supplemental Fig. 3B, both C6
NBD-PS and C12 NBD-PS activated the ATPase activity of
Atp8a2 although to a lesser extent than unlabeled PS at the
same lipid concentration. C12 NBD-PS was more effective than
C6 NBD-PS as a substrate for Atp8a2.

Next, the ability of Atp8a2 to flip NBD-labeled PS was stud-
ied in reconstituted liposomes by fluorescence spectroscopy.
Reconstituted vesicles containing NBD-labeled PS were incu-
bated with or without ATP. Dithionite was subsequently added
to bleach the fluorescence signal resulting from NBD-labeled
lipid on the exposed leaflet of the vesicles, whereas the NBD-
lipid on the inside is not affected (43). Fig. 7A shows an example
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Atp8a2 flippase activity (Fig. 7D).
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The finding that equimolar DOPS
inhibits NBD-PS flippase greater
than 75% is consistent with DOPS
being a better substrate than NBD-
PS, as found for the PS-activated
ATPase activity of Atp8a2 (supple-
mental Fig 3B).

The effect of various nucleotides
and ATPase inhibitors on the

+Triton

Atp8a2 flippase activity was also
studied. Little or no Atp8a2 flippase
activity was observed when AMP-
PNP, GDP, GTP, or ADP was used

Time (min)

_L in place of ATP (Fig. 7E). The addi-
tion of NEM and to a lesser extent
vanadate reduced the ATP-depend-
ent flippase activity of Atp8a2.

DISCUSSION

P,-ATPases constitute a rela-
tively new subfamily of P-type
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FIGURE 7. Transport or flippase activity of Atp8a2. Loss in NBD fluorescence upon the addition of 2 mm
dithionite (+Dithionite) to Atp8a2 proteoliposomes containing C12 NBD-PS pretreated with ATP (solid line) or
ATP + NEM (dotted line) (A) and empty liposomes containing C12 NBD-PS pretreated with ATP (solid line) or
ATP + NEM (dotted line) (B). The difference in the fluorescence between samples containing ATP and samples
containing ATP + NEM (or no ATP) reflects the transport activity. Triton X-100 (1%) was added at the end of the
trace to make all C12 NBD-PS accessible to bleaching by dithionite. C, transport activity of C6 NBD-PC, -PE, and
-PS. D, transport activity of C12 NBD-PS in the absence or the presence of an equimolar amount of DOPS (2.5%).
E, effect of pretreating Atp8a2 proteoliposomes with various nucleotides (AMP-PNP, GDP, GTP, ADP, and ATP)
and inhibitors (NEM and vanadate) on the transport of C12 NBD-PS. NBD-labeled PS is transported by Atp8a2
in an ATP-dependent manner from the inside of the vesicle (corresponding to the exocytoplasmic side) to the
outside of vesicles (corresponding to the cytoplasmic side of cell membranes). The transport of NBD-labeled PS

is inhibited by PS, the physiological substrate of Atp8a2.

of the fluorescence traces for Atp8a2-reconstituted vesicles
containing NBD-labeled PS. In the absence of ATP or in the
presence of ATP and the ATPase inhibitor NEM, dithionite
resulted a 65% decrease in fluorescence, corresponding to the
bleaching of NBD-labeled PS on the outer leaflet of the unila-
mellar liposomes. Atp8a2-containing vesicles pretreated with
ATP in the absence of inhibitor showed a larger reduction in
fluorescence upon the addition of dithionite. The difference
between the ATP-treated and -untreated is a measure of the
extent of flipping of NBD-labeled PS from the inner (lumen) to
the outer (cytoplasmic) leaflet of the vesicles. The subsequent
addition of Triton X-100 resulted in the complete loss of fluo-
rescence due to the accessibility of all NBD-labeled PS to
dithionite. Both C6 NBD PS and C12 NBD-PS were transported
by Atp8a2 in an ATP-dependent manner. In control studies,
lipid vesicles devoid of Atp8a2 showed no ATP-dependent dif-
ference in fluorescence (Fig. 7B). No detectable ATP-depend-
ent flipping of NBD-labeled PC or PE was observed (Fig. 7C).
The inability to observe NBD-labeled PE flipping may be due to
the lack in sensitivity of this assay or the inability of NBD-la-
beled PE to serve as a substrate for Atp8a2. Finally, the trans-
port of NBD-labeled PS was inhibited by unlabeled PS (DOPS),
supporting the physiological significance of the observed
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' ATPases. Fourteen members of this
subfamily have been identified in
¥ mammals and five in yeast based on
sequence similarities (7, 11, 28).
However, despite studies linking a
number of P,-ATPases to impor-
tant cellular processes and inherited
human diseases (4, 7), relatively lit-
tle is known about the biochemical
properties of most members of this
subfamily of P-type ATPases.

In this study, we have examined
the expression, subcellular localiza-
tion, and biochemical activities of Atp8a2, a member of the
P,-ATPase subfamily that shares a 67% identity in amino acid
sequence with Atp8al, the first cloned member of this subfam-
ily. Unlike most other members of the P,-ATPase subfamily,
which are widely expressed in different tissues (7), atp8a2
shows a restricted tissue distribution in adult mice with high
expression in the retina as well as the testis. Within the retina,
atp8a2 mRNA expression was primarily observed in photore-
ceptor cells, and the protein was localized to disc membranes of
rod and cone outer segments, as revealed by immunocyto-
chemical and subcellular fractionation techniques. The pres-
ence of Atp8a2 in disc membranes of photoreceptor outer seg-
ments is consistent with our recent proteomic screen in which
Atp8a2 was identified as a low abundant protein in outer seg-
ment disc membrane preparations (27).

To gain insight into the functional properties of Atp8a2, we
have developed a simple and efficient single-step immunoaffin-
ity purification procedure to isolate Atp8a2 from detergent-
solubilized ROS membranes. This preparation displayed a sin-
gle intense 130-kDa protein corresponding to Atp8a2 and was
essentially free of other proteins, as analyzed by Coomassie Blue
staining of SDS gels. Several other P,-ATPases have recently
been reported to form a heteromeric complex with members of
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the Cdc50/Lem3p family of membrane proteins (4, 7, 46, 47).
Cdc50 proteins contain two transmembrane segments that are
separated by a heavily N-glycosylated exocytoplasmic domain.
Recent studies suggest that these proteins play important roles
in the stability and trafficking of P,-ATPases out of the endo-
plasmic reticulum as well as in the proper functioning of these
transporters (4, 7, 47). Cdc50 proteins have been considered to
be the counterpart of the B-subunit of the Na/K-ATPase oligo-
meric complex. Cdc50a was detected in our recent proteomic
analysis of outer segments (27). It is possible that the Cdc50a
associates with Atp8a2 and is present in our immunoaffinity-
purified preparations but not readily detected by conventional
gel staining techniques. Alternatively, Atp8a2 may not require
an accessory subunit for expression and activity. The genera-
tion of suitable anti-Cdc50 antibodies should clarify whether
Atp8a2 exists as a heteromeric complex with Cdc50a or
another member of the Cdc50 family of proteins.

The catalytic and lipid transport properties of purified and
reconstituted Atp8a2 were examined. The addition of phos-
pholipid together with DTT was required during detergent sol-
ubilization and purification in order to stabilize the protein in
its functional state. PC was typically used because this phospho-
lipid does not function as a substrate for Atp8a2. Kinetic studies
showed that PS activated the ATPase activity of purified Atp8a2
in detergent and after reconstitution into liposomes. An
increase in ATPase activity was also observed for PE, but this
aminophospholipid was 60 times less effective than PS as a sub-
strate. In agreement with other P-type ATPases, both NEM and
vanadate inhibited the enzymatic activity of Atp8a2. Hence, the
substrate specificity and inhibition properties of Atp8a2 resem-
ble those of Atp8al, although the specific activity of Atp8a2
measured in this study is generally greater than that reported
for Atp8al (18).

Although aminophospholipid translocase activity has been
inferred for a number of P,-ATPases from both genetic and
PS/PE-dependent ATPase activation studies, the phospholipid
flippase activity of purified and reconstituted P,-ATPases has
not been reported previously. In this study, we have used NBD-
labeled PS to measure the flippase activity of purified Atp8a2
reconstituted into lipid vesicles. Our studies using a fluores-
cence-based assay (42) indicate that Atp8a2 is able to translo-
cate PS from the inner leaflet (equivalent to the exocytoplasmic
side of biological membranes) to the outer leaflet (cytoplasmic
side) of vesicles in an ATP-dependent manner. This process
requires energy derived from ATP hydrolysis because ADP,
AMP-PNP, and GTP were ineffective as nucleotide substrates.
Together, these studies provide direct evidence for the role of
Atp8a2 as an aminophospholipid translocase with a strong
preference for PS as the transported phospholipid substrate.

Previous studies have shown that ROS disc membranes dis-
play lipid asymmetry, with PS and PE preferentially localized on
the cytoplasmic leaflet (25, 26). Our studies showing that
Atp8a2 is present in disc membranes support the view that this
P,-ATPase functions in the generation and maintenance of
transbilayer asymmetry with respect to PS and possibly PE. The
specific role of PS/PE asymmetry in disc membranes is not
known. However, we speculate that the negatively charged sur-
face of disc membranes contributed by PS may play roles in
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generating and stabilizing the structure of disc membranes
either by inducing non-random lipid distributions within the
bilayer or facilitating interactions with cytoskeletal or soluble
proteins, thereby inducing the rim region of disc membranes
(48). PS asymmetry may also be important in modulating the
interaction of enzymes of the visual cascade with disc mem-
branes (49). Finally, it is possible that PS asymmetry may play a
role in vesicle transport/fusion and phagocytosis of outer seg-
ment discs by RPE cells as part of the outer segment renewal
process.

The importance of Atp8a2 in photoreceptor outer segments
is supported by analysis of ATPase activities of outer segments.
Although Atp8a2 makes up less than 0.1% of the total mem-
brane protein of outer segments, it is one of the most active
ATPases in outer segment preparations. Analysis of outer seg-
ment ATPase activity before and after removal of Atp8a2 sug-
gests that Atp8a2 is responsible for over 50% of the basal
ATPase activity of outer segments. The Na/K-ATPase that is a
major contributor to total ATPase activity in most cells is not
present in outer segment preparations (27, 50). ABCA4, an
ATP transporter implicated in the flipping of N-retinyli-
dene-PE across disc membranes (51-53), is present in outer
segments in greater abundance than Atp8a2 but displays a spe-
cific activity that is several orders of magnitude lower than
Atp8a2 (54). Hence, Atp8a2 most likely consumes a consider-
able amount of the ATP of outer segments to maintain amino-
phospholipid asymmetry. Atp8a2 is needed to maintain this
lipid asymmetry over the life of the outer segment, typically 10
days.

It will be important to generate a mouse deficient in Atp8a2
to further evaluate its role in photoreceptor structure and func-
tion. Likewise, it is of interest to determine if mutations in
atp8a?2 are responsible for human retinal degenerative diseases.
Although our data strongly suggest an important role for
Atp8a2 as an aminophospholipid translocase in photorecep-
tors, Atp8a2 may also play an important role in reproductive
and developmental biology because Atp8a2 is expressed at high
levels in the testes and during early sperm development.

In summary, our studies show that Atp8a2 is present in the
disc membranes of rod and cone photoreceptors. ATPase and
flippase measurements provide direct evidence for the function
of Atp8a2 as an aminophospholipid translocase with a high
specificity for PS. These studies support the role of this member
of the P,-ATPase subfamily in the generation and maintenance
of phospholipid asymmetry in photoreceptor disc membranes.

Acknowledgments—We thank Laurie Molday and Theresa Hii for
technical assistance and Dr. Frank Dyka and Dr. Seiffolah Azadi for
helpful discussions related to the cloning of atp8a2 and in situ
hybridization.

REFERENCES

1. van Meer, G., Voelker, D. R, and Feigenson, G. W. (2008) Nat. Rev. Mol.
Cell Biol. 9,112-124

2. Op den Kamp, J. A. (1979) Annu. Rev. Biochem. 48, 47-71

3. Alder-Baerens, N., Lisman, Q., Luong, L., Pomorski, T., and Holthuis, J. C.
(2006) Mol. Biol. Cell 17, 1632—-1642

4. Puts, C. F, and Holthuis, J. C. (2009) Biochim. Biophys. Acta 1791,

VOLUME 284 -NUMBER 47+NOVEMBER 20, 2009



10.
11.
12.

13.

14.

15.

16.
17.

18.
19.

20.

21.
22.

23.
24

25.
26.

27.

28.

NOVEMBER 20, 2009+VOLUME 284+NUMBER 47

Localization and Functional Reconstitution of Atp8a2

603-611

. Devaux, P. F., Herrmann, A., Ohlwein, N., and Kozlov, M. M. (2008) Bio-

chim. Biophys. Acta. 1778, 1591-1600

. Muthusamy, B. P., Natarajan, P., Zhou, X., and Graham, T. R. (2009)

Biochim. Biophys. Acta 1791, 612—619

. Folmer, D. E,, Elferink, R. P., and Paulusma, C. C. (2009) Biochim. Biophys.

Acta 1791, 628 - 635

. Darland-Ransom, M., Wang, X., Sun, C. L., Mapes, J., Gengyo-Ando, K.,

Mitani, S., and Xue, D. (2008) Science 320, 528 -531

. Natarajan, P., Wang, J., Hua, Z., and Graham, T. R. (2004) Proc. Natl. Acad.

Sci. U.S.A. 101, 10614-10619

Chen, C. Y., Ingram, M. F,, Rosal, P. H., and Graham, T. R. (1999) /. Cell
Biol. 147, 1223-1236

Hua, Z., Fatheddin, P., and Graham, T. R. (2002) Mol. Biol. Cell 13,
3162-3177

Wang, L., Beserra, C., and Garbers, D. L. (2004) Dev. Biol. 267, 203-215
Bull, L. N, van Eijk, M. ], Pawlikowska, L., DeYoung, J. A., Juijn, J. A, Liao,
M., Klomp, L. W., Lomri, N., Berger, R, Scharschmidt, B. F., Knisely, A. S.,
Houwen, R. H., and Freimer, N. B. (1998) Nat. Genet. 18, 219 -224
Stapelbroek, J. M., Peters, T. A., van Beurden, D. H., Curfs, J. H., Joosten,
A., Beynon, A.]., van Leeuwen, B. M, van der Velden, L. M., Bull, L., Oude
Elferink, R. P., van Zanten, B. A, Klomp, L. W., and Houwen, R. H. (2009)
Proc. Natl. Acad. Sci. U.S.A. 106, 9709 —-9714

Meguro, M., Kashiwagi, A., Mitsuya, K., Nakao, M., Kondo, I, Saitoh, S.,
and Oshimura, M. (2001) Nat. Genet. 28, 19 -20

Zachowski, A., Henry, J. P., and Devaux, P. F. (1989) Nature 340, 75-76
Auland, M. E., Roufogalis, B. D., Devaux, P. F., and Zachowski, A. (1994)
Proc. Natl. Acad. Sci. U.S.A. 91, 10938 —10942

Moriyama, Y., and Nelson, N. (1988) /. Biol. Chem. 263, 8521— 8527
Zimmerman, M. L., and Daleke, D. L. (1993) Biochemistry 32,
1225712263

Tang, X., Halleck, M. S., Schlegel, R. A., and Williamson, P. (1996) Science
272, 1495-1497

Soupene, E., and Kuypers, F. A. (2006) Br. J. Haematol. 133, 436 —438
Arshavsky, V. Y., Lamb, T. D., and Pugh, E. N,, Jr. (2002) Annu. Rev.
Physiol. 64, 153-187

Lev, S. (2001) Cell Mol. Neurobiol. 21, 575-589

Pacione, L. R,, Szego, M. ], Ikeda, S., Nishina, P. M., and Mclnnes, R. R.
(2003) Annu. Rev. Neurosci. 26, 657—700

Wu, G., and Hubbell, W. L. (1993) Biochemistry 32, 879 — 888

Miljanich, G. P., Nemes, P. P., White, D. L., and Dratz, E. A. (1981) /.
Membr. Biol. 60, 249 -255

Kwok, M. C., Holopainen, J. M., Molday, L. L., Foster, L. J., and Molday,
R. S. (2008) Mol. Cell Proteomics 7, 1053—1066

Halleck, M. S., Lawler, J. F., Jr., Blackshaw, S., Gao, L., Nagarajan, P.,

29.
30.

31.

32.
33.

34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

Hacker, C., Pyle, S, Newman, J. T., Nakanishi, Y., Ando, H., Weinstock, D.,
Williamson, P., and Schlegel, R. A. (1999) Physiol. Genomics 1, 139—150
Chomczynski, P., and Sacchi, N. (1987) Anal. Biochem. 162, 156 —159
Frohman, M. A., Dush, M. K, and Martin, G. R. (1988) Proc. Natl. Acad.
Sci. U.S.A. 85,8998 -9002

Grayson, C., Reid, S. N,, Ellis, J. A, Rutherford, A., Sowden, J. C., Yates,
J. R, Farber, D. B., and Trump, D. (2000) Hum. Mol. Genet. 9, 1873—-1879
MacKenzie, D., and Molday, R. S. (1982) /. Biol. Chem. 257, 7100-7105
Illing, M., Molday, L. L., and Molday, R. S. (1997) J. Biol. Chem. 272,
10303-10310

Chen, C., and Okayama, H. (1987) Mol. Cell. Biol. 7, 2745-2752
Bungert, S., Molday, L. L., and Molday, R. S. (2001) J. Biol. Chem. 276,
23539 -23546

Wang, Y., Macke, J. P., Merbs, S. L., Zack, D. J., Klaunberg, B., Bennett, J.,
Gearhart, J., and Nathans, J. (1992) Neuron 9, 429 — 440

Molday, R. S., and Molday, L. L. (1987) J. Cell Biol. 105, 2589 -2601
Papermaster, D. S., and Dreyer, W. J. (1974) Biochemistry 13, 2438 —2444
Molday, L. L., Cook, N. J., Kaupp, U. B., and Molday, R. S. (1990) /. Biol.
Chem. 265, 18690 —18695

Gonzéilez-Romo, P., Sdnchez-Nieto, S., and Gavilanes-Ruiz, M. (1992)
Anal. Biochem. 200, 235-238

Eckford, P. D., and Sharom, F. J. (2005) Biochem. J. 389, 517—526
Mclntyre, J. C., and Sleight, R. G. (1991) Biochemistry 30, 11819 -11827
Romsicki, Y., and Sharom, F. J. (2001) Biochemistry 40, 6937— 6947
Cook, N.J., Molday, L. L., Reid, D., Kaupp, U. B., and Molday, R. S. (1989)
J. Biol. Chem. 264, 6996 — 6999

Morrot, G., Zachowski, A., and Devaux, P. F. (1990) FEBS Lett. 266, 29 —32
Saito, K., Fujimura-Kamada, K., Furuta, N., Kato, U., Umeda, M., and
Tanaka, K. (2004) Mol. Biol. Cell 15, 3418 —3432

Lenoir, G., Williamson, P., Puts, C. F., and Holthuis, J. C. (2009) J. Biol.
Chem. 284, 17956 —17967

Manno, S., Takakuwa, Y., and Mohandas, N. (2002) Proc. Natl. Acad. Sci.
U.S.A. 99,1943-1948

Matsuda, T., Takao, T., Shimonishi, Y., Murata, M., Asano, T., Yoshizawa,
T., and Fukada, Y. (1994) J. Biol. Chem. 269, 30358 —30363

Wetzel, R. K., Arystarkhova, E., and Sweadner, K. J. (1999) J. Neurosci. 19,
9878 -9889

Beharry, S., Zhong, M., and Molday, R. S. (2004) J. Biol. Chem. 279,
53972-53979

Weng, J., Mata, N. L., Azarian, S. M., Tzekov, R. T., Birch, D. G., and
Travis, G. H. (1999) Cell 98, 13-23

Molday, R. S., Zhong, M., and Quazi, F. (2009) Biochim. Biophys. Acta
1791, 573-583

Sun, H., Molday, R. S, and Nathans, J. (1999) J. Biol. Chem. 274,
8269 —8281

JOURNAL OF BIOLOGICAL CHEMISTRY 32679



