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Abstract ATP-binding cassette protein G1 (ABCG1) is im-
portant for the formation of HDL. However, the biochemi-
cal properties of ABCG1 have not been reported, and the
mechanism of how ABCGI is involved in HDL formation
remains unclear. We established a procedure to express and
purify human ABCG1 using the suspension-adapted human
cell FreeStyle293-F. ABCG1, fused at the C terminus with
green fluorescent protein and Flag-peptide, was solubilized
with n-dodecyl-B-D-maltoside and purified via a single round
of Flag-M2 antibody affinity chromatography. The purified
ABCG1 was reconstituted in liposome of various lipid com-
positions, and the ATPase activity was analyzed. ABCG1
reconstituted in egg lecithin showed ATPase activity
(150 nmol/min/mg), which was inhibited by beryllium fluo-
ride. The ATPase activity of ABCG1, reconstituted in phos-
phatidylserine liposome, was stimulated by cholesterol and
choline phospholipids (especially sphingomyelin), and the
affinity for cholesterol was increased by the addition of
sphingomyelin Bl These results suggest that ABCG1 is an
active lipid transporter and possesses different binding sites
for cholesterol and sphingomyelin, which may be synergisti-
cally coupled.—Hirayama, H., Y. Kimura, N. Kioka, M. Matsuo,
and K. Ueda. ATPase activity of human ABCG1 is stimu-
lated by cholesterol and sphingomyelin. J. Lipid Res. 2013.
54: 496-502.
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Cholesterol is an important component of cellular
membranes and a source of various steroid hormones.
However, excess cholesterol is toxic for cells and be-
comes a risk factor for atherosclerosis. Therefore, cho-
lesterol level is strictly regulated by synthesis, intake,
storage as an esterified form, and efflux. The generation
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of HDL is the only pathway to remove excess cholesterol
from peripheral tissues and thus protect from athero-
sclerosis (1, 2).

Two ATP binding cassette (ABC) transporters are in-
volved in HDL generation. ABCA1 transports free choles-
terol and phosphatidylcholine to lipid-free apolipoprotein
A-1 and generates lipid-poor preHDL. ABCGI is predicted
to further transfer free cholesterol to lipid-poor HDL
(3, 4). Indeed, mice lacking ABCGI1 accumulate lipids in
macrophages and hepatocytes when fed a high-fat and a
high-cholesterol diet (5). Moreover, the knockout of both
ABCAI1 and ABCGI] in mice results in dramatic foam cell
formation and the acceleration of atherosclerosis (6).
These data suggest that ABCGI1 plays a critical role in
cellular cholesterol homeostasis.

We have reported that ABCGI1 mediates the efflux of
cholesterol and choline phospholipids, especially sphin-
gomyelin (SM) (7), and that cholesterol efflux by ABCG1
is dependent on the cellular SM level (8). However, it is
unclear whether ABCGI1 selectively transports choles-
terol and SM. Furthermore, the biochemical analysis of
ABCG1 with the purified protein have not been reported,
although Cserepes et al. (9) reported some biochemical
properties by using crude membranes from insect cells.
To address these issues, we established a procedure to
purify ABCGI and then analyzed its ATPase activity. Our
results suggest that ABCG1 is an active lipid transporter
and possesses synergistically coupled binding sites for
cholesterol and SM.

Abbreviations: BeFx; beryllium fluoride; DDM, n-dodecyl-B-
D-maltoside; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; FSEC,
fluorescence size exclusion chromatography; GFP, green fluorescent
protein; MBCD, methyl-B-cyclodextrin; MDR1, multidrug resistance 1;
OG, n-octyl-B-D-glucoside; PC, phosphatidylcholine; PE, phosphatidyleth-
anolamine; PS, phosphatidylserine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine.
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MATERIALS AND METHODS

Materials

L-a-lecithin from egg yolk, cholesterol, Na,ATP, phosphatidyl-
serine (PS), FLAG M2-agarose and FLAG peptide (Sigma-Aldrich);
FreeStyle 293-F cells, FreeStyle 293 expression medium, and OP-
TI-MEMI1 (Invitrogen); phosphatidylcholine (PC) and SM (Avanti
Polar Lipids); phosphatidylethanolamine (PE) (Wako Pure
Chemical Industries Ltd); anti-ABCG1 rabbit polyclonal antibody
(H65) (Santa Cruz Biotechnology); and protease inhibitor
(Roche Applied Science) were obtained.

Cell culture

Suspension-adapted HEK293 cells (FreeStyle293-F) were culti-
vated in 293 expression medium containing 25 pg/ml of gen-
tamicin to avoid contamination of microorganisms. Cells were
maintained in 100 ml Erlenmeyer flasks and shaken at 130 rpm
in an atmosphere of 8% COy; they were passaged every 2 days.
The cell density was maintained at between 5 x 10° and 2 x 10°
cells/ml. Large-scale culture was performed in a 3-1 spinner
flask with the cell culture controller Cellmaster Model 1700
(Wakenyaku). The temperature, dissolved oxygen, and agitation
speed were maintained at 37°C, 3.0 ppm, and 100 rpm, respec-
tively. One day before transfection, cells were seeded at a cell
density of 0.5 x 10° cells/ml, resulting in a cell density of 1.0 x 10°
cells/ml and log-phase growth on the day of transfection.

Transfection vector and reagent

The human ABCGI1 cDNA (7) was fused at the C terminus with
tandemly repeated (eight times) glycine-threonine-serine sequence,
green fluorescent protein (GFP), FLAG tag, and 10 histidine resi-
dues in pcDNA3.1. A stock solution (1 mg/ml) of polyethyle-
neimine “MAX” (Polysciences) was prepared in HyO, sterilized
by filtration (0.2 pm), and stored at 4°C. For the transfection in
the large-scale culture, polyethyleneimine (7.5 mg) and DNA
(3 mg) were separately dissolved in 150 ml of OPTI-MEMI1 and
then mixed and incubated for 15 min before being added to the
cell culture. The cells were harvested 48 h after transfection.

Cellular lipid release assay

Cells were subcultured in 100 ml Erlenmeyer flasks at a cell
density of 0.5 x 10° cells/ml and shaken at 130 rpm. After incuba-
tion for 24 h, the cells were transfected as described above. After
another 24 h, the cells were incubated with 293 expression me-
dium containing 0.02% BSA and 20 wg/ml HDL. The lipid con-
tent in the medium was determined after 24 h of incubation by
fluorescence enzyme assay (10). HDL cholesterol in the media of
no cell control was subtracted.

Crude membrane preparation

Cells were resuspended in buffer A containing 50 mM Tris-HCI
(pH 7.5), 10% (v/v) glycerol, 150 mM NaCl, 1 mM EDTA, 1 mM
2-mercaptoethanol, and protease inhibitors (complete EDTA-free;
Roche Applied Science). The cell suspension was sonicated for
2 min (output 7, 24 rounds of sonication for 5 s at an interval of
30 s) with a probe sonicator (Misonix Inc.) and centrifuged at
1,500 g for 10 min to remove unbroken cells and nuclei. The su-
pernatant was treated with 0.5 M NaCl to remove the peripherally
anchored proteins and centrifuged at 45,000 g for 100 min. The
crude pellet was resuspended in ice-cold buffer A. The crude
membrane suspension was passed through a homogenizer and
stored at —80°C.

Fluorescence size exclusion chromatography analysis

Crude membranes were resuspended in buffer (50 mM Tris
[pH 7.4], 150 mM NaCl, 10% glycerol, and protease inhibitor)

and solubilized with detergents at 4°C. Insoluble materials were
removed by centrifugation (15,000 gfor 10 min), and the super-
natant was loaded onto a Superose 6 column (10/300; Amersham
Biosciences) pre-equilibrated with SEC buffer (50 mM Tris [pH
7.5], 150 mM NaCl, 10% glycerol, 2 mM dithiothreitol, and
0.03% C,sEg). GFP fluorescence was detected with an in-line fluo-
rescence detector (Ex 480 nm/Em 510 nm).

Protein purification

All purification steps were performed at 0-4°C. The crude
membranes resuspended in buffer A containing 0.8% n-dodecyl-
-D-maltoside (DDM) (Anatrace) and protease inhibitors were
kept on ice for 30 min with occasional gentle mixing. The insolu-
ble materials were removed by centrifugation (45,000 g, 30 min).
The solubilized proteins were incubated with FLAG M2-agarose
beads (Sigma-Aldrich) for 12 h at 4°C. The beads were washed
four times with 10x bed volume of buffer A containing 0.8%
DDM and then washed three times with 10x bed volume of buffer
A containing 0.05% DDM. Proteins were eluted with 10x bed vol-
ume of buffer A containing 0.05% DDM and 150 pg/ml of 1x and
3x FLAG peptides. The eluate was concentrated by ultrafiltration
(100 kDa cut-off PES membrane; Sartorius Stedim Biotech) to
0.1-0.3 mg/ml protein.

Reconstitution of purified ABCGI1 into liposome

Lipids dissolved in chloroform and dried by evaporation were
resuspended in reaction buffer (50 mM Tris-HCI [pH 7.5], 0.1 mM
EGTA) at 10 mg/ml. The lipid suspension was flash-frozen in
liquid Ny and slowly thawed at room temperature. This step was
repeated five times to make large multilamellar vesicles. The ves-
icles were extruded 15 times through a 200-nm polycarbonate
filter to form large unilamellar vesicles. To a 10 ul aliquot of ves-
icles, 75 pl of the reaction buffer, 10 pl of 100 mM dithiothreitol,
and 5 pl of 0.1% DDM were sequentially added to destabilize the
liposomes. Purified protein (1 pug) was added to 0.1 ml of deter-
gent-destabilized liposomes (11), and the mixture was incubated
under gentle agitation for 30 min. To remove the detergent, a
50% slurry of Bio-Beads was added in a stepwise fashion: 50 pl for
30 min, 50 pl for 30 min, and 50 pl for 40 min. After reconstitu-
tion, protein concentrations were determined by measuring the
GFP fluorescence.

Measurement of ATPase activity

The ATPase reaction was performed as reported previously
(12) with minor modifications. Reconstituted protein was incu-
bated in 20 pl of reaction buffer (50 mM Tris/HCI [pH 7.5], 0.1 mM
EGTA, 3 mM Na,ATP, 5 mM MgCl,) at 37°C for 10 min. The
reaction was stopped by adding 20 wl of 10 mM EDTA. To analyze
the effect of methyl-B-cyclodextrin (MBCD)-conjugated choles-
terol on ATPase activity, the Michaelis—-Menten equation was
computer-fitted to the experimental data:

v =V [SI/(K, + [S]) +V,

where V.. is the enhanced activity, V; is the basal activity, and
[S] is the concentration of MPCD-conjugated cholesterol,.
Fitting was carried out using KaleidaGraph software, and values
for Vj, Ve and K, were extracted. V.. values included the
basal activity and the V,,,,, value.

Preparation of the cholesterol-MBCD complex
Cholesterol dissolved in ethanol was added to MBCD solution
at 80°C, and the mixture was stirred until the initially precipi-
tated cholesterol was completely dissolved. The solution (1 mM
cholesterol, 10 mM MBCD) was stored at room temperature.
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Proteoliposome was mixed with cholesterol-MBCD complex at
room temperature and incubated for 10 min. The cholesterol
content in liposomes was determined using a fluorescence enzyme

assay (10).

Statistical analysis

Experiments were performed in triplicate, and the data are
presented as means = SD. The statistical significance between
mean values was determined by unpaired #test. A P value less
than 0.05 was considered statistically significant.

RESULTS

Expression of human ABCG1 in FreeStyle 293-F cells

Human ABCGI was fused at the C terminus with GFP
and Flag-peptide (ABCG1-GFP) for the purification and sta-
bility screening. ABCG1-GFP was expressed in FreeStyle
293-F cells at a level comparable to ABCGI (Fig. 1A). Similar
to wild-type ABCGI expressed in HEK293 cells, ABCG1-GFP
was localized mainly at the plasma membrane and some in
the vesicles (7) (Fig. 1B, C). We found that HDL-dependent
cholesterol efflux by ABCG1-GFP was also comparable
to that by ABCG1 (Fig. 1D). These results suggest that
ABCGI1-GFP is as active as ABCG1 and that FreeStyle 293-F
cells can be used as a host for expressing ABCGI.
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Fig. 1. Subcellular localization and cholesterol efflux activity of

ABCGI1-GFP. A: Western blot of ABCG1 and ABCG1-GFP expressed
in FreeStyle 293-F cells. B: Subcellular localization of ABCGI1-GFP
in FreeStyle 293-F cells. ABCG1-GFP was visualized by confocal flu-
orescence microscopy (Ex 488 nm/Em 505 nm). C: Z-stack images
of a cell expressing ABCG1-GFP. D: Cholesterol efflux activity of
ABCGI and ABCG1-GFP. ABCG1-GFP was transiently expressed in
FreeStyle 293-F cells, and cholesterol efflux was analyzed in the
presence of HDL. Experiments were done twice independently
(different transfection), and similar results were obtained.
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Optimal detergent for purification

Selection of the optimal detergent is important for puri-
fying membrane proteins to maintain activity during puri-
fication procedures (13, 14). To examine the stability of
ABCGI-GFP in detergents, we analyzed the molecular size
and monodispersity by fluorescence size exclusion chro-
matography (FSEC) analysis (15). A crude membrane was
solubilized with various detergents, and the proteins were
separated by gel filtration (Fig. 2). ABCG1-GFP was solubi-
lized by most detergents examined and mainly eluted
at around 280 kDa with a symmetrical peak shape. The
molecular weight was consistent with the estimated one of
the ABCGI1-GFP dimer (200 kDa) containing detergent mi-
celles, suggesting that ABCGI1-GFP kept a stable dimer
complex in most detergents examined. The smaller peaks
were GFP cleaved from the fusion protein and endogenous
fluorescent proteins in FreeStyle 293-F cells (supple-
mentary Fig. I). Among the examined detergents, DDM
and Fos-choline-14 showed the highest efficacy in solubi-
lizing ABCG1-GFP.

Purification of ABCG1

ABCGI1-GFP and ABCGI1(KM)-GFP, in which a lysine
residue critical for ATP hydrolysis was replaced with me-
thionine, were expressed in FreeStyle 293-F cells in large-
scale culture using a bioreactor. Crude membranes were
solubilized with DDM (Fig. 3) or Fos-choline-14 (supple-
mentary Fig. II), and ABCG1 was purified with a single
round of Flag-M2 antibody affinity chromatography. Judg-
ing from the silver-stained SDS-PAGE gel, the purity of
purified proteins was estimated between 80 to 90% (Fig. 3A).
To assess the oligomeric state, purified ABCG1-GFP and
ABCG1 (KM)-GFP were analyzed by FSEC (Fig. 3B). The
main peak was eluted at 280 kDa, and a small shoulder
was observed at around 163 kDa. A small peak was also
observed at 47 kDa, which was likely a cleaved GFP moiety.
The elution profile of ABCG1(KM)-GFP was similar to that
of the wild-type, suggesting that a major fraction of the
purified protein kept the dimer structure while a fraction
was degraded. The elution pattern of purified ABCG1-GFP
solubilized with Fos-choline-14 was similar to that with DDM
(supplementary Fig. II).

Enzymatic parameters of the ATPase activity
of purified ABCG1

Purified ABCGI1-GFP was reconstituted into egg lecithin
liposome, and the kinetic parameters of ATP hydrolysis
reaction were examined. ABCG1-GFP showed ATPase
activity and the amount of released ADP linearly increased
within approximately 10 min (Fig. 4A). Therefore, the
ATPase activity was analyzed at 10 min in the following
experiments. The replacement of the lysine residue in
Walker A motif with methionine largely impaired the
ATPase activity. The ATPase activity of ABCG1-GFP followed
Michaelis-Menten kinetics, and K, value and maximum
velocity were calculated as 0.95 + 0.12 mM and 150 + 6.9
nmol/min/mg, respectively (Fig. 4B). Without reconstitu-
tion ABCGI1-GFP did not show ATPase activity (Fig. 4C),
suggesting that the lipid bilayer environment is important
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Fig. 2. Screening of optimal detergent for solubilizing ABCGI.
A crude membrane containing ABCG1-GFP was solubilized with 1%
n-dodecyl-3-D-maltoside (DDM), Fos-choline-14 (FC14), 6-cyclohexyl-
1-hexyl-3-D-maltoside (CYMALSG), C,5Eg, lauryldimethylamine-N-oxide
(LDAO), TritonX-100, Tween20, 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-propane sulfonate (CHAPS), or n-octyl-B-D-
glucoside (OG) and separated by a Superose 6 10/300 GL column.
Column void volume is indicated by V. Molecular weight of the stan-
dards are thyroglobulin (bovine), 670,000; y-globulin (bovine),
158,000; ovalbumin (chicken), 44,000; and myoglobin (horse),
17,000.

for the function of ABCGI as observed with MDR1 (16, 17).
Interestingly, ABCGI1-GFP purified with Fos-choline-14
did not show ATPase activity even after reconstitution
(Fig. 4C), although it was purified as a dimer (supplemen-
tary Fig. II).

The effects of phosphate analogs on ATPase activity

Typical ABC transporters release y phosphate before
ADP after ATP hydrolysis and form a stable catalytically
inactive complex when excess phosphate analogs are pres-
ent (18). To analyze the mode of ATP hydrolysis of ABCGI,
ATPase activity was measured in the presence of 3 mM
ortho-vanadate or beryllium fluoride (Fig. 4C). Beryllium
fluoride effectively inhibited the ATPase activity, whereas
ortho-vanadate had no inhibitory effect.

pH dependency of the ATPase activity

The pH dependency of ATPase activity was analyzed
in GTA buffer with increasing pH (Fig. 4D). The ATPase
activity of ABCG1-GFP increased sharply with increasing
pH. The maximal activity was observed at pH 7.5, and then
the activity decreased sharply with increasing pH.

The effect of various lipids on the ATPase activity

We previously reported that cholesterol and phospholip-
ids, especially SM, were exported from ABCGIl-expressed
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Fig. 3. Purification of human ABCGI expressed in FreeStyle
293-F cells. A: Silver staining of SDS/PAGE (5-20% gradient gel).
Lane 1, size marker; lane 2, crude membranes; lane 3, crude mem-
brane proteins solubilized with 0.8% DDM; lane 4, unbound pro-
teins to FLAG agarose; lane 5, washout proteins with 0.8% DDM;
lane 6, washout proteins with 0.05% DDM; lane 7, purified ABCG1-
GFP (0.3 pg); lane 8, purified ABCG1(KM)-GFP (0.3 pg). Equal
volumes of sample were loaded in lanes 2-6. B: FSEC analysis of the
purified ABCG1-GFP (solid line) and ABCGI1(KM)-GFP (dotted
line).

cells to the medium (7). Because the ATPase activities of
transporters are generally stimulated by its transport sub-
strates, we analyzed the ATPase activity of purified ABCG1
reconstituted in PS liposomes containing various concentra-
tions of cholesterol, SM, PC, or PE (Fig. 5A). The ATPase
activity reconstituted in PS liposomes was quite low (31.9
5.8 nmol/min/mg) compared with that in egg lecithin
(Fig. 4B). ABCGI showed higher ATPase activity in liposomes
containing cholesterol, SM (18:0), or 1,2-distearoyl-sn-glyce-
ro-3-phosphocholine (DSPC) (18:0-18:0), and it increased in
a dose-dependent manner, whereas 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine showed no effect (Fig. 5A). The half
maximal values (in molar ratios) for cholesterol, SM, and
DSPC were 9.5%, 8.3%, and 14%, respectively. These results
suggest that ABCGI selectively interacts with cholesterol and
phospholipids with the choline head group and that the
affinity for SM is about 1.7-fold higher than that for PC.

The effect of acyl chain structures on the ATPase activity

To determine which moiety of phospholipids affect the
ATPase activity, ABCGI was reconstituted in PS liposomes
containing 30% PC with different acyl chain structures
(Fig. 5B). ABCG1 showed equally high ATPase activity in
liposomes containing 1,2-dioleoyl-sn-glycero-3-phospho-
choline (18:1-18:1), DSPC (18:0-18:0), and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (16:0-18:1), whereas
it showed lower activity in the 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (14:0-14:0) containing liposome. These
results suggest that the acyl chain should be longer than
16, but the structure (saturated or unsaturated) of acyl
chains does not affect the ATPase activity.

The synergistic stimulation of ATPase activity by SM and
cholesterol

It has been reported that several ABC transporters pos-
sess multiple substrate-binding sites (19-21). To examine
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Fig. 4. ATPase activity of purified ABCG1. A: Time-dependence
of the ATPase reaction of purified ABCG1-GFP. Purified ABCGI1-
GFP (closed circles) or ABCG1(KM)-GFP (open circles) was recon-
stituted in egg lecithin liposomes and mixed with 3 mM ATP and
5 mM MgCl,. After incubation at 37°C for the indicated time, the
reaction was stopped by the addition of EDTA, and the amounts of
released ADP were quantified. B: ATP dependence of the ATPase
reaction of the purified ABCG1-GFP. Reconstituted ABCG1-GFP
was incubated at 37°C for 10 min with varied concentrations of
ATP in the presence of a 2 mM excess of MgCl, over the concentra-
tion of ATP. The Michaelis—Menten equation was fitted to the
experimental data. C: ATPase activity of DDM-purified and
Fos-Choline-14-purified ABCG1-GFP before and after reconstitu-
tion and the effects of phosphate analogs and magnesium ion. De-
tergent solubilized or reconstituted ABCG1-GFP was incubated
with 3 mM ATP and 5 mM MgCl, at 37°C for 10 min in the absence
or presence of 3 mM ortho-vanadate (Vi) or beryllium fluoride
(BeFx). D: pH dependence of the ATPase activity in 50 mM GTA
buffer (16.7 mM 3,3-dimethyl-glutaric acid, 16.7 mM Tris [hy-
droxymethyl] aminomethane, and 16.7 mM 2-amino-2-methyl-1,3-
propanediol) containing 0.1 mM EGTA, 3 mM ATP, and 5 mM
MgCl,. The reactions were carried at 37°C for 10 min.

whether ABCGI1 has different binding sites for choles-
terol and SM and whether their binding to ABCG1 affects
each other, ABCGI1-GFP was reconstituted into a PS li-
posome containing 2.5% SM or 5% PC, and different
concentrations of cholesterol were added in the MBCD-
conjugate form (Fig. 5C). Cholesterol added to the PS
liposome stimulated ATPase activity in a dose-depen-
dent manner, and the K, for cholesterol and V_,, of
ATPase were calculated as 0.10 £ 0.01 mM and 155.2 + 12.6
nmol/min/mg, respectively. The ATPase activities of
ABCGI reconstituted in PS liposomes containing 2.5%
SM or 5% PC were similar. When cholesterol was added
to the PC-containing liposome, the K, for cholesterol and
Viax Of ATPase were 0.10 + 0.01 mM and 147.6 + 4.5 nmol/
min/mg, respectively. Interestingly, in the SM-containing
liposome, the K, values for cholesterol were shifted to a
lower concentration at 0.06 = 0.01 mM, whereas the V..
of ATPase was not affected and was 153.3 + 1.9 nmol/
min/mg.
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Fig. 5. Lipid dependence of ATPase activity. A: ATPase activity of
ABCGI1-GFP reconstituted in PS liposomes containing various
amounts of cholesterol (closed diamonds), 18:0 SM (triangles),
DSPC (squares), or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOPE (open circles). B: The effects of acyl chain structures. ABCGI-
GFP was reconstituted in PS liposomes containing 30% PC of vari-
ous acyl chains. *P < 0.05 as compared with PC (18:0, 18:0)
containing PS liposome. C: Synergistic effect of sphingomyelin and
cholesterol. Purified ABCG1-GFP was reconstituted in a PS lipo-
some (open diamonds) containing 2.5% 18:0 SM (closed circles)
or 5% DSPC (squares). Various concentrations of MBCD-conjugated
cholesterol were added. We confirmed that cholesterol was equally
incorporated into liposomes and increased linearly with the
increasing concentrations of MBCD-cholesterol. Reactions were
done in the presence of 3 mM ATP and 5 mM MgCl, at 37°C.

DISCUSSION

In this study, we analyzed the biochemical properties
of human ABCGTI via the purified protein. To purify human
ABCGI1, we used FreeStyle 293-F suspension culture-
adapted cells as a host because they can be cultured in
large scale via a bioreactor. We also expected that human
cells would be best suited for expressing human mem-
brane proteins. GFP and Flag-tag were fused at the
C terminus of ABCGI1 for the detergent screening and
purification. We first examined the effects of the C-terminal
fusion of ABCGI1. GFP-fused ABCG1 was localized mainly
at the plasma membrane. The level of cholesterol efflux
was comparable to that by the wild-type ABCG1, and it was
even higher than that by ABCG1 expressed in HEK293
cells (7). These results suggest that FreeStyle 293-F cells
can be used for the expression of functional ABCGI1, that
the suspension culture does not affect the activity of
ABCGI], and that GFP fusion at the C terminus does not
affect the localization or the function of ABCGI.

Because ABCGI is a half-size ABC transporter and di-
mer formation is required for the function, we were con-
cerned with the stability of dimer form of ABCGI1 in
detergents. However, the ABCGI dimer was rather stable
in most detergents examined. This suggests that the dimer



form of ABCGI is stable once the complex is assembled in
the endoplasmic reticulum. In FSEC analysis, Fos-Choline-14
showed high efficacy for solubilizing ABCGI, even higher
than DDM. However, ABCG1, solubilized and purified
with Fos-Choline-14, did not show any ATPase activity, in-
dicating that Fos-choline-14 irreversibly inactivates ABCG1
during the purification procedures without destroying
the dimer form. Fos-choline-14, having a structure similar
to PC, may tightly interact with ABCGI and inactivate it.
It will be interesting to investigate the binding site of
Fos-choline-14 in ABCG1 and the mechanism of inactiva-
tion in future studies.

ABCGI purified with DDM showed ATPase activity after
reconstitution in egg lecithin liposomes. ABCG1 did not
show any ATPase activity without reconstitution, indicat-
ing that the lipid bilayer environment is crucial for the
function of ABCG1. The ATPase activity (about 150 nmol/
min/mg) of ABCGI was lower than that of ABCA1, MDRI,
and TAP (450, 1700, and 1920 nmol/min/mg, respec-
tively) (13, 22, 23) but was similar to that of ABCA4 and
ABCG5/G8 (92 and 260 nmol/min/mg, respectively)
(24, 25). Thus, the ATPase activity of ABCG1 is high
enough to function as an active transporter.

ATPase activity was inhibited by beryllium fluoride but not
by ortho-vanadate (Fig. 4C), even though both are phosphate
analogs; this selectivity is similar to that of ABCG5/8 and
ABCALI (22, 26). In contrast, many ABC transporters, includ-
ing MDRI, are inhibited by both analogs. It has been
reported that the geometry around phosphate analogs is
slightly different between beryllium fluoride and ortho-
vanadate in crystal structures of the maltose transporter (27).
Itis not clear why some ABC transporters can be inhibited by
both analogs while others are inhibited by only one. The ge-
ometry around the ATP binding site may be slightly different
in each ABC transporter. The ATPase activity of ABCG1
showed a narrower optimal pH range compared with other
ABC transporters (26, 28, 29), suggesting a difference in the
environment of the ATP binding site.

We have reported that ABCG1 mediates the efflux of
cholesterol and choline phospholipids, especially SM,
from cells (7). Substrate transport is coupled with ATP
hydrolysis, and substrate binding is predicted to stimulate
ATP hydrolysis in an ATP-dependent transporter. There-
fore, we examined whether the ATPase activity of ABCG1
is stimulated by specific lipids by reconstituting ABCGI1 in
PS liposomes containing various concentrations of choles-
terol, SM, PC, or PE (Fig. 5A). Cholesterol, SM, and PC
stimulated ATPase activity about 3-fold, and the half maxi-
mal values in molar ratios for cholesterol, SM, and PC were
9.5%, 8.3%, and 14%, respectively. These results suggest
that ABCGI selectively interacts with cholesterol and cho-
line phospholipids, especially SM. We first speculated that
the high affinity of SM was due to the saturated acyl chain
of SM. However, the structure (saturated or unsaturated)
of acyl chains did not affect the ATPase activity if they were
longer than 16 (Fig. 5B). These results suggest that the
choline head group and a free hydroxyl group of SM,
which does not exist in PC, are important for interaction
with ABCGI.

Because MDRI1 was reported to possess more than two
substrate binding sites that were synergistically coupled
(19, 20), we examined whether ABCG1 was similar. We re-
constituted ABCGI-GFP into PS liposomes containing SM
or PC and different concentrations of cholesterol and found
that SM lowered the K, value for cholesterol without affect-
ing the V,,, value of the ATPase. This suggests that ABCG1
possesses different binding sites for SM and cholesterol and
that SM binding accelerates cholesterol binding. Interest-
ingly, this synergistic binding was not observed between
PC and cholesterol. It is known that cholesterol and SM
spontaneously interact and form liquid-ordered micro-
domains (30). However, cholesterol stimulated the ATPase
activity of ABCGI more efficiently in SM-containing liposome
than in PC-containing liposome even at concentrations
lower than 0.05 mM, which are lower than the concentra-
tion required for microdomain formation (30). We specu-
late that the binding sites for SM and cholesterol of ABCG1
are synergistically coupled. However, it is also possible that
the interaction of SM and cholesterol within the drug bind-
ing sites causes a pseudo-synergistic coupling of the binding
sites. Alternatively, SM and cholesterol changed the mem-
brane fluidity of liposomes, which might affect the ATPase
activity of ABCGI. The mechanism of substrate recognition
by ABCGl is to be investigated further.

In summary, we showed for the first time that the
ATPase activity of ABCGI1 is cooperatively stimulated by
SM and cholesterol. We have reported that cholesterol
efflux by ABCG1 is dependent on the cellular SM level
(8). We propose that cholesterol efflux by ABCG1 is regu-
lated by SM levels in the plasma membrane via the modifi-
cation of its ATPase activity Bl
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