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Abstract Among the known mechanisms of reverse choles-
terol transport (RCT), ATP binding cassette transporter G1
(ABCG1l)-mediated free cholesterol (FC) transport is the
most recent and least studied. Here, we have characterized
the efficiencies of different acceptors using baby hamster
kidney (BHK) cells transfected with human ABCG1 cDNA,
which is inducible upon treatment with mifepristone. When
normalized on particle number and particle surface area, the
acceptor efficiency for FC efflux was as follows: small uni-
lamellar vesicles (SUV)>LDL>reconstituted HDL>HDL, =
HDL;3. Based on phospholipid content, the order was re-
versed. ABCGI1 also mediated phospholipid efflux to human
serum and HDL3;. ABCGl-mediated FC efflux correlated
significantly with a number of HDL subfractions and com-
ponents in serum collected from 25 normohpldemlc individ-
uals: apohpoprotem Al (apoA-II) *=0.7), apohpoprotem
Al (apoA—I) (r* = 0.5), HDL-C (r* = 0. 4), HDL-PL (r* = 0.4),
a-2 HDL (r* = 0.4), and pref3 HDL (r* = 0.2). ABCG1 did
not enhance influx of FC or cholesteryl oleyl ether (COE)
when cells were incubated with radiolabeled HDLj3;. ABCG1
expression did not increase the association of HDL;3 with
cells. Compared with control cells, ABCG1 expression sig-
nificantly increased the FC pool available for efflux and
the rate constant for efflux.fill In conclusion, composition
and particle size determine the acceptor efficiency for
ABCGIl-mediated efflux. ABCG1 increases cell membrane
FC pools and changes its rate of desorption into the aqueous
phase without enhancing the association with the acceptor.—
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The release of cholesterol from cells in the vessel wall,
primarily macrophage-derived foam cells, is the first step
in the process termed “reverse cholesterol transport”
(RCT) (1-3). It is believed that in RCT, the excess choles-
terol present in peripheral cells is incorporated into HDL,
which then, either directly or indirectly by transfer to LDL,
delivers the excess cholesterol to the liver for excretion. A
number of different mechanisms have been shown to par-
ticipate in the movement of cholesterol from cells to extra-
cellular acceptor lipoproteins. These pathways for
cholesterol efflux include unmediated diffusion (4, 5) or
protein-mediated transport linked to the presence in cells
of scavenger receptor BI (SR-BI) (6, 7) and ATP binding
cassette transporter Al (ABCA1) (8-10). These pathways
have been discussed in detail in a number of recent re-
views (4, 8, 11-13). More recently, another cell protein,
ATP binding cassette transporter G1 (ABCG1), has been
shown to influence the efflux of cholesterol from cells
(8, 14-18). Whereas much is known about the nature of
the efflux process mediated by aqueous diffusion, SR-BI,
and ABCALI, little has been established about the nature
of the efflux process mediated by ABCG1. It has been
established that this protein is present in a variety of tis-
sues, where it can enhance the efflux of cell cholesterol
and oxysterols (15, 19, 20), and it is very promiscuous in
terms of the particles that can serve as cholesterol acceptors
(21). However, in contrast to the situation with ABCAI,
lipid-free apolipoprotein A-I (apoA-I) does not serve as
an acceptor of cell cholesterol provided by ABCG1 (16, 21).
Based on this broad array of potential acceptors and the
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distribution of ABCG1 throughout the cell (22), it has been
proposed that the protein may not serve as a direct trans-
porter of membrane cholesterol to acceptors, but rather
play a role by enriching the cell membrane with cholesterol
that can then be incorporated into a variety of acceptor par-
ticles (8, 14, 22).

The purpose of the present investigation was to study in
detail the role of different acceptors in mediating cell cho-
lesterol efflux, and in this way to gain further understand-
ing of the ABCGI-mediated cholesterol efflux process. The
experimental cell system used in the present study has
been previously described in detail (22, 23). Briefly, baby
hamster kidney (BHK) cells were stably transfected with an
N-terminal FLAG-tagged human ABCG1 cDNA that was
inducible by treatment with mifepristone. This inducible
system allows for the direct assessment of the impact of
ABCG1 expression on cell cholesterol flux and was used
for a detailed study characterizing a number of aspects
of ABCGI and its role in cholesterol efflux (22).

MATERIALS AND METHODS

Tissue culture plastic wares were obtained from Falcon (Becton
Dickinson Labware, Lincoln, NJ) and from Corning Inc. (Corning,
NY). Cell culture media, PBS, Dulbecco’s phosphate buffered sa-
line were purchased from Mediatech Cellgro (Manassas, VA),
and FBS, calf serum, gentamycin, DNases 1, sodium choleate,
and heparin from Sigma-Aldrich (St. Louis, MO). BSA was ob-
tained from Cellianxe (Toronto, Canada). [*H] cholesterol and
[®H] cholesterol oleyl ether (COE) were from Perkin-Elmer Analyt-
ical Sciences (Boston, MA). Acyl-CoA:cholesterol acyl transferase
inhibitor (ACAT inhibitor), compound CP113, 818 was kindly
provided by Pfizer Pharmaceuticals (Groton, CT). Bovine brain
sphingomyelin (SM), 1, 2-dimyristoyl-sn-glycerophosphocholine
(DMPC), egg glycerophosphocholine (egg PC) were obtained
from Avanti Polar Lipids (Alabaster, AL). Cholesteryl ester transfer
protein (CETP) was purchased from Cardiovascular Targets, Inc.
(Audubon Biomedical Center, NY). All other reagents and organic
solvents were purchased from Fisher Scientific (Pittsburgh, PA).

Cultured cells

BHK cells expressing high levels of human ABCGI1 were gen-
erated using the mifepristone-inducible GeneSwitch system as
described in detail previously (22, 23). Although mifepristone is
a progesterone antagonist and progesterone has been shown to
inhibit cellular cholesterol trafficking, the concentration of
mifepristone used in our studies was 3,000-fold lower than those
that affect cholesterol trafficking and had no effect on cholesterol
metabolism in BHK control cells. However, we cannot exclude
the possibility that even these low levels of mifepristone may have
some effect on ABCGl-dependent cholesterol efflux. Cells were
grown and maintained in DMEM containing 10% FBS except
during experimental treatments. ABCG1 was induced by incubat-
ing cells for 18 h in DMEM containing 0.2% BSA and 10 nM
mifepristone. Studies were carried out on standard 12-well tissue-
culture plates unless otherwise stated.

Phospholipid vesicle preparation and HDL
phospholipid modification

HDLs (d, 1.066—1.125 g/ml) and HDL; (d, 1.125-1.210 g/ml)
were isolated from human plasma by sequential ultracentrifuga-
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tion (24). ApoA-I was purified from delipidated HDL as de-
scribed previously (25). Prior to use, apoA-I, HDLy, HDLs, and
LDL were extensively dialyzed against 0.15 M NaCl (pH 7.4)
and sterilized by filtration using a 0.45 pm Millipore filter. Egg
PC small unilamellar vesicles (SUV) were made as previously de-
scribed (26).

Enrichment of HDLg with phospholipid, DMPC, or SM, multi-
lamellar vesicles (MLVs) was done as described (27, 28). For
DMPC enrichment, 1-2 mg of HDLs protein/ml was incubated
with increasing amounts of DMPC MLVs (1.5-, 2-, and 4-fold the
amount of native HDLg phospholipid) for 2 h at the gel to liquid
crystal phase transition temperature of 24°C. For SM enrichment,
MLVs were added at increasing amounts (5-, 10-, and 20-fold the
SM content of native HDLg, which is estimated to be 12% of total
HDLs phospholipid), and the mixture was incubated for 1 h at
37°C. Because SM has broad phase transition temperature, the
mixture was warmed to 42°C and then allowed to cool slowly to
25°C over 5 h. During DMPC or SM enrichment of HDLg, as a
control, native HDLg3 was also incubated similarly but without
addition of MLVs. After incubation of HDLgs with MLVs, any
unreacted MLVs were removed by sequentially filtering the
HDLs-MLV mixture through 0.45 and 0.22 pm filters. The mix-
ture was then stored at 4°C overnight, and any remaining MLVs
were removed from HDLg by centrifugation for 30 min at 3,000 g
Phospholipid and protein concentrations were measured by
phosphorus (29) and a modified Lowry (30) assays, respectively.
At the end of the phospholipid enrichment procedure, the phos-
pholipid to protein ratio of enriched HDL;3 particles used in
these experiments ranged from 0.48-2.05 in case of DMPC and
0.45-1.25 in case of SM. The HDL particles having the maximum
enrichment of either DMPC or SM were fractionated by fast-
protein liquid chromatography (FPLC) using a Superdex
HR200 column. No difference in elution volume was observed
indicating that the enrichment with phospholipid had no signifi-
cant effect on HDL particle size.

Preparation of discoidal reconstituted HDL particles

Reconstituted HDL (rHDL) discs containing human apoA-I or
apoA-II and egg PC were prepared by the cholate dialysis method
(31). Briefly, egg PC in chloroform was dried down under nitro-
gen in a 15 ml conical tube. The egg PC was vortexed in TBS
(pH 7.4) to generate MLVs and incubated with sodium cholate
at 37°C for 1.5 h to generate detergent-PC mixed micelles.
ApoA-I (egg PC to apoA-I weight ratio of 2:1 and egg PC/protein
mole ratio of 79:1) or apoA-II (egg PC to apoA-II weight ratio of
2.6:1 and egg PC/protein mole ratio of 58:1), freshly dialyzed
from 6 M guanidine-HCI in TBS, was added to the lipid-detergent
mixture. The mixture was then incubated for 1 h at 37°C followed
by extensive dialysis against TBS at 4°C to remove sodium cho-
late. ApoA-II-containing discs were fractionated by FPLC using
a Superdex HR200 column (32), and particles having the same
size as that of apo A-I rHDL discs were used.

Analysis of HDL; association to ABCG1

HDLs particles were dialyzed against PBS, 0.25 mM EDTA
(pH 7.4), and iodinated with Na ['*°I] using the modified iodine
monochloride method previously described (33). The sample was
then passed through a PD-10 column equilibrated with PBS,
0.25 mM EDTA (pH 7.4), and dialyzed against PBS, 0.25 mM
EDT, 100 mM KI (pH 7.4), followed by three changes of PBS,
0.25 mM EDTA (pH 7.4) at 4°C. The specific activity of ['*°I]
HDL;3 was 111 cpm/ng of protein.

For analysis of the association of ['*1] HDLg, BHK cells trans-
fected with ABCG1 were plated in a 12-well plate and after 24 h
one set of cells were upregulated with mifepristone for 18 h. The
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cells were then washed three times with MEM-HEPES medium
containing 1% BSA and were incubated for 2 h at 37°C with
the iodinated HDL; particles (0.5 ml) at different concentrations.
At the end of the incubation, the medium was removed from the
cells while the plates were on ice and the cell monolayers were
washed three times with ice cold MEM-HEPES containing 1%
BSA, followed by three washes with ice cold PBS. The cells were
then solubilized in 1 ml of 0.1 M NaOH at room temperature for
15 min. Aliquots of the samples were then taken for y-counting
and for total protein measurement.

Cholesterol efflux and influx

To measure cellular cholesterol efflux, cells were plated for a
day and then labeled for 24 h with 3 uCi/ml of [®H] free choles-
terol (FC) in the presence of 2.5% FBS. Cells were later treated
with or without mifepristone for 18 h in DMEM medium contain-
ing 0.2% BSA. Efflux of FC was induced by incubation with re-
spective acceptors for 4 h. Efflux was calculated by measuring
the release of radiolabeled FC into the medium, as previously de-
scribed (34, 35). All the experiments were performed in the
presence of the ACAT inhibitor CP113, 818 unless otherwise men-
tioned. In a separate experiment, the BHK control and ABCGI-
upregulated cells were grown and labeled in 10% FBS and then
incubated with 25 pg/ml HDLg for 8 h and 18 h. The incubation
media were removed, and the amount of label cholesterol and
cholesterol mass were determined. Cholesterol mass in the media
was quantitated flourimetrically using the Amplex Red Cholesterol
Assay Kit (Molecular probes, Eugene, OR).

To measure influx of HDL cholesterol in to cells, HDLg parti-
cles were labeled by incubation with [®H] FC (100 wCi/mg HDLg
protein) or with CETP (50 pg/ml) and [®H] COE (100 wCi/mg
HDL; protein) that had been dried on the glass wall of a test tube
under No. After incubation of HDL; with either [°H] FC or [*H]
COE overnight at 4°C, the particles were sterilized by filtration
through a 0.45 wm filter. The radiolabeled HDL; particles were di-
luted with DMEM and incubated with untreated and mifepristone-
treated cells for 4 h in case of FC and 6 h for COE at 37°C. At the
end of the incubation, the medium was removed and the cells
were washed two times with Dulbecco’s phosphate buffered saline.
The cell lipids were extracted with isopropyl alcohol and the [*H]
FC or [’H] COE present in the total lipid extract was measured by
liquid scintillation counting.

Serum and lipoproteins

Human serum was collected from 25 normolipidemic healthy
individuals with approved consent and used individually or
pooled. Polyethylene glycol (PEG) supernatants of individual
sera were prepared by precipitating apoB-containing lipoproteins
from serum as previously described (36), by adding 4 parts 20%
PEG 8000 (Sigma P-2139) in 200 mM glycine (pH = 7.4) to
10 parts serum. After 20 min incubation at room temperature
the solution was centrifuged (15,000 rpm, 20 min, 4°C). Agarose
gel electrophoresis (Paragon Electrophoresis system, Beckman
Coulter, Fullerton, CA) of the isolated supernatants confirmed the
removal of apoB-containing lipoproteins from the serum fraction.

Serum HDL-cholesterol and -phospholipid levels were mea-
sured enzymatically on a Cobas Fara II (Roche Diagnostic Systems,
Inc.) using Sigma reagents (Sigma Chemical Co.). Human serum
apoA-I and apoA-II levels were quantified using an immuno-
turbidimetric assay (Sigma Chemical Co.) and Wako Pure Chemi-
cal Industries, respectively) on the Cobas Fara.

Nondenaturing two-dimensional gel electrophoresis

ApoA-I containing human HDL subfractions were determined
by nondenaturing two-dimensional gel electrophoresis, immuno-

blotting, and image analysis as described (36). Briefly, 4 ul of
plasma was applied and electrophoresed on a vertical-slab aga-
rose gel (0.7%) in the first dimension at 250 V until the a-mobility
front moved 3.5 cm from the origin. The agarose gel was sliced,
and the strips were applied onto 3-35% nondenaturing concave
gradient polyacrylamide gels. In the second dimension, gels were
electrophoresed to completion at 250 V for 24 h at 10°C followed
by electrotransfer to nitrocellulose membranes at 30 V for 24 h at
10°C. ApoA-I was immunolocalized on the membrane with mono-
specific goat anti-human primary and ['#*I]labeled secondary
antibodies [immunopurified rabbit F (ab’), fraction against goat
IgG]. The bound ['*I]labeled secondary antibody was quantified
in a Fluorolmager (Molecular Dynamics, CA).

Data analysis

Statistical and kinetic analyses were performed using Prism
(4.0), GraphPad Inc. (San Diego, CA). All the experiments were
conducted in triplicate, and data were expressed as mean = SD
unless otherwise indicated. Linear correlation coefficients were
used to describe relations between cholesterol efflux and various
serum parameters. Binding parameters (B, and K;) were ob-
tained by nonlinear regression using a one-site binding analysis.
Time courses of FC efflux from cells were analyzed using non-
linear regression and one phase exponential decay model (37)
to derive the rate constant (k,) for cellular cholesterol efflux
and the fraction of cellular cholesterol involved in the efflux.
See figure legends for details of the calculation of particle num-
ber concentration and particle size.

RESULTS

Using the ABCGl-expressing BHK cell system (22, 23),
we have tested a variety of acceptors for their efficiencies in
mediating cell cholesterol efflux. The different acceptors
included HDLy, HDLs, LDL, rHDL discs, and egg PC
SUVs at a range of concentrations (Fig. 1). Because these
acceptors differ in composition, efflux data are normalized
on the basis of their protein content (Fig. 1A), phospholipid
content (Fig. 1B), particle number concentration (Fig. 1C),
and particle size (Fig. 1D). All of these particles, with the
exception of lipid-free apoA-I (data not shown) act as cho-
lesterol acceptors. The most efficient acceptor when nor-
malized on the basis of protein was rHDL, and HDLy and
HDL;3 were equally effective (Fig. 1A), while HDLg proved
to be the best acceptor when normalized on phospholipid
concentration (Fig. 1B). The K,, values for HDLg and HDL,
were 47 * 8 wg/ml and 52 = 12 pg/ml, respectively, which
were generally similar to the K,, value for HDL (31 pg/ml)
obtained by Vaughan and Oram (22). At a given protein or
phospholipid concentration, the smaller acceptor par-
ticlesm such as rHDL disc, HDL3, and HDLy, were present
in higher numbers and therefore gave higher ABCG1-
mediated efflux compared with large particles such as
LDL and SUV. However, at a similar particle number
(Fig. 1C), and when particle size was taken into account
(Fig. 1D), the larger SUV and LDL particles proved to be
the most effective.

We next examined the effect of enrichment of HDLg
with DMPC or SM on ABCGl-mediated FC efflux (Fig. 2)
by enriching HDLg with SM (5-, 10-, and 20-fold, Fig. 2A),
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Fig. 1. ATP binding cassette GI (ABCG1)-mediated free cholesterol efflux to different acceptors. Baby ham-
ster kidney (BHK) cells transfected with ABCG1 were radiolabeled with [gH] free cholesterol (FC) for 24 h
and were treated with or without mifepristone for 18 h. The cells were incubated with various acceptors at
the indicated concentrations for 4 h, and % of efflux was measured. The different acceptors were normalized
based on their protein (A), phospholipid (B), particle number concentration calculated from particle com-
positions and molecular weights (C; (39, 56), and a function of particle size (D; (38). The ABCGl-mediated
FC efflux data (i.e., the difference in efflux between mifepristone-treated and control cells) are fitted to the
Michaelis-Menten equation. The efflux values are mean = SD of triplicate measurements. Reconstituted
HDL disc (rHDL disc), ¢; HDL;, A; HDL,, ¥; LDL, H; SUV, @.

or DMPC (1.5-, 2-, and 4-fold, Fig. 2B). The FC efflux for
untreated and mifepristone-treated cells at a fixed HDL
protein concentration increased in parallel with increasing
degrees of phospholipid enrichment (PC and SM). How-

ever, the ABCGl-mediated FC efflux (the difference be-
tween the mifepristone-treated and untreated cells) did
not change regardless of the type of phospholipid or the
level of the enriched phospholipid (Fig. 2A, B).
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Fig. 2. ABCGIl-mediated free cholesterol efflux to phospholipid-enriched HDLs. Radiolabeled BHK cells
were treated with or without mifepristone for 18 h and were incubated with HDLg (25 pg protein/ml),
enriched with different levels of either sphingomyelin (SM; 5-, 10-, 20-fold; A), or 1, 2-dimyristoyl-sn-
glycerophosphocholine (DMPC; 1.5-, 2-, 4-fold; B) for 4 h (the control HDLg PL/protein ratio is 0.45 for
SM and 0.48 for DMPC). ABCGIl-mediated efflux was the difference between the values for untreated and
mifepristone-treated cells. The efflux values are mean * SD of triplicate measurements (the error bars are
inside the symbols). Untreated, []; mifepristone, A; ABCGl-specific, @.
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Fig 3. ABCGl-mediated phospholipid efflux to different accep-
tors. BHK cells transfected with ABCG1 were labeled with [*H] cho-
line for 24 h before being treated with or without mifepristone for
18 h. The cells were then incubated with different acceptors for 4 h,
and the % of choline-containing phospholipid efflux was mea-
sured. The values are mean * SD of triplicate measurements.
The ABCG1l-mediated phospholipid efflux with 2.5% human serum
was statistically higher (P < 0.05) than with the other acceptors.
Untreated, []; mifepristone, gray bars; ABCG1-specific, l.

We also examined ABCGIl-mediated phospholipid efflux
(Fig. 3) after labeling BHK cells with [*H] choline for 24 h
followed by treatment of cells with or without mifep-
ristone. Whole serum and isolated HDL stimulated
ABCGIl-mediated efflux, although the fractional efflux of
phospholipid was considerably less than that observed for
cholesterol (Fig. 3). Lipid-free apoA-I (20 wg/ml) was com-
pletely inactive with these cells, which lack ABCA1 (Fig. 3).

It is clear that expression of ABCGI stimulates cell cho-
lesterol efflux; however, no information is available on this
transporter’s ability to enhance influx of either FC or COE
from HDLg particles. As shown in Fig. 4, the influx of FC
and COE were the same for untreated and mifepristone-
treated cells, indicating that ABCG1 expression did not
enhance either FC or COE influx at any HDLg concen-
tration. The enhanced cholesterol efflux mediated by
ABCGI1 without a parallel increase in FC and cholesteryl

100000+
75000+
50000+

25000+

FC influx (cpmiwellidh) >

0 10 20 30 40 50
HDL;concentration (ig/ml)

ester (CE) influx, as indicated by the isotopic data, should
result in a greater net loss of cell cholesterol when exposed
to HDL. To confirm the isotopic data, we compared the
FC content of media supplemented with 25 pwg/ml HDLg
that had been incubated with BHK control and ABCGI1-
upregulated cells for 8 h and 18 h. The results are pre-
sented in Table 1. Expression of ABCGI produced an
increase in cell cholesterol efflux and an increase in the
labeled cholesterol recovered in the media. Importantly,
the mass of FC in the incubation media from upregulated
cells was greater than the media from control cells, and
this difference was evident after 8 h and 18 h of exposure
to HDLs. This greater cholesterol mass in the media is con-
sistent with the data derived from isotopic assays.

Although ABCG1 mediates FC efflux to all phospholipid-
containing acceptors, HDL is thought to be the main
acceptor for ABCGl-mediated efflux (14, 16, 22). We fur-
ther examined what subfractions and components of
HDL correlate with the ABCGl-mediated efflux by using
PEG supernatants of 25 individual human sera collected
from clinically healthy, normo-lipidemic subjects. Control
and ABCGI-upregulated cells were incubated with the
PEG supernatants for 4 h, and the ABCGl-mediated ef-
flux was measured. We quantified the HDL components
such as cholesterol, phospholipid, and apolipoproteins;
and using 2D gel analysis, we characterized and measured
the HDL subfractions present in the individual PEG
samples. The ABCGl-mediated efflux correlated with the
parameters shown in Fig. 5. All HDL components (apoA-I,
apoA-1I, phospholipids, and cholesterol) were significantly
correlated to ABCGI efflux. Among the HDL subfractions,
the a-2 HDL subfraction demonstrated a significant correla-
tion (Fig. 5E). A modest but significant correlation was also
observed between ABCGl-mediated efflux and pref HDL
(Fig. 5F).

We further compared the efficiencies of apoA-II and
apoA-I in promoting ABCGl-mediated FC efflux by incubat-
ing the cells with increasing concentrations of either apoA-I
or apoA-II rHDL discs (Fig. 6). Because there was some dif-
ference in particle size, we obtained by FPLC apoA-II-
containing discs having the same size and composition

12000 -
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2000 -
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COE influx (cpmiwelli6h) 00

HDL;concentration (ig/ml)

Fig. 4. ABCGl-mediated free cholesterol or cholesteryl oleyl ether (COE) influx from HDLgs. BHK cells
expressing ABCG1 were treated with or without mifepristone for 18 h and subsequently incubated with in-
creasing concentrations of HDLg labeled with either [’H] FC (A) or [°’H] COE (B) for 4 h and 6 h, respec-
tively. The values are mean * SD of triplicate measurements. Untreated, []; mifepristone, A.
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TABLE 1.
incubated with HDLg (25 wg/ml)

Differences in the medium cholesterol collected from ABCGI positive and negative BHK cells

8h 18 h
Untreated Mifepristone Untreated Mifepristone
Media FC (pg/well, n = 9)“ 1.30 £ 0.10 1.80 = 0.11 1.49 = 0.07 2.15 = 0.09
Media cpm/well (Xle, n=3)"“ 42.75 + 0.57 76.50 = 1.66 71.01 = 2.22 116.18 £ 1.22
% Eflux/well (n = 3)¢ 3.84 = 0.05 7.35 = 0.17 6.05 = 0.21 11.11 £ 0.12

BHK cells transfected with ABCG1 were labeled with [*H] free cholesterol in 10% FBS for 24 h and upregu-
lated with or without 10 nM mifepristone for 18 h. The cells were then incubated with HDLg (25 pg/ml) for 8 h and
18 h, and the media were collected for measuring the radioactivity and FC mass. Statistical significance (P < 0.05)
was assessed between the untreated and mifepristone-treated (ABCG1) cells at each incubation time point.

“P < 0.0001 between the medium of untreated and mifepristone-treated cells at 8 h and 18 h incuba-

tion period.

as the apoA-I disc. The data were analyzed using the
Michaelis-Menten equation to provide K,, and V,,,, values.
At low acceptor concentrations (2—-8 pg/ml), the apoA-I
and apoA-II rHDL discs gave rise to similar fractional FC
efflux, but at high concentrations (8—100 pg/ml) the
apoA-II-containing discs demonstrated somewhat greater
efflux. The V,,,, was greater for the apoA-II particle
(8.0% FC efflux/6 h vs. 4.7% FC efflux/6 h) (Fig. 6). On
the other hand, the K,, values were 17 pg/ml for particles
containing apoA-I vs. 32 pg/ml for the apoA-II particles,
indicating that ABCGl-mediated FC efflux to the apoA-I
containing particles is a high affinity process. The catalytic
efficiency (V,,./ K,,) of FC efflux was essentially the same for
both particles (apoA-I = 0.27% FC. ml/6 h.ug; apoA-Il =
0.25% FC. ml/6 h.pg).

The mechanism of ABCGl-mediated FC and phospho-
lipid efflux to HDL is unknown. To explore the role of

HDL association to the transporter, BHK control and up-
regulated cells were incubated at 37°C for 2 h with increas-
ing concentrations of HDLg labeled with ['#°1]. As shown
in Fig. 7, the amount of cell-associated ['?°I] HDL radio-
activity was the same for control and mifepristone-treated
cells. Thus, the upregulation of ABCG1 had no impact on
HDL-cell association, consistent with a lack of specific
binding of HDL to ABCGI.

We further analyzed the ABCGl-mediated efflux reac-
tion by monitoring the kinetics of FC efflux to HDLs
(Fig. 8). The FC efflux time courses from control and
mifepristone-treated cells fitted single-phase exponential
decay curves that yielded values for the efflux rate constant
(k) and pool size. The fitting of the efflux values were con-
sistent with one kinetic pool of FC being available for ef-
flux, and the expression of ABCG1 induced a statistically
significant (P = 0.01) increase in the size of this FC pool
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Fig. 5. Correlation of ABCGl-mediated free cholesterol efflux to

HDL components in 25 individual human sera. BHK cells expressing

ABCGI were incubated for 4 h with the polyethylene glycol (PEG) supernatants (3.5%) of serum samples obtained from 25 healthy
individuals, and the FC efflux was measured. The HDL subfractions of the 25 PEG supernatants were determined using a 2D gel assay
(see Materials and Methods). The correlations between the ABCGl-mediated efflux and HDL components were assessed using linear
regression. ApoA-I, B (A); apoA-II, @ (B); HDL-C, A (C); HDL-PL, ¥ (D); o-2, ® (E); prep, asterisk (F).
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Fig. 6. ABCGl-mediated free cholesterol efflux to rHDL discs
made with apoA-I or apoA-II. BHK cells, after radiolabeling with
[SH] FC for 24 h and treatment with or without mifepristone, were
incubated for 6 h with reconstituted HDL (rHDL) discs made with
apoA-I or apoA-II. The data are fitted to the Michaelis-Menten
equation. The values are mean * SD of triplicate measurements.

ApoA-II, A; apoA-l, [].

available for efflux from 22.0 = 1.3% to 28.1 = 1.4%. The k,
for control cells was 0.018 = 0.001 h™" (t, o = 38 h), while
that for mifepristone-treated cells was 0.025 + 0.002 h™*
(t1/2 = 28 h) (mean = SEM, n = 6); these values are signifi-
cantly different from one another (P = 0.01). Thus, the &,
and pool size for FC efflux were increased upon expression
of ABCGI.

DISCUSSION

Avariety of mechanisms have been shown to be involved
in the efflux of cholesterol from cells (13). These include
1) unmediated aqueous diffusion, 2) SR-BI-mediated ef-
flux, 3) efflux via the participation of ABCAI, and most re-
cently 4) ABCGl-mediated efflux. In the present study

200

ng of ['2°I] HDL; bound/mg protein

['?°1] HDL, (protein, pg/ml)

Fig. 7. Influence of ABCGI1 expression on HDL; association with
cells. BHK cells were treated with or without mifepristone for 18 h
after which they were incubated with increasing concentrations of
HDL; labeled with [#°I] for 2 h at 37°C. The cell monolayers were
solubilized in 0.1 M NaOH, after being washed with MEM-HEPES
containing 1% BSA (3X) followed by washing with PBS (2X).
Radioactivity and protein concentrations were then measured.
ABCGl-specific association with [**’I] HDLg was calculated by sub-
tracting the values for untreated from mifepristone-treated cells.
The values are mean = SD of triplicate measurements. Data were
fitted by linear regression (P = 0.05). Untreated, []; mifepristone,
A; ABCGl-specific, @.
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Fig. 8. Kinetics of FC efflux from control and ABCGl-upregulated
cells to HDLs. After radiolabeling for 24 h with [*H]FC (15 wCi/ml),
BHK cells were treated with or without mifepristone for 18 h. The
cells were then incubated with HDLg (100 pg/ml) for 8 h and the
medium was collected and radioactivity measured at intervals over this
period. The efflux curves for untreated (control) and mifepristone-
treated cells were fitted to a mono exponential decay equation as
described in Materials and Methods (r2 = 0.997). The data points
are mean = SEM (n = 6) and the error bars are contained within
the symbols. Untreated, [J; mifepristone, A.

we have collected data that aid in the elucidation of the
mechanism by which ABCGI1 enhances the removal of
FC from cells.

Acceptor effects

Panrticle size. The effects of acceptor particle size on the
efflux of cellular FC have been studied previously in this
laboratory (38-40). Generally, when different types of ac-
ceptor particles are compared on the basis of their phos-
pholipid contents, smaller particles are more efficient at a
given phospholipid concentration. The results in Fig. 1B
show that this finding also applies to ABCG1-mediated FC
efflux whereby HDL particles are much more effective than
SUV. This effect occurs with fibroblast-type cells (38, 39)
whereby FC efflux occurs primarily by the aqueous diffu-
sion mechanism (5) and with cells whereby efflux involves
diffusion that is facilitated by SR-BI (39, 40). These obser-
vations, combined with the results in Fig. 1C showing that
larger particles are better acceptors at a given particle num-
ber concentration, are consistent with the aqueous diffu-
sion mechanism being involved in ABCG1-mediated efflux.

From considerations of colloid theory and the aqueous
diffusion mechanism of cellular FC efflux, it can be shown
that the collision frequency between acceptor particles and
cholesterol molecules that have desorbed from the plasma
membrane of cells into a given volume of extracellular
medium is a function of acceptor concentration and par-
ticle size (38). Thus, the relative efflux of cellular choles-
terol to different acceptors should be normalized when
expressed in terms of the product (particle number con-
centration x particle radius). As shown in Fig. 1D, in agree-
ment with prior work (38), this prediction holds for SUV,
LDL, and the rHDL disc, supporting the notion that the
ABCGI1-mediated efflux proceeds via the aqueous diffu-
sion mechanism. Interestingly, the HDLy and HDLg efflux
curves in Fig. 1D do not coincide with the curves for the
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other types of acceptor particles. The higher collision fre-
quency required with the HDLy and HDLj particles to
achieve a given efflux may be due to their high protein sur-
face coverage; the lower amount of phospholipid surface
could reduce the number of productive collisions by which
cholesterol molecules diffusing in the aqueous phase are
absorbed into the acceptor particle.

Acceptor composition. To address further the role of phos-
pholipid in ABCGl-mediated efflux, we conducted an
assay using HDLs particles that had been enriched with
either SM or PC using a published protocol in which the
HDL is incubated with multilamellar phospholipid vesicles
(27, 28). As can be seen from Fig. 2, keeping the particle
number constant (i.e., constant HDL protein concentration)
and increasing the phospholipid to protein ratio increased
efflux from the control BHK and the ABCGIl-upregulated
cells, as has been seen with other cell systems (27, 28). How-
ever, the difference between control and mifepristone-
treated cells, which represents the ABCG1 contribution
to efflux, is essentially unchanged; this is in marked con-
trast to SR-BI-facilitated FC efflux, which is highly sensitive
to HDL phospholipid composition (28, 41). Thus, increas-
ing the phospholipid content of the medium stimulated
ABCGIl-mediated efflux (Fig. 1B), but changing the phos-
pholipid content of HDL3 while maintaining a constant
particle number, had no effect on ABCG1l-mediated FC
efflux (Fig. 2). The enrichment with phospholipid would
primarily affect the surface of the HDL and did not signifi-
cantly change lipoprotein size and therefore collision fre-
quency with desorbed cholesterol molecules; these results
are also consistent with ABCG1 promoting efflux by an aque-
ous diffusion mechanism.

Because ABCGI is capable, to varying degrees, of releas-
ing cellular cholesterol to all phospholipid-containing
extracellular acceptors, we determined if there are specific
HDL components or subfractions that are preferential
acceptors of cell cholesterol provided via the ABCGI path-
way. Because apoA-II is present in HDL subfractions that
also contain apoA-I (apoA-I/A-II particles), the results illus-
trated in Fig. 5E suggest that these particles, when present
in whole serum, are efficient acceptors of cholesterol sup-
plied by ABCGI. It should also be noted that a-2 particles
carry the majority of apoA-II, and previously we have
found that this particle has an important role in ABCA1
and SR-BI-mediated cholesterol efflux (36, 42). We further
determined if there is an intrinsic difference between
apoA-I and apoA-II in mediating ABCG1 cholesterol efflux
by preparing reconstituted discs containing phospholipid
and either apoA-I or apoA-II. Though the apoA-II had
higher fractional of FC efflux compared with apoA-I at
concentration >8 pg/ml, the catalytic efficiencies of both
rHDL discs were the same (Fig. 6).

Association of HDL with ABCGI. The binding of extracel-
lular acceptor particles plays a role in cholesterol efflux
mediated by ABCA1 and SR-BI. To determine if there is a
binding component in ABCGl-mediated efflux to HDL, we
examined the association of ['#I] HDL with control and
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mifepristone-treated cells. As can be seen from Fig. 7, there
is a linear increase in the association of the radiolabeled
HDL with the cells as the concentration of the HDL is in-
creased; however, there is no difference in this association
between control and ABCGIl-expressing cells. Our finding
of no association of HDL with ABCGI1 disagrees with pre-
viously published data (43), whereby they have shown that
reduced ABCGI expression diminishes HDL binding with
the RAW264.7 cell. This discrepancy may be attributed to
the different cell types and experimental conditions that
have been used. However, our data are consistent with
the observation by Wang et al. (16), who also observed a
lack of binding.

Mechanism of ABCGIl-mediated efflux

Kinetics of I'C efflux. An analysis of the efflux of cell cho-
lesterol over time yielded rate constants (k,) and pool sizes
for control and ABCGl-expressing BHK cells (Fig. 8). The
data are consistent with a model in which the rate of de-
sorption of cholesterol from the cell membrane is in-
creased by ABCG1; in this experiment, the pool size of
cholesterol available for efflux was increased by 6%. In a
series of similar studies, the increase in size of the FC pool
generated by the expression of ABCG1 was 6%—12%. This
observation is consistent with previous studies that pro-
posed that the enhanced efflux observed with cells ex-
pressing ABCGI is linked to this protein’s ability to enrich
the membrane pool of cholesterol that undergoes efflux
(8, 15). Further evidence that ABCGI1 increases the avail-
ability of cholesterol in the plasma membrane comes from
the observation that the cholesterol oxidase-sensitive pool
of membrane cholesterol is expanded upon ABCGI1 ex-
pression (22). Thus, the major role of ABCGI in this BHK
cell system is to enrich the plasma membrane with choles-
terol, perhaps in specific pools in the membrane.

Phospholipid efflux. In addition to the efflux of choles-
terol, ABCGI expression also stimulates the release of cel-
lular phospholipids to HDL3 and to human serum (Fig. 3).
Kobayashi et al. (44) have shown that ABCG1 in HEK293
cells can mediate the efflux of cholesterol as well as cho-
line phospholipids to HDLg, and that ABCG1 differs from
ABCAL in the type of phospholipid secreted. We have mea-
sured choline-phospholipid efflux to different acceptors
(Fig. 3). We observed phospholipid efflux to whole serum
and isolated HDL; however, as with cholesterol efflux, in-
cubation with lipid-free apoA-I had no ability to promote
phospholipid efflux. The fractional release of phospho-
lipid is considerably less than that obtained with choles-
terol (Fig. 3 and Fig. 1A). The reason for this probably
reflects the lower aqueous solubility of phospholipid com-
pared with cholesterol consistent with the aqueous diffu-
sion mechanism (5) and the distribution of phospholipid
in plasma and internal membranes, whereas cholesterol is
enriched in the plasma membrane and thus more available
for efflux (45, 46). The extent to which ABCGl-mediated
phospholipid release to lipoproteins can modify the compo-
sition of the acceptor particles remains to be determined.
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Influx. The general pattern of ABCG1l-mediated efflux is
similar to that obtained with cells expressing high levels of
SR-BI. SR-BI expression enhances the passive efflux of cell
FC and also stimulates the influx of FC, and the selective
uptake of HDL CE (47, 48). ABCGI activity promotes FC
efflux; thus we determined if such expression also stimu-
lates the influx of either HDL FC or CE. The results pre-
sented in Fig. 4 demonstrate that, unlike SR-BI, expression
of ABCGI has no impact on the influx of either form of
cholesterol. Incubating SR-Bl-expressing cells with HDL
can result in either net influx or net efflux, depending
on the cholesterol gradient between the HDL and the cells
(4, 13). In contrast, and on a theoretical basis, if ABCG1
were the only protein participating in cholesterol flux, its
expression would result in only greater net efflux when the
cells were exposed to HDL. The cholesterol mass data pre-
sented in Table 1 are consistent with the isotopic data.

Physiological implications of findings

It has become increasingly obvious that there are a num-
ber of pathways for the flux of cholesterol between cells
and serum lipoproteins. At least three protein-mediated
pathways have been identified, and these proteins dem-
onstrate similarities and differences. Among them are:

Acceptor specificity. ABCG1 and SR-BI require cholesterol
acceptors that contain phospholipid, and the efficiency of
the acceptor is determined by the composition and size of
the extracellular particle. In contrast, phospholipid-free or
phospholipid-poor apoproteins or helical amphipathic pep-
tides serve as cholesterol acceptors via the ABCA1 pathway.

Binding. Cholesterol efflux via ABCA1 has an absolute
requirement for the binding of apoprotein to the cell, with
recent evidence indicating the efficient efflux requires
binding directly to the ABCA1 protein and indirectly to
other membrane domains (49, 50). There is a binding
component to the SR-Bl-mediated efflux of cholesterol
to HDL (40, 51), particularly at low acceptor concentra-
tions; however, there is also evidence that some cholesterol
efflux occurs via aqueous diffusion (52). Our present study
and the results of Wang et al. (16) indicate that acceptor
binding to the donor cell is not a requirement for efflux
via the ABCG1 pathway. However, in all cases the expression
of efflux transporter results in changes in the organization
of the lipids in the plasma membrane as evidenced by an
increased susceptibility of plasma membrane cholesterol
to cholesterol oxidase (22).

Bidirectional flux. The two ABC transporters participate
in unidirectional flux of cholesterol between cells and ex-
tracellular acceptors, even though the nature of the accep-
tors differs. In contrast, SR-BI expression enhances the
efflux of cell FC and also the influx of lipoprotein FC
and CE.

Physiological significance. The role of cholesterol efflux in
RCT has largely focused on macrophages and macrophage-
derived foam cells. All three transporters are present

in macrophages, although the level of expression and
the contribution to efflux of SR-BI remains controversial
(12, 53, 54). However, it is now well established that macro-
phages express ABCAl and ABCG]1, and the expression of
these proteins is increased in cholesterol-enriched macro-
phages. There is evidence that ABCA1 and ABCGI function
coordinately, with ABCA1 initially providing phospholipid
to lipid-poor apoproteins (pre-3 HDL) that then become
further enriched with phospholipid and cholesterol through
the action of ABCG1 (21, 23, 55). It can be speculated that
SR-BI, if present, could also contribute to the lipidation of
newly generated HDL; however it is apparent that SR-BI
plays a major role in the flux of cholesterol between HDL
and hepatocytes and endocrine cells, whereas the ABC
transporters provide the major pathways for removal of
excess cholesterol from macrophages.ii
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