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ABSTRACT: ABCA4 is a photoreceptor-specific ATP-bind-
ing cassette transporter implicated in the clearance of all-trans-
retinal produced in the retina during light perception. Multiple
mutations in this protein have been linked to Stargardt disease
and other visual disorders. Here we report the first systematic
study of posttranslational modifications in native ABCA4
purified from bovine rod outer segments. Seven N-glycosyla-
tion sites were detected in exocytoplasmic domains 1 and 2 by
mass spectrometry, confirming the topological model of
ABCA4 proposed previously. The modifying oligosaccharides
were relatively short and homogeneous, predominantly
representing a high-mannose type of N-glycosylation. Five phosphorylation sites were detected in cytoplasmic domain 1, with
four of them located in the linker “regulatory-like” region conserved among ABCA subfamily members. Contrary to published
results, phosphorylation of ABCA4 was found to be independent of light. Using human ABCA4 mutants heterologously
expressed in mammalian cells, we showed that the Stargardt disease-associated alanine mutation in the phosphorylation site at
position 901 led to protein misfolding and degradation. Furthermore, replacing the S1317 phosphorylation site reduced the basal
ATPase activity of ABCA4, whereas an alanine mutation in either the S1185 or T1313 phosphorylation site resulted in a
significant decrease in the all-trans-retinal-stimulated ATPase activity without affecting the basal activity, protein expression, or
localization. In agreement with this observation, partial dephosphorylation of native bovine ABCA4 led to reduction of both basal
and stimulated ATPase activity. Thus, we present the first evidence that phosphorylation of ABCA4 can regulate its function.

The purpose of a complex set of enzymatic reactions
constituting the retinoid cycle in vertebrates is continuous

regeneration of the visual chromophore, 11-cis-retinal, after it is
transformed to its all-trans isomer by the absorption of light.1

Rapid clearance of all-trans-retinal is critical for maintaining
healthy vision because accumulation of this chemically reactive
compound mediates retinal degeneration either directly2−5 or
through formation of a number of toxic byproducts.6−9

Understanding the fundamental biochemical processes involved
in all-trans-retinal detoxification is essential for the development
of effective therapeutics for various blinding diseases.
A key protein involved in all-trans-retinal clearance is ABCA4,

an ABC transporter expressed predominantly in vertebrate
photoreceptors. ABCA4 is localized to rod and cone photo-
receptor outer segments where this membrane protein resides
in rims and incisures of the disks (refs 10−12 and reviewed in
ref 13). The primary structure of ABCA4 consists of ∼2300
amino acids in a single polypeptide chain organized in two
symmetrical nonidentical parts.14 The most plausible topological
model of ABCA4, based on its glycosylation pattern, sequence
alignments, and computational prediction of its transmembrane
helices, suggests that each of these parts consists of six membrane-
spanning helices, an exocytoplasmic domain situated in the disk

lumen, and a cytoplasmic domain containing an ATP-binding
cassette.15 A combination of animal model, biochemical, and
human genetic studies indicates that the transported substrates
of ABCA4 are likely to be all-trans-retinal and retinylidene-
phosphatidylethanolamine (N-retinylidene-PE), a product of
reversible covalent binding of all-trans-retinal to phosphatidy-
lethanolamine and a precursor of the potentially toxic retinoid-
pyridinium-ethanolamine (A2E).4,8,11,16−21 ABCA4 is thought
to reduce the concentration of all-trans-retinal and N-
retinylidene-PE inside ROS disks by flipping these substances
to the outer surface of the membrane, thereby preventing their
accumulation (reviewed in refs 13 and 22−24). Once
transported to the outer surface of the disk, liberated all-
trans-retinal can re-enter the visual cycle with the help of several
enzymes from the retinol dehydrogenase family.25,26

More than 400 mutations in the Abca4 gene have been linked
to Stargardt disease, an autosomal recessive form of juvenile
macular degeneration with a prevalence of ∼1 in 10000
individuals.27−30 Stargardt disease is characterized by rapid
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irreversible loss of central vision with bilateral atrophy of photo-
receptors and retinal pigment epithelial cells of the central retina.
Degeneration of photoreceptors is thought to be associated with
lost function of the mutant ABCA4 protein as well as cellular
stress resulting from its misfolding and mislocalization.31,32 Some
studies also link defects in Abca4 with cone−rod dystrophy,33

retinitis pigmentosa,34 and increased susceptibility to the
development of age-related macular degeneration (AMD), the
leading cause of vision loss in elderly individuals.8,9,35 Notably,
the dry form of AMD and Stargardt disease display significant
phenotypic similarities.36 Unfortunately, understanding and
developing therapies for AMD are impeded by the multifactorial
nature of this disease that involves both complex genetic and
environmental components.37 In contrast, most cases of
Stargardt disease are associated with mutations in the single
Abca4 gene,30,38 which makes Stargardt disease a simplified
model of AMD in human patients. In this regard, an AMD
phenotype has been reproduced in mice by knocking out only
two genes, Abca4 and Rdh8.39

Despite the biological role of ABCA4 and its relevance to
serious visual disorders, knowledge of the biochemical,
structural, and functional properties of this membrane protein
remains very limited (reviewed in ref 13). Reasons for this
include its large size, low abundance, and rapid loss of its
stability and activity after removal from native ROS disk
membranes. The hydrophobicity of all-trans-retinal and the
instability of N-retinylidene-PE prevent direct measurements of
their transport, leaving stimulation of ABC cassette ATPase
activity in the presence of these potential substrates as the only
available functional assay.16,17,19 Furthermore, a multitude of
posttranslational modifications of ABCA4 remains to be
explored. In particular, eight glycosylation sites in human
ABCA4 demonstrated by mutagenesis studies15 have not been
confirmed in the native protein. Moreover, light-dependent
phosphorylation has been suggested for frog ABCA4,40 but its
role as well as the number and positions of phosphorylation sites
remains unknown. Finally, possible mechanisms of regulating
ABCA4 transport activity still remain to be investigated.
Here we present a systematic study of posttranslational

modifications of ABCA4 purified from a native source. Using
mass spectrometry, we detected seven glycosylation sites in
bovine ABCA4 and determined their oligosaccharide compo-
sitions. Localization of all glycosylation sites in exocytoplasmic
domains 1 and 2 confirmed the current topological model of
ABCA4. Furthermore, we detected five phosphorylation sites
in cytoplasmic domain 1 and investigated their properties using
heterologously expressed ABCA4 mutants as well as
dephosphorylation of the native protein. Contrary to previously
published results,40 we did not observe the light dependence of
ABCA4 phosphorylation in either animal studies or isolated
bovine retina. Our results suggest that phosphorylation
significantly increases the basal and all-trans-retinal-stimulated
ATPase activity of ABCA4. Thus, although phosphorylation is
not an essential requirement for the biological activity of
ABCA4, it likely represents a mechanism that modulates the
function of this complex protein.

■ EXPERIMENTAL PROCEDURES

Materials. Frozen bovine retinas were purchased from W.
L. Lawson Co. (Lincoln, NE), and fresh bovine eyes were
obtained from a local slaughterhouse. Cyanogen bromide-
activated agarose was provided by Santa Cruz Biotechnology

(Santa Cruz, CA). DE52 resin was from GE Healthcare. Porcine
brain polar lipids were purchased from Avanti Polar Lipids
(Alabaster, AL). PNGase F and CHAPS were from Sigma-
Aldrich. Human recombinant phosphatase 2A subunit C (L309
deletion) was from Cayman Chemical (Ann Arbor, MI). The
DIG glycan differentiation kit and Complete Protease Inhibitor
cocktail were from Roche Applied Science. Fluoresceine lectin
kits I and II were purchased from Vector Laboratories
(Burlingame, CA). Okadaic acid was obtained from Tocris
Bioscience (Ellisville, MO). Protein G agarose was from Pierce.
Pfu DNA polymerase was purchased from Fermentas
(Burlington, ON). DDM detergent was provided by Affymetrix
(Santa Clara, CA).
Animals. C57BL/6 mice were purchased from The Jackson

Laboratory. All mice were maintained on a normal chow diet
in a 12 h light−12 h dark cyclic environment. All experimental
procedures involving animals were approved by the Case
Western Reserve University Animal Care Committee and con-
formed to the recommendations of the American Veterinary
Medical Association Panel on Euthanasia and the Association
for Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research.
Purification and Reconstitution of ABCA4 from Bovine

ROS. Bovine ROS were isolated from frozen retinas under
dim red light transmitted through a Kodak No. 1 safelight filter
(transmittance of >560 nm) using the procedure of Paper-
master.41 ROS membranes were prepared by homogenization
of ROS in hypotonic buffer [5 mM Bis-tris propane (BTP)
(pH 7.5) and 1 mM DTT] followed by centrifugation at
20000g for 30 min. The pellet was solubilized with buffer
containing 20 mM BTP (pH 7.5), 10% glycerol, 30 mM NaCl,
1 mM DTT, 20 mM DDM, and 0.2 mg/mL porcine brain polar
lipids. Solubilized membranes were centrifuged at 40000g for
30 min to remove insoluble material. ABCA4 was purified at 4
°C under dim red light in two steps. For experiments involving
measurements of ATPase activity, all buffers included 0.2 mg/
mL porcine brain lipids. In the first step, solubilized membranes
were applied to a DE52 anion exchange column equilibrated
with 20 mM BTP (pH 7.5), 10% glycerol, 30 mM NaCl, 1 mM
DTT, and 1 mM DDM (buffer A). The column was washed
with the same buffer, and bound proteins were eluted with 20
mM BTP (pH 7.5), 10% glycerol, 150 mM NaCl, 1 mM DTT,
and 1 mM DDM (buffer B). This partially purified ABCA4
preparation was used for in-gel digests followed by mass
spectrometry experiments. In the second step, eluted proteins
were incubated with gentle rocking for 2 h with the Rim3F4
monoclonal antibody coupled to cyanogen bromide-activated
agarose. The resin was then packed into a column and washed
with buffer B. To elute ABCA4, the resin was incubated in the
same manner with buffer B containing 1 mg/mL
YDLPLHPRT peptide.
To reconstitute ABCA4 into lipid vesicles, detergent was

exchanged with 10 mM CHAPS during the immunoaffinity
chromatography wash and elution steps. Reconstitution in
porcine brain polar lipids was performed immediately after
purification as described previously.16 Detergent was removed
by overnight dialysis at 4 °C against buffer containing 20 mM
BTP (pH 7.5), 10% glycerol, 150 mM NaCl, and 1 mM DTT.
Purification of ABCA4 from Mouse ROS. Mouse ROS

and ROS membranes were isolated as previously described.42

Purification of ABCA4 was performed by immunoprecipitation
on ice under dim red light. ROS from 10 mouse retinas were
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solubilized with 1 mL of buffer containing 10 mM sodium
phosphate (pH 7.6), 50 mM NaCl, 50 mM NaF, 10 mM
EDTA, 30 mM DDM, 10% glycerol, 0.1 mM DTT, and 10 nM
okadaic acid. Insoluble material was removed by centrifugation
at 16000g for 5 min. Then 50 μg of the Rim3F4 antibody was
added followed by incubation for 1 h with gentle rocking. Fifty
microliters of settled protein G agarose was added, and the
sample was incubated for 1 h at room temperature. The resin
was washed with buffer containing 10 mM sodium phosphate
(pH 7.6), 50 mM NaCl, 50 mM NaF, 10 mM EDTA, 1 mM
DDM, 10% glycerol, and 0.1 mM DTT. ABCA4 was eluted by
incubation for 30 min at room temperature in the same buffer
supplemented with 5 mg/mL YDLPLHPRT peptide.
Deglycosylation and Dephosphorylation of ABCA4.

For mass spectrometry studies, bovine ABCA4 was deglycosy-
lated with commercially obtained PNGase F from Elizabeth-
kingia meningoseptica under denaturing conditions according to
the manufacturer’s protocol. To deglycosylate ABCA4 under
nondenaturing conditions, we incubated protein samples for 2
h at 4 °C with a 10-fold molar excess of PNGase F hetero-
logously expressed in Escherichia coli from our laboratory.
Cleavage of oligosaccharides was confirmed by a slight increase
in ABCA4 mobility in sodium dodecyl sulfate−polyacrylamide
gel electrophoresis (SDS−PAGE) gels29 (data not shown).
To dephosphorylate ABCA4, 120 μL of the purified protein

was incubated with 4 units of commercially available
phosphatase 2A subunit C (PP2A) in the presence of 34 mM
MgCl2, 2 mM DTT, and 2 mM EDTA for 1 h at room tem-
perature or overnight at 4 °C.
Phosphoprotein Staining and Quantification. Phos-

phoproteins separated by SDS−PAGE were stained with Pro-Q
Diamond gel stain according to the manufacturer’s protocol.
Gels were imaged with a Typhoon 9410 scanner (GE Health-
care) with excitation at 532 nm and a 580 ± 30 nm emission
filter. For total protein visualization, the same gels were then
stained with SYPRO Ruby protein gel stain according to
manufacturer’s instructions and imaged by the same instrument
with excitation at 488 nm and a 580 ± 30 nm emission filter.
Protein quantification was performed with ImageQuant TL (GE
Healthcare).
Generation of ABCA4 Mutant Constructs. Human

ABCA4 with a C-terminal 1D4 tag subcloned into a pCEP4
vector (Invitrogen) at its NotI and AsiSI sites was used as a
template for site-directed mutagenesis. T901A, S1185A,
T1313A, and S1317A mutations were introduced by overlap
extension polymerase chain reaction using Pfu DNA polymer-
ase and the following mutagenic primers (with introduced
mutations shown in bold): T901Af, gagcccctagccgaggaaacg;
T901Ar, cgtttcctcggctaggggctc; S1185Af, ctaagggtttcgccac-
cacgtgt; S1185Ar, acacgtggtggcgaaacccttag; T1313Af, gctgga-
caggccccccaggac; T1313Ar, gtcctggggggcctgtccagc; S1317Af,
gacaccccaggacgccaatgtctgc; S1317Ar, gcagacattggcgtcctgggg-
tgtc. T901A was constructed with ABCA4-fwd (aatattgcggccgc-
caccatgggcttcgtgagac) and ABCA4-FseI-rev (gccacagggct-
caaaaatct) primers and subcloned into the NotI and FseI sites
of the ABCA4 construct. S1185A, T1313A, and S1317A were
constructed with ABCA4 FseI-Fwd (agatttttgagccctgtggc) and
ABCA4-Sbf I-rev (ccctggtgctgcacctgc) primers and subcloned
into the FseI and Sbf I sites. The presence of these mutations
was confirmed by DNA sequencing.
Transfection of HEK-293T and COS-7 Cells. HEK-293T

and COS-7 cells were grown in Dulbecco’s modified Eagle’s

medium supplemented with 10% bovine growth serum, 100
units/mL penicillin, 100 μg/mL streptomycin, 2 mM L-
glutamine, and 1.25 μg/mL fungizone. Typically, each 10 cm
dish of cells at 30% confluency was transfected with 20 μg of
plasmid DNA by using the calcium phosphate method.
Purification and Reconstitution of Heterologously

Expressed ABCA4. ABCA4 was purified from HEK-293T or
COS-7 cells and reconstituted in lipid vesicles following
previously published procedures16 with certain modifications.
The cell suspension (from two 10 cm dishes) was added slowly
to 1.0 mL of buffer A [1 mg/mL porcine brain polar lipids,
10% glycerol, 1 mM DTT, 100 mM NaCl, 3 mM MgCl2, and
50 mM HEPES (pH 7.4)] containing 18 mM CHAPS and
protease inhibitor cocktail and stirred for 1 h at 4 °C. After a
10 min centrifugation at 100000g, the supernatant was mixed
with 70 μL of Rim1D4-Sepharose 2B beads for 1 h at 4 °C. The
beads were washed six times in buffer B (10 mM HEPES, 100
mM NaCl, 5 mM MgCl2, and 1 mM DTT) containing 10 mM
CHAPS and eluted with 0.2 mg/mL Rim1D4 peptide in the
same buffer. Purified protein (160 μL) was mixed with an equal
volume of 5 mg/mL porcine brain polar lipids (dissolved in 10
mM CHAPS), incubated on ice for 1 h, and dialyzed against
three changes of buffer B overnight.
Immunofluorescent Labeling of Cells. COS-7 cells

were grown on glass coverslips and transfected as described
above. After 24 h, cells were washed in 0.1 M phosphate buffer
(PB, pH 7.4) and fixed in 4% paraformaldehyde. Cells were
then blocked and permeabilized for 15 min in PB containing
10% (v/v) normal goat serum and 0.2% (v/v) Triton X-100.
Sections were stained with DAPI nuclear stain (Molecular
Probes). Double labeling experiments were conducted on cells
treated with Rho 1D4 antibody (UILO) followed by goat anti-
mouse Ig conjugated to Alexa 596 (Molecular Probes) and
calnexin labeled with a rabbit anti-calnexin polyclonal antibody
(Abcam, Cambridge, MA) followed by goat anti-rabbit Ig
conjugated to Alexa 488 (Molecular Probes). Stained sections
were washed three times for 30 min each in PB and visualized
with a Zeiss LSM700 confocal microscope (Carl Zeiss AG,
Jena, Germany) and processed with Zeiss Zen Image Browser.
Autophosphorylation Assay. Purified bovine ABCA4 was

dephosphorylated as described above. His-tagged PP2A was
removed by passing the sample through a spin column con-
taining NiNTA resin. The unbound fraction was supplemented
with 1 mM ATP and incubated for 1 h at room temperature.
Phosphoprotein staining was then performed as described
above.
Lectin Binding Assays. Purified bovine ABCA4 was

subjected to SDS−PAGE and transferred to a PVDF
membrane. The membrane was incubated with blocking
solution from a DIG glycan differentiation kit according to
the manufacturer’s instructions followed by incubation at room
temperature for 1.5 h in the dark with various fluorescein-
labeled lectins (1:100 dilution) in Tris-buffered saline with 1
mM MgCl2, 1 mM MnCl2, and 1 mM CaCl2. After three 10
min washes with the same buffer, the membrane was dried and
fluorescein fluorescence was measured with a Typhoon 9410
scanner (GE Healthcare) with excitation at 488 nm and a 526
nm emission filter. Alternatively, the membrane was stained by
using the DIG glycan differentiation kit according to the
manufacturer’s instructions.
ATPase Activity Assays. ABCA4 purified from bovine

retina and reconstituted in lipid vesicles was supplemented with

Biochemistry Article

dx.doi.org/10.1021/bi200774w |Biochemistry 2011, 50, 6855−68666857



MgCl2 to a final concentration of 1 mM. To measure all-trans-
retinal-stimulated activity, samples were preincubated with 100
μM all-trans -retinal for 5 min. The ATPase reaction was
initiated via addition of 10 μL of a 10× ATP stock (1 μCi of
[33P]ATP) to 90 μL of protein sample to reach a final ATP
concentration of 50 μM. Samples were incubated in the dark at
37 °C. After 2 h, samples were added to 1 mL of 10% activated
charcoal in 10 mM HCl, vortexed, and centrifuged. Radio-
activity in the resulting supernatant was counted in an LS 6500
multipurpose scintillation counter (Beckman Coulter).
To determine the ATPase activity of heterologously exp-

ressed ABCA4 mutants, hydrolysis of [α-32P]ATP (Perkin-
Elmer) in a 10 μL reaction volume was detected by thin layer
chromatography as previously described.16 Final concentrations
of both ATP and all-trans-retinal were 50 μM. Briefly, the
reaction was initiated via addition of 1 μL of a 10× ATP
solution (0.2 μCi) to 8 μL (20−40 ng) of the reconstituted
sample. After 30 min at 37 °C, 4 μL of 10% SDS was added and
the tube was briefly centrifuged. One microliter of the reaction
mixture was spotted onto a polyethyleneimine cellulose plate
(Sigma) and chromatographed in a 0.5 M LiCl/1 M formic acid
mixture. The plate was exposed to a storage phosphor screen
overnight and then scanned with a Phosphor Imager SI
(Molecular Dynamics).
Light Dependence of ABCA4 Phosphorylation. Twenty

female 6-week-old mice were dark-adapted for 16 h and divided
into two equal groups. The first group was left in the dark,
whereas the second group was anesthetized by intra- peritoneal
injection of 20 μL/g of body weight of 6 mg/mL ketamine and
0.44 mg/mL xylazine diluted with 10 mM sodium phosphate
(pH 7.2) and 100 mM NaCl. Mice were exposed to 100 W bulb
light for 10 min and then sacrificed. Retinas were immediately
removed from the eyeballs through an incision in the cornea and
immersed in buffer containing 10 mM sodium phosphate (pH
7.6), 50 mM NaCl, 50 mM NaF, 10 mM EDTA, 0.1 mM DTT,
and 10 nM okadaic acid. ABCA4 was then purified by
immunoprecipitation as described above.
To test the light dependence of ABCA4 phosphorylation in

bovine photoreceptors, isolated ROS were brought to room
temperature and supplemented with 1 mM ATP and 1 mM
MgCl2. ROS were then kept in the dark or illuminated with the
fiber light (Fiber-Light 180 Illuminator, 150 W, Dolan Jenner
Industries Inc.) through a 480−520 nm band-pass filter at a
distance of 10 cm for 1 min. Samples were kept in the dark at
room temperature for 30 min followed by ROS membrane
isolation as described above. ABCA4 was partially purified by
ion exchange chromatography (see above) and subjected to
phosphoprotein staining.
Mass Spectrometry. Coomassie-stained SDS−PAGE gel

pieces containing intact or PNGase F-treated bovine ABCA4
were destained with 50% acetonitrile in 100 mM ammonium
bicarbonate followed by 100% acetonitrile. Next, Cys residues
were reduced by incubating the sample with 20 mM DTT at
room temperature for 60 min followed by alkylation with 50
mM iodoacetamide for 30 min in the dark. Reaction reagents
were removed, and the gel pieces were washed with 100 mM
ammonium bicarbonate and dehydrated in acetonitrile. Gel
pieces were dried in a SpeedVac centrifuge, rehydrated in 50
mM ammonium bicarbonate containing sequencing grade
modified trypsin or chymotrypsin, and left for overnight
digestion. Proteolytic peptides were extracted from gels with
50% acetonitrile in 5% formic acid. Identification of ABCA4

phosphorylation was facilitated by removal of sugar chains from
the protein with PNGase F (see above), as well as by
phosphopeptide enrichment with a TiO2 MonoTip column
(GL Science Inc.) used according to the manufacturer’s
protocol. Liquid chromatography−tandem mass spectrometry
(LC−MS/MS) analysis of the resulting peptides was performed
with a LTQ Orbitrap XL linear ion trap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) coupled to an
Ultimate 3000 HPLC system (Dionex, Sunnyvale, CA). Spectra
were recorded by data dependent methods consisting of a full
scan and MS/MS of the five most abundant precursor ions at
the normalized collision energy of 30%. Obtained data were
submitted to a database search with Mascot Daemon (Matrix
Science, Boston, MA). The search was performed by setting the
variable modification to phosphorylation on Ser, Thr, and Tyr
residues. Phosphorylation sites were then verified by manual
examination of each tandem mass spectrum of phosphopep-
tides. Candidate N-glycosylation sites were initially identified
with sugar-free peptides based on conversion of Asn residues to
Asp by PNGase F. Corresponding glycosylated peptides were
then identified in the spectra of ABCA4 not treated with
PNGase F. The sugar composition of glycopeptides was
determined by manual interpretation of their MS/MS spectra.

■ RESULTS

Purification of ABCA4 from Bovine ROS Membranes.
ABCA4 is commonly purified in one step by immunoaffinity
chromatography with the immobilized Rim3F4 monoclonal
antibody.29 This method, however, requires a relatively high
antibody:ABCA4 ratio, making it more suitable for obtaining
analytical quantities of ABCA4. We modified this procedure to
obtain larger yields of native bovine protein required to
determine the glycosylation and phosphorylation sites and
glycan composition by mass spectrometry. The new ion
exchange chromatography step enriched ABCA4 ∼10-fold
(from ∼1 to ∼10%) starting from solubilized ROS membranes
(Figure 1). Furthermore, it efficiently separated high-molecular
weight contaminating proteins, leading to high peptide seq-
uence coverage after ABCA4 band excision and in-gel digestion
with trypsin or chymotrypsin. For applications demanding a
higher purity, the protein was further purified by immunoaf-
finity chromatography (Figure 1).
Glycosylation Sites of Native Bovine ABCA4. The

overall peptide sequence coverage for ABCA4 purified from
bovine retina in this study was 84%, with unidentified regions
located mostly in transmembrane domains (Table S1 and
Figures S1 and S2 of the Supporting Information). We
identified seven N-linked glycosylation sites on the basis of
characteristic 1 Da mass increases resulting from transformation
of asparagine residues to aspartates by PNGase F during
cleavage of β-aspartylglycosylamine linkages (Figure 2A,B).
Consistent with the current topological model of ABCA4,15 all
these sites were located in exocytoplasmic domains 1 (three
sites) and 2 (four sites) (Figure 2B). These experimentally
determined sites coincide with seven sites predicted in these
domains on the basis of the Asn-X-Ser/Thr sequence motif of
N-linked glycosylation. Notably, peptides carrying glycosylation
sites at positions 98, 415, 504, 1527, 1586, and 1660 were not
detected in a free form in glycosylated ABCA4 digests, which
indicates nearly 100% glycosylation. The glycosylated fraction
for the site at position 1455 was estimated to be 98% on the
basis of comparison of areas under ion signals corresponding to
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the glycosylated and unglycosylated forms (data not shown).
As expected, N-linked glycosylation sites were not detected in
the cytoplasmic regions of ABCA4.
Glycosylation Types and Glycan Composition. We

determined the composition of six of seven ABCA4

oligosaccharides based on patterns of their collision-induced
fragmentation observed in tandem mass (MS/MS) spectra of
the corresponding glycopeptides (Figure 3A and Figure S3 and
Table S2 of the Supporting Information). The sugar chains
attached to the protein were relatively short and homogeneous
in composition (Figure 3B). This agrees with the single sharp
ABCA4 band observed in SDS−PAGE gels (Figure 1) with
only a slight shift in mobility detected after protein
deglycosylation.15,29The mild heterogeneity observed in MS
experiments could be partially induced by in-source glycan
fragmentation.43 Deglycosylation of ABCA4 with PNGase F
did not affect the basal and all-trans-retinal-stimulated ATPase
activities of the protein (data not shown).
The types of N-linked glycosylation were determined by

testing the binding of a diverse panel of lectins to native bovine
ABCA4 (Figure 3C and Table S3 of the Supporting
Information). Binding was detected for several lectins specific
to α-linked mannose (ConA, LCA, and PSA), N-acetylglucos-
amine (succinylated WGA and WGA) and sialic (N-
acetylneuraminic) acid (MAL and WGA). In contrast, lectins
specific to α-linked fucose, galactose, and N-acetylgalactos-
amine did not bind ABCA4. In conjunction with the mass
spectrometry data, this suggests that oligosaccharides of native
bovine ABCA4 represent high-mannose (sites at positions 415,
1527, 1586, and 1660) and hybrid/complex (sites at positions
504 and 1455) types of N-glycosylation.
Identification of Phosphorylation Sites in Native

Bovine ABCA4. Five phosphorylated residues were detected
in bovine ABCA4 by mass spectrometry after phosphopeptide
enrichment with TiO2 chromatography (Figure 4A and Figures
S4−S8 of the Supporting Information). All were found in
cytoplasmic domain 1 (Cyto1), with one site (T901) located in
the N-terminal part before the nucleotide binding cassette and
the four remaining sites (S1185, T1313, and two of three Ser

Figure 1. Purification of ABCA4 from membranes of bovine rod outer
segments. The silver-stained SDS−PAGE gel illustrates the two
purification steps applied sequentially: ion exchange chromatography
on DE52 resin (left) followed by immunoaffinity chromatography on
agarose-coupled Rim3F4 monoclonal anti-ABCA4 antibody (right).
The position of ABCA4 is marked with an arrow. See Experimental
Procedures for details.

Figure 2. Identification of N-glycosylation sites in native bovine ABCA4 by mass spectrometry. (A) Representative MS/MS spectrum of a peptide
(NANSTFEELER, residues 413−423) obtained after trypsin digestion of ABCA4 deglycosylated with PNGase F. Treatment with PNGase F
converts glycosylated asparagines to aspartates as a result of the glycoaminidase activity of this enzyme. (B) Topological model of ABCA4 illustrating
N-glycosylation sites detected in this study. ECD1 and ECD2 are exocytoplasmic domains 1 and 2, respectively. Cyto1 and Cyto2 are cytoplasmic
domains 1 and 2, respectively. Positions of glycosylation sites of human ABCA415 are denoted with green stars. (C) Glycosylation of the
exocytoplasmic domains can contribute to localization of ABCA4 restricted to the rims of ROS disks.
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residues at positions 1317−1319) situated in a large region of
the C-terminal part with an unknown biological function
(Figure 4B). Sequence alignment showed conservation of the
phosphorylation sites at positions 901 and 1185 among
mammalian but not frog and fish ABCA4 transporters, whereas
the sites at positions 1313 and 1317−1319 were partially
conserved among all ABCA4 orthologs with known primary
structures (Figure 4C). The position 1313 site is also largely
conserved among human transporters belonging to the ABCA
subfamily (Figure 4D).
Employment of the TiO2 enrichment procedure to facilitate

detection of phosphorylated peptides (see Experimental
Procedures) precludes estimation of the extent of phosphor-
ylation. However, we did make such an estimate for the
AGQTPQGSSSHPGEPAAHPEGQPPPER peptide (residues
1310−1336) that can be reliably detected without enrichment.
This peptide carries three phosphorylation sites, and the ratios
of the unmodified peptide to peptides carrying one, two, and
three phosphate groups were found to be 1:0.29, 1:0.11, and
1:0.03, respectively (Figure S9 of the Supporting Information).
These values represent only rough estimates because of known
differences in the ionization efficiency of phosphorylated and
unphosphorylated peptides.44 Nevertheless, it is reasonable to
conclude that the phosphorylation sites of native ABCA4 are
only partially populated.

Mutations in Phosphorylation Sites Alter the Activity
and Stability of Heterologously Expressed Human
ABCA4. To reveal possible biological roles of ABCA4
phosphorylation, we created ABCA4 constructs with alanine
mutations in the most conserved phosphorylation sites, namely,
T901A, S1185A, T1313A, and S1317A. These proteins were
heterologously expressed in mammalian cells, and their
expression levels, cellular localizations, and basal and all-trans-
retinal-stimulated ATPase activities were determined. The
S1185A, T1313A, and, to a lesser extent, S1317A mutants
localized to intracellular vesicles like wild-type ABCA445 and
demonstrated comparable expression levels (Figure 5A,B). In
contrast, replacement of Thr901 with an alanine resulted in a
poor expression level along with retention of the protein in the
endoplasmic reticulum, indicative of misfolding (Figure 5A,B).
Basal ATPase activities of the S1185A and T1313A mutants

were identical to that of wild-type ABCA4 (Table 1). However,
elimination of phosphorylation sites at these positions reduced
the known stimulating effect of all-trans-retinal on ATP
hydrolysis. In the presence of 50 μM all-trans-retinal, the
ATPase activity of S1185A and T1313A mutants was increased
by only 60 and 100%, respectively, relative to the roughly 150%
stimulation observed for the wild-type protein. Furthermore,
introducing an alanine residue at position 1317 affected both
the basal and stimulated ATPase activity. As a result of this

Figure 3. Determination of glycan compositions and N-glycosylation types of native bovine ABCA4. (A) An MS/MS spectrum of glycosylated
peptide DIFNITDR (residues 501−508) reflects collision-induced dissociation of the attached polysaccharide. (B) List of glycans detected by mass
spectrometry for each N-glycosylation site except N98. Abbreviations: Hex, hexose; HexNAc, N-acetylhexosamine; NeuAc, N-acetylneuraminic acid.
(C) Staining of a PVDF membrane containing ABCA4 with lectins of various specificities. Abbreviations: ConA, concanavalin A; LCA, Lens culinaris
agglutinin; PSA, Pisum sativum agglutinin; UEA-I, Ulex europaeus agglutinin I; WGA, wheat germ agglutinin; Suc. WGA, succinylated WGA; MAL,
Maackia amurensis lectin II; RCA120, Ricinus communis agglutinin I; DBA, Dolichos biflorus agglutinin; GSL-I, Griffonia (Bandeiraea) simplicifolia
lectin I; SBA, soybean agglutinin; PNA, peanut agglutinin; PHA-E, Phaseolus vulgaris agglutinin E; PHA-L, P. vulgaris agglutinin L. See the
Supporting Information for lectin specificities.
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mutation, the basal activity was reduced approximately 5-fold.
The ATPase activity of this mutant was stimulated ∼60% by
addition of all-trans-retinal but still was almost 7 times lower
than wild-type ABCA4 activity.
ABCA4 Does Not Possess Autophosphorylation

Activity. We investigated whether ABCA4 undergoes auto-
phosphorylation. To do this, we first established that ABCA4 is
a good substrate for the catalytic subunit of protein
phosphatase 2 (PP2A). Treatment with PP2A indeed reduced
the phosphorylation level of ABCA4 in a time-dependent
manner (Figure S10 of the Supporting Information). To study
autophosphorylation, we incubated purified ABCA4 with PP2A
in the presence of detergent. The His-tagged phosphatase then
was removed by passage through a Ni-NTA spin column. A
subsequent incubation with ATP and magnesium did not alter
the phosphorylation level of ABCA4 (Figure 6A). We conclude
that ABCA4 does not have autophosphorylation activity under
the described experimental conditions.
ABCA4 Phosphorylation Is Independent of Light

Exposure. An increase in the phosphorylation level of
ABCA4 upon light exposure was reported earlier in freshly
isolated bullfrog retinas.40 Therefore, we hypothesized that
phosphorylation of ABCA4 in other species could also be light-
dependent. To test this hypothesis, we first compared phos-
phorylation levels of ABCA4 from dark-adapted and light-
exposed mice (see Experimental Procedures). ABCA4 from
retinas of both dark-adapted mice in a darkroom and light-
exposed mice under ambient light was purified by immuno-
precipitation, and SDS−PAGE gels containing these proteins
were exposed to a quantitative phosphoprotein-specific stain

(Pro-Q Diamond). The total amount of protein in the bands
was then quantified by staining with SYPRO Ruby (Figure 6B).
This analysis did not reveal any effect of light on ABCA4
phosphorylation. In another approach, we prepared ROS from
dark-adapted bovine retinas and exposed them to light in the
presence of ATP following the general procedure of Szuts.40

ABCA4 then was purified from ROS membranes, and its level
of phosphorylation was compared to that of the unilluminated
protein isolated from ROS (Figure 6C). In agreement with
results obtained in mice, we did not observe light-dependent
changes in ABCA4 phosphorylation. Both ABCA4 samples
demonstrated significant phosphorylation levels relative to that
of the same protein treated with PP2A (Figure 6C).
ATPase Activity of Native ABCA4 Is Modulated by

Phosphorylation. To determine whether the ATPase activity
of native bovine ABCA4 depends on phosphorylation, we
incubated purified ABCA4 with PP2A for 1 h at room
temperature prior to lipid reconstitution and activity measure-
ments. A control sample lacking PP2A was handled in the same
way. We chose to limit the dephosphorylation step to 1 h
because of previous evidence that ABCA4 quickly loses ATPase
activity if not reconstituted in lipid vesicles immediately after
purification.16 Treatment with PP2A reduced the phosphor-
ylation level to ∼35% of the initial value (Figure 6D). This
partial dephosphorylation resulted in statistically significant
reductions in the basal as well as all-trans-retinal-stimulated
activity of the treated sample as compared to the control
(Figure 6D). These results agree well with the reduced levels of
basal or all-trans-retinal-stimulated activity shown for S1317A
or S1185A and T1313A mutants, respectively, of ABCA4
expressed in mammalian cells (Table 1).

Figure 4. Phosphorylation sites of native bovine ABCA4. (A) MS/MS spectrum of a phosphorylated peptide (TEPITEEMEDPEYPEGINDCFFER,
residues 897−920). T901 (red) is phosphorylated. (B) Topological model of ABCA4 illustrating detected phosphorylation sites (marked with P).
Positions of ATP-binding cassettes within the cytoplasmic domains are colored green. (C) Sequence alignments showing conservation of detected
phosphorylation sites among ABCA4 transporters from different species. Definitions: puffer fish, Takifugu rubripes; frog_west, western clawed frog
[Xenopus (Silurana) tropicalis]; frog_afr, African clawed frog (Xenopus laevis). (D) Sequence alignment showing conservation of the S1185
phosphorylation site among human ABC transporters of the ABCA subfamily.
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■ DISCUSSION

In this study, we characterize posttranslational modifications of
the photoreceptor-specific ABC transporter, ABCA4. We
detected seven N-linked glycosylation sites in the exocytoplas-
mic domains of native bovine ABCA4 and determined the com-
position of the modifying sugars. In addition, five phosphor-
ylation sites were found on the first of two cytoplasmic
domains. Our results also suggest that ABCA4 phosphorylation
is light-independent and could regulate the transport activity of
this protein.

N-Linked Glycosylation Sites and ABCA4 Membrane
Topology. In the absence of direct structural information,
several conflicting topological models of ABCA4 were initially
proposed on the basis of indirect evidence.21,28,29 In a
subsequent study, Bungert et al. demonstrated by systematically
mutating predicted N-linked glycosylation sites in hetero-
logously expressed human ABCA4 that glycosylation occurs in
two large regions flanked by transmembrane α-helices.15 This
resulted in the currently accepted topological model of ABCA4
with the two glycosylated domains (ECD-1 and ECD-2)
situated outside of the cytoplasm in the ROS disk lumen (rods)
or extracellular space (cones) (Figure 2B). In this study, we
determined the N-glycosylation sites of native ABCA4 purified
from bovine retina. There are 16 consensus NX(S/T) N-
glycosylation sequences, where X is any amino acid except
proline, in the primary structure, of which only seven undergo
glycosylation. Six of these sites coincide with those discovered
in human ABCA4; in the bovine protein, one site (S1455) is
shifted and one site is missing (Figure 2B). Importantly, all
modified residues are located in the exocytoplasmic domains.
Thus, our results with native ABCA4 confirm the topological
model of Bungert and colleagues.15

Composition of Oligosaccharides. Previously, it was
shown that ABCA4 can be labeled with concanavalin A, a lectin
specific to α-linked mannose, and that deglycosylation of the

Figure 5. Effect of mutations in phosphorylation sites of human
ABCA4 transiently expressed in COS-7 cells on expression levels and
cellular localization of this protein. (A) Purification of 1D4-tagged
wild-type and mutant ABCA4 from cell membranes illustrated by
Coomassie-stained SDS−-PAGE (top) and Western blotting (bot-
tom). Abbreviations: I, input; E, elution from the 1D4 immunoaffinity
column. The T901A mutant is poorly expressed, and the level of
expression of the S1317A mutant is reduced compared to those of
wild-type ABCA4 and the other ABCA4 mutants. (B) Cellular
localization of wild-type and mutated ABCA4 assessed by confocal
microscopy. WT and mutants S1185A, T1313A, and, to a lesser extent,
S1317A localize to intracellular vesicles. Mutant T901A is retained in
the ER. Calnexin was used as an ER marker.

Table 1. Basal and All-trans-Retinal-Stimulated Activity of
Human ABCA4 Variants with Mutated Phosphorylation Sites

sample
basal activity

(nmol mg−1 min−1)
retinal-stimulated activity
(nmol mg−1 min−1)

wild-type 37.5 ± 1.1 91.7 ± 1.5
S1185A 39.0 ± 1.4 61.6 ± 2.2
T1313A 37.5 ± 1.6 74.5 ± 2.4
S1317A 8.5 ± 0.9 13.5 ± 1.1

Figure 6. Properties of ABCA4 phosphorylation. (A) Autophosphor-
ylation of ABCA4 from bovine retina. Conditions: initial, ABCA4
before treatment with protein phosphatase 2 (PP2A); PP2A, ABCA4
after dephosphorylation with PP2A; +ATP/Mg, dephosphorylated
protein incubated in the presence of ATP and magnesium. (B)
Phosphorylation levels of ABCA4 purified from retina of dark- and
light-adapted mice. (C) Phosphorylation levels of ABCA4 purified
from bovine retina before and after photobleaching. (D) Influence of
phosphorylation level on basal and all-trans-retinal-stimulated ATPase
activity of native bovine ABCA4. Conditions: control, ABCA4 not
treated with PP2A; PP2A, dephosphorylated ABCA4. Band intensity
ratios shown below each gel were obtained by densitometry. Bars
reflect relative levels of ATPase activity. Data shown represent means
± the standard deviation of six measurements. Statistically significant
differences (p < 0.05) are denoted with asterisks.
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protein induced only a small mobility shift on SDS−PAGE.29
However, the types and composition of modifying oligosac-
charides were unknown. This study directly demonstrates that
the sugar groups attached to native bovine ABCA4 are small in
size and have a homogeneous composition. Four of six
oligosaccharides with determined compositions represent the
high-mannose type of N-glycosylation, whereas the remaining
two also contain N-acetylglucosamine and sialic acid groups
(Figure 3A−C). This detailed characterization will be
important for further structural studies of ABCA4.
Possible Roles of Glycosylation. Glycosylation is

commonly observed in eukaryotic ABC transporters.46−48 It
has been proposed that glycosylation can be needed for proper
folding, stability, trafficking, and correct insertion of these pro-
teins in the membrane,46,47 but in studies of P-glycoprotein,
inhibition of N-glycosylation or removal of N-glycosylation
sites by mutagenesis did not affect the level of drug resistance
in transfected cells, suggesting that N-glycosylation is not
important for substrate transport.46,49 In agreement with the
latter observation, we did not find differences in either basal or
all-trans-retinal-stimulated ATPase activity between intact and
deglycosylated native ABCA4. Interestingly, a Stargardt disease-
associated missense mutation in ABCA4, S100P,31,50 removes a
glycosylation site in the ECD-1 domain (Figure 2B). In this case,
mislocalization or incorrect insertion of ABCA4 into the
membrane can relate to the observed photoreceptor degeneration.
A unique feature of ABCA4 among other ABC transporters is

that this protein in rod cells resides almost exclusively in rims
and incisures of the outer segment disks29,51 (Figure 2C). It has
been suggested that such a confined localization can be dictated
by the large size of exocytoplasmic domains of ABCA4 relative
to known values of the distance between the membranes of a
ROS disk in different species.13,52 In particular, the diameter of
the larger ECD-1 was roughly estimated to be 5−6 nm,13 which
is comparable to or greater than the measured values of the
distance between membranes of the same disk.52 Several sugar
groups decorating the exocytoplasmic domains of bovine
ABCA4 contain more than 10 monosaccharides and would
make this domain even larger (Figure 3B). Although the exact
structures of these sugar groups are not yet known, we
speculate that their size and hydrophilic character can
contribute to the restricted localization of ABCA4.
ABCA4 Phosphorylation Sites. All five phosphorylation

sites detected in this study are located in cytoplasmic domain 1
of bovine ABCA4 (Figure 4B). The T901 site precedes the
ABC cassette, whereas the four other sites are segregated in the
so-called linker region, a stretch of amino acids separating the
two symmetrical parts of this transporter. Interestingly, phos-
phorylation in this region was found in many other mammalian
ABC transporters, including ABCA1,53,54 P-glycoprotein,55−57

and cystic fibrosis transmembrane conductance regulator
(ABCC7).56 In the most closely related ABCA1 with a
sequence that is ∼50% identical, phosphorylation of a PEST
sequence58 located in this linker region initiates protein
degradation by calpain protease,54 which explains the rapid
turnover of ABCA1. Using the PESTfind server,59 we found
that this PEST sequence is absent in ABCA4.
Reportedly, Ala and Arg mutations in the T901 phosphor-

ylation site are associated with Stargardt disease,50,60 cone−rod
dystrophy,61,62 and AMD.63 Retention of the T901A mutant in
the endoplasmic reticulum (Figure 5B) as well as its drastically
reduced level of expression (Figure 5A) demonstrated in this

study suggest that replacement of the threonine at this position
leads to misfolding and protein degradation, but it is not yet
clear if this is caused by a lack of phosphorylation or replace-
ment of the Thr side chain.
ABCA4 Phosphorylation Is Independent of Light.

Because ABCA4 is involved in recycling of the byproduct of the
visual cycle, we wanted to know whether its phosphorylation is
regulated by light. In this regard, an early study showed that
light exposure of bullfrog retinas as well as isolated fragmented
rods significantly increased the total phosphorylation level of
ABCA4, then known as the 220 kDa rim protein.40 To verify
this finding, we compared total phosphorylation levels of
ABCA4 purified by immunoprecipitation from retinas of dark-
adapted and light-exposed mice. Although we cannot exclude
the possibility of small changes in phosphorylation levels of
individual sites in response to light exposure, the overall levels
were found to be virtually identical (Figure 6B), an observation
further confirmed by using ABCA4 purified from rods of bovine
retinas that were either kept in the dark or exposed to light
(Figure 6C). This contradiction with the previously published
results could originate from differences in experimental
techniques employed to detect phosphorylation or from the
fact that the study of Szuts identified ABCA4 solely on the basis
of the position of the band in an SDS−PAGE lane containing
total ROS membrane proteins.40 Alternatively, regulation of
ABCA4 phosphorylation by light can be restricted to selected
species. In this regard, sequence alignments demonstrated that
phosphorylation sites at positions 901 and 1185 are invariant in
mammals but absent in puffer fish and two species of frogs
(Figure 4C). Thus, we expect that the phosphorylation profile
of ABCA4 differs in amphibia.
Phosphorylation and ATPase Activity of ABCA4. A

large number of studies have implicated phosphorylation of
human ABC transporters in the regulation of their activity
(reviewed in ref 64). However, the only evidence available for
the ABCA subfamily members is the regulation of ABCA1
activity by protein kinases A and CK2.65,66 We investigated the
effect of alanine substitutions in phosphorylation sites of human
ABCA4 expressed in COS-7 cells. The S1185A, T1313A, and
S1317A mutants localized to intracellular vesicles (Figure 5B),
suggestive of nativelike folding, although the lower expression
level of T1317A could indicate possible destabilization. The
markedly lower basal ATPase activity of this mutant (Table 1)
can also suggest that phosphorylation at this position is
involved in regulation of futile cycles of ATP hydrolysis in the
absence of bound transported substrate. In contrast, the
S1185A and T1313A mutants demonstrated native levels of
basal ATPase activity, but their all-trans-retinal-stimulated
ATPase activities were reduced 1.5- and 1.2-fold, respectively
(Table 1). This implies that phosphorylation at these positions
could regulate the transport activity of ABCA4. We cannot
exclude the possibility that the reduced activity in response to
the mutations in the linker region could result from structural
alterations. Thus, it is not yet clear if the observed effects reflect
a regulatory role of phosphorylation or a general sensitivity of
this region to amino acid substitutions, although reduction of
the basal and all-trans-retinal-stimulated activity of partially
dephosphorylated native bovine ABCA4 (Figure 6D) favors a
regulatory role. On the basis of relatively mild effects of muta-
tions and dephosphorylation on the rates of ATP hydrolysis, we
suggest that phosphorylation could have a regulatory function,
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but it is unlikely that this is critical for the biological activity of
ABCA4.
To summarize, we conducted a comprehensive study of

posttranslational modifications of the photoreceptor-specific
ABC transporter ABCA4 from bovine retina. We confirmed
the suggested topological model of ABCA4 by identifying seven
N-glycosylation sites in exocytoplasmic domains 1 and 2.
Furthermore, this study provides the first evidence that the
transport activity of this complex protein can be regulated by
phosphorylation of several residues located in cytoplasmic
domain 1. Together with the results obtained for ABCA1,65,66

this indicates that phosphorylation can be universally involved
in modulating the activity of ABCA subfamily members.
Contrary to previously published results,40 we suggest that
ABCA4 phosphorylation is light-independent. These findings
contribute to our understanding of the structure and function
of ABCA4, providing valuable information for future studies.
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