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Abstract Recent studies have identified an ABCAl-depen-
dent, phosphatidylcholine-rich microdomain, called the
“high-capacity binding site” (HCBS), that binds apoA-I and
plays a pivotal role in apoA-I lipidation. Here, using sucrose
gradient fractionation, we obtained evidence that both
ABCAI1 and [125I]ap0A-I associated with the HCBS were
found localized to nonraft microdomains. Interestingly,
phosphatidylcholine (PtdCho) was selectively removed
from nonraft domains by apoA-I, whereas sphingomyelin
and cholesterol were desorbed from both detergent-resistant
membranes and nonraft domains. The modulatory role
of cholesterol on apoA-I binding to ABCA1/HCBS was also
examined. Loading cells with cholesterol resulted in a dras-
tic reduction in apoA-I binding. Conversely, depletion of
membrane cholesterol by methyl-pB-cyclodextrin treatment
resulted in a significant increase in apoA-I binding. Finally,
we obtained evidence that apoA-I interaction with ABCAl
promoted the activation and gene expression of key en-
zymes in the PtdCho biosynthesis pathway. Taken together,
these results provide strong evidence that the partitioning
of ABCA1/HCBS to nonraft domains plays a pivotal role in
the selective desorption of PtdCho molecules by apoA-I,
allowing an optimal environment for cholesterol release and
regeneration of the PtdCho-containing HCBS.Hll This pro-
cess may have important implications in preventing and
treating atherosclerotic cardiovascular disease.—Iatan, I.,
D. Bailey, I. Ruel, A. Hafiane, S. Campbell, L. Krimbou, and
J. Genest. Membrane microdomains modulate oligomeric
ABCALI function: impact on apoAl-mediated lipid removal
and phosphatidylcholine biosynthesis. J. Lipid Res. 2011. 52:
2043-2055.
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Factors affecting cellular cholesterol homeostasis play a
pivotal role in preventing the accumulation of excess cho-
lesterol. Cellular cholesterol accumulation is believed to
be cytotoxic to many cell types, and it is thought to con-
tribute to foam cell death and lesional necrosis in ad-
vanced atherosclerotic cardiovascular disease (ACVD) as
documented by Feng and Tabas et al. (1, 2). A substantial
body of evidence from studies conducted in vitro and in
vivo have shown that the ABCAI1 transporter orchestrates
cellular phospholipid and cholesterol removal to lipid-
poor apolipoprotein acceptors by an active process. The
loss of ABCAI function in humans leads to Tangier dis-
ease, which is associated with severe HDL deficiency and
increased risk of ACVD (3).

It is well accepted that apoA-I interaction with ABCA1
has importantimplications in the reverse cholesterol trans-
port (RCT) process. This pathway is not only a mode of
excess cholesterol removal from peripheral cells that are
unable to catabolize cholesterol, including macrophages
in the vessel wall, but also it is crucial for the optimal lipi-
dation of newly synthesized apoA-I within hepatic cells in a
process called nascent HDL biogenesis (4, 5). The pio-
neering studies by Rothblat’s and Phillips” groups (6, 7)
have proposed that the initial transfer of cholesterol
from peripheral cells to HDL occurs via a number of
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mechanisms, including the aqueous diffusional/bidirec-
tional exchange of lipids between the cell membrane and
phospholipid-containing acceptors. This process has been
shown to be accelerated when scavenger receptor class-B
type I (SR-BI) is present (7). In contrast, cholesterol and
phospholipid efflux mediated by ABCA1 transporter is
unidirectional, and the primary acceptors of this pathway
are lipid-poor apolipoproteins (8-10). Other ABC trans-
porters, such as ABCG1 and ABCG4, have been shown to
mediate cholesterol efflux to mature HDL particles (8).

Several models of ABCAl-mediated cholesterol efflux
have been proposed, including a two-step model in which
ABCAL acts by flipping phospholipids to the outer leaflet
of the plasma membrane (PM) bilayer. Subsequently,
apoA-1 is proposed to bind to these translocated phospho-
lipid molecules, followed by acquisition of cholesterol and
membrane solubilization (4, 6, 7). This concept is strongly
supported by recent studies from our laboratory and Phil-
lips’ (9-12), in which we identified an ABCAl-dependent,
phosphatidylcholine-rich, PM apoA-I binding site having a
near 10-fold higher capacity to bind apoA-I compared with
ABCAL. As such, we have called this site the “high-capacity
binding site” (HCBS) required for apoA-I lipidation.

There is an increasing interest in understanding the
role of lipid-protein interactions within specialized mem-
brane microdomains in vascular biology and atherogene-
sis. Indeed, sphingolipid/cholesterol-rich rafts, known to
be implicated in signal transduction, intracellular traffick-
ing of lipids and proteins, and translocation of solutes
across the membrane, have been shown to be involved in
nitric oxide regulation and the RCT process (13). Earlier
studies by Fielding et al. (14) have documented that PM
caveolae represent a major site of efflux of both newly syn-
thesized and low density lipoprotein-derived free choles-
terol (FC) in the cells. More recently, Storey et al. (15)
demonstrated selective cholesterol dynamics between li-
poproteins and caveolae/lipid rafts.

Although Mendez et al. (16) have shown that mem-
brane lipid domains distinct from cholesterol-rich rafts are
involved in the ABCAl-mediated lipid secretory pathway,
the nature and specifics of apoAI-ABCAI interactions
with membrane microdomains and their impact on excess
cholesterol removal remain poorly understood. In this re-
port, we examined the distribution of ABCAl and the
HCBS between membrane microdomains, explored the
modulatory role of the lipid environment on ABCAI func-
tion, and examined the potential role of apoA-I in the
regulation of the phosphatidylcholine (PtdCho) biosyn-
thesis pathway.

EXPERIMENTAL PROCEDURES

Cell culture

Human skin fibroblasts were obtained from 3.0 mm punch bi-
opsies of the forearms of patients and healthy control subjects.
Fibroblasts obtained from patients with Tangier disease (TD; ho-
mozygous for Q597R at the ABCA1 gene) were used as a negative
control throughout the study as previously described (9, 17).
Cells were cultured in DMEM supplemented with 0.1% nones-
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sential amino acids, penicillin (100 U/ml), streptomycin (100 pg/
ml), and 10% FBS. THP-1 macrophages were cultured under
standard conditions (ATCC) and treated with 150 nM PMA for 72 h
prior to use. When indicated, cells were stimulated with 2.5 pg/ml
22-(R)-hydroxycholesterol (220H) and 10 pm 9-cisretinoic acid
(9CRA) for 20 h to induce ABCA1 expression. BHK cells stably
transfected with an ABCA1 expression vector that is inducible by
treating the cells with mifepristone and cells transfected with the
same vector lacking the ABCA1 cDNA insert (mock-transfected)
were generously provided by the late Dr. John F. Oram from
the Department of Medicine, University of Washington, and were
characterized and cultured as described previously (18). These
BHK cells do not normally express ABCAI.

Human plasma apoA-I

Purified plasma apoA-I (Biodesign) was resolubilized in 4M
guanidine-HCl and dialyzed extensively against PBS buffer.
Freshly resolubilized apoA-I was iodinated with Blodine by
IODO-GEN® (Pierce) to a specific activity of 3,000 to 3,500 cpm/
ng apoA-I and used within 48 h.

Sucrose gradient fractionation

Sucrose density gradient was performed as described previ-
ously (19). Cells were lysed at 4°C with TNE buffer [50 mM Tris-
HCI (pH 7.5), 140 mM NaCl, 5 mM EDTA] containing 0.2%
(v/v) Triton X-100 and protease inhibitor cocktail (Roche) for
30 min on ice followed by low-speed centrifugation to remove
insoluble materials. Samples were mixed with an equal volume of
90% (w/v) sucrose in MBS [25 mM MES (pH 6.5), 150 mM NaCl]
and overlaid with 35, 30, 25, and 5% (w/v) sucrose. The gradient
was spun at 198,000 g (average) in a Beckman SW41 rotor for
16 h. Ten fractions of 1.0 ml were collected from the top and ana-
lyzed for protein, radioactivity, and lipid content.

Quantitative chemical cross-linking and
immunoprecipitation assay

Quantitative immunoprecipitation was performed as we have
described previously (9). Briefly, fibroblasts or PMA-treated THP-1
were incubated with 10 pg/ml of [1251]ap0A—I, washed with PBS,
and cross-linked with 500 wM dithiobis-(succinimidylpropionate)
(DSP) (Pierce) for 30min/RT. The cross-linker was inactivated
by the addition of 20 mM Tris (pH 7.5) (final concentration).
Cells were washed with PBS, lysed at 4°C with TNE-0.2% Tri-
ton X-100 buffer containing protease inhibitor cocktail, and
subjected to sucrose fractionation. [1251]apoA-I associated with
ABCAI in sucrose gradient fractions was coimmunoprecipitated
with 10 pl of anti-ABCAI antibody (Novus) for 18 h at 4°C, fol-
lowed by the addition of protein A bound to Sepharose (30 l).
Radioactivity found in pellets (ABCAl-associated) and in superna-
tants (ABCAl-nonassociated, HCBS) was determined by y-counting.
Protein concentration was determined by standard assay (Bio-
Rad).

Lipid labeling and efflux

Lipid labeling and efflux were performed as described previ-
ously (9, 20, 21) with minor modifications. Briefly, fibroblasts
were labeled with either 15 pCi/ml [BH]choline (Perkin-Elmer)
for 48 h or 3 pCi/ml [E;H]cholesterol (Perkin-Elmer) for 24 h,
and then stimulated as described above. Cells were subsequently
incubated with lipid-free apoA-I and fractionated by sucrose gra-
dient in the presence of 0.2% Triton X-100. For each fraction,
lipids were extracted by Folch and [BH]choline-labeled PtdCho,
and SM were separated by TLC. [’H]cholesterol was quantified
directly. Alternatively, for experiments investigating the lipid
composition of nascent apoA-I-containing (LpA-I) particles,



fibroblasts were labeled with 300 pCi/ml [**P]orthophosphate
or 15 nCi/ml [14C]cholesterol, stimulated, and then incubated
with lipid-free apoA-I. LpA-I particles were analyzed by two-
dimensional polyacrylamide nondenaturing gradient gel electro-
phoresis (2D-PAGGE) and autoradiography.

Cholesterol depletion and loading

For cholesterol depletion, cells were incubated for 30 min at
37°C in DMEM containing 50 mM HEPES (pH 7.2) and 0.2%
BSA (DMEM/BSA) and the indicated concentration of methyl-
B-cyclodextrin (CDX). Control cells were incubated in the same
medium lacking cyclodextrin. Cells were loaded with cholesterol
using the above media containing the indicated concentration of
the water-soluble cholesterol-cyclodextrin complex for 45 min.

Cellular ['*I]apoA-I binding assay

220H/9CRA-stimulated cells were incubated with 10 pg/ml
of 125I-apoA—I or with increasing concentrations of 125I—apoA—I for
45min at 37°C. For nonspecific binding determination, cells were
incubated with a 30-fold excess of unlabeled apoA-I. ABCAI mu-
tant (Q597R) associated with TD was used as a negative control
for binding specificity. This mutant did not show significant 1]
apoA-I association with cells as we have previously described (9).
After washing to remove unbound [125I]apoA—I, cells were lysed
in 0.1 N NaOH, and the radioactivity was determined by vy
counting.

Cell surface biotinylation assay

Confluent fibroblasts were stimulated with 2.5 pg/ml 220H
and 10 pm 9CRA for 20 h. Cells were depleted of or loaded with
cholesterol as described above, and then incubated with 10 pg/ml
[125I]ap0A-I for 45 min at 37°C. Cells were washed three times
with PBS, and surface proteins were biotinylated with 0.5 mg/ml
sulfosuccinimidobiotin (sulfo-NHS-biotin; Pierce) for 30 min at
4°C. The biotinylation reaction was quenched by removal of the
biotin solution and addition of 20 mm Tris-HCI (pH 7.5). Cells
were washed twice with ice-cold PBS, lysed, and homogenized.
One hundred micrograms of protein was added to 50 pl of
streptavidin-Sepharose beads and incubated overnight on a
platform mixer at 4°C. The PM pellet or intracellular compart-
ment (ICC) supernatant was washed with lysis buffer. Localiza-
tion of ABCA1 was monitored by Western blot and [125I]ap0A-I
by vy counting. Results are representative of two independent
experiments.

Dissociation of [1251]apoA-I from intact cells

The dissociation of apoA-I was performed as we previously
described (12, 20). Stimulated fibroblasts were incubated with
10 pg/ml of ['®I1apoA-I for 45 min at 37°C. After washing to
remove unbound [1251]ap0A—I, DMEM was added, and the
plates were immediately incubated at 37°C or 4°C for the indi-
cated time. At each time point, the medium was replaced with
fresh medium. Dissociated [125I]apoA—I was determined by
v-counting. LpA-I particles were analyzed by 2D-PAGGE and
autoradiography.

Analysis of gene expression by RT-PCR

Total RNA was prepared from fibroblasts and THP-1 cells using
the RNeasy mini RNA extraction kit (Qiagen), according to the
manufacturer’s instructions. Total RNA (200 ng) was reverse-
transcribed using the QuantiTect Reverse Transcription kit (Qia-
gen). Real-time quantitative PCR was carried out using the
Quantitect SYBR Green PCR kit and QuantiTect Primer assays
(Qiagen): PCYTIA (#QT00051835), PCYT1B (#QT00023380),
CHKA1 (#QT00013405), and CHKB1 (#QT00218435). All reac-

tions were performed on an ABI PRISM 7300 Sequence Detec-
tion System (Applied Biosystems). Amplifications were carried
out in a 96-well plate with 50 pl reaction volumes and 40 amplifi-
cation cycles (94°C, 15s; 55°C, 30s; 72°C, 34s). Experiments were
carried out in triplicate, and the mRNA expression was taken as
the mean of three separate experiments. The expression of each
gene was normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) expression. Fold changes relative to controls
were determined using the AACt method.

Analysis of labeled choline metabolites

The analysis of the incorporation of [’H]choline into phos-
phocholine (Pcho), cytidine diphosphate choline (CDP-cho),
and PtdCho were performed as described previously (22). Stimu-
lated cells were incubated or not with 20 pg/ml apoA-I for 16 hr
at 37°C. Cells were then pulsed with 10 nCi/ml methyl[sH]cho—
line for 1 h. After labeling, cells were washed with PBS and meth-
anol was added. Cells were harvested by scraping and were
sonicated on ice. To extract lipids, chloroform was added to the
methanol-cell suspension for 15 min/RT (1:1 v/v). Water was
added to separate the aqueous and lipid phases (6:6:5 methanol/
chloroform/water, v/v/v). The aqueous and lipidic phases were
transferred to new tubes and dried under nitrogen gas. Water-
soluble metabolites were dissolved in 40 pl ethanol/water (1:1),
spotted onto Whatman K5 Silica Gel Adsorption Plates (Whatman),
and developed in methanol/0.9%NaCl/ammonia (50:50:5, v/v/v).
Lipids were dissolved in 40 wl chloroform/methanol (2:1), spotted
onto Whatman Kb Silica Gel Adsorption Plates (Whatman), and
developedin chloroform/methanol/aceticacid/water (75:45:3:1,
v/v/v/v). Choline, Pcho, CDP-cho, and PtdCho were identified
by comigration with standards. Spots corresponding to each
metabolite were revealed by iodine vapor, scraped, and then the
radioactivity was determined.

Lipid and lipoproteins analysis
Cellular free and esterified cholesterol mass, as well as PtdCho

were quantified by TLC. ApoA-I-containing particles were sepa-
rated by 2D-PAGGE as we have previously described (23, 24).

Statistical analysis

Results were compared statistically by paired ttest. Two-tailed
Pvalues < 0.05 were considered significantly different.

RESULTS

Localization of ABCA1- and HCBS-associated apoA-I to
nonraft fractions

Using detergent extraction with 0.2% Triton X-100
followed by sucrose equilibrium density gradient, we ex-
amined the localization of ABCAl, ABCAl-associated
apoA-I, and HCBS-associated apoA-I to detergent-resistant
membranes (DRM) and/or nonraft fractions. We chose
to use 0.2% instead of 1% Triton X-100 because the latter
is known to produce artifacts in the distribution of phos-
pholipids and cholesterol between DRMs and nonraft
domains, as reported by Gaus et al. (19). To ascertain the
integrity of the DRMs and nonraft domains, the sucrose
fractions were separated by SDS-PAGGE and monitored by
appropriate antibodies for the colocalization of specific
PM markers. As shown in Fig. 1A, extraction with 0.2%
Triton X-100 followed by sucrose fractionation enabled clear
separation of the DRM (raft) marker proteins caveolin-1
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and flotillin-1 (fractions 1-5) from the detergent-soluble/
nonraft marker transferrin receptor (TfR; fractions 6-10),
as reported previously (19). As shown in supplementary
Fig. I-A, ABCA1 complexes were localized exclusively to
nonraft fractions (fractions 7-10). We found that ABCA1
migrated primarily in monomeric (~250 kDa) and di-
meric (~500 KDa) forms, as we have documented previ-
ously (17). DTT reduced the dimeric forms to monomeric

ABCAL.

Next, we examined whether the HCBS was located along
with ABCA1 complexes within nonraft fractions. Fibro-
blasts or THP-1 cells were treated or not with 220H /9CRA
and incubated with 10 pg/ml of [1251]apoA-I for 45 min at

37°C. After washing to remove unbound [125I]ap0A-I,
cross-linking with DSP was performed and the samples
were subjected to sucrose fractionation. The efficiency of
DSP cross-linking was verified by cross-linking [125I]trans-
ferrin to the transferrin receptor, as we have reported pre-
viously (9). To quantify the amount of HCBS- or
ABCA1-associated [125I]apoA-I present in each fraction,

125
[

I1apoA-I/ABCAI complexes were directly immunopre-

cipitated from sucrose fractions with an anti-ABCAI anti-
body, as we have reported previously (9). In both fibroblasts
and THP-1, [125I]apoA-I was distributed between two den-
sities, an intermediate density (fractions 5-7) and a high
density (fractions 8-10) (Fig. 1B, E). Fractions 9 and 10
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Fig. 1. Localization of ABCAIl- and HCBS-associated apoA-I to nonraft fractions. (A) Normal human fibroblasts were stimulated with

220H/9CRA for 18 h and lysed at 4°C with 0.2% Triton X-100 in TNE buffer, followed by low-speed centrifugation to remove insoluble
material. Supernatants were then subjected to sucrose gradient as described in Experimental Procedures, and 10 fractions of 1 ml col-
lected. Fractions were concentrated and subsequently separated by 4-22.5% SDS-PAGE. After electrophoresis, rafts and nonraft distribution
was detected with anti-caveolin and anti-flotillin antibodies protein markers for detergent insoluble membranes and with an anti-transfer-
rin receptor antibody for nonraft membranes. Normal and ABCAl mutant (Q597R) human fibroblasts (B-D) and THP-1 cells (E-G)
stimulated or not with 220H/9CRA were incubated with 10 pg/ml [*I]apoA-I for 45 min at 37°C. After washing to remove unbound ['*I]
apoA-], cross-linking with DSP was performed as described in Experimental Procedures. Cells were lysed at 4°C with 0.2% Triton X-100 in
TNE butffer for 30 min followed by low-speed centrifugation to remove insoluble material. Supernatants were then subjected to sucrose
gradient as described in Experimental Procedures, 10 fractions of 1 ml were collected, and radioactivity found in all fractions was deter-
mined by y-counting. Cell associated [125I]apoA-I profiles following gradient separation are shown for fibroblasts (B) and THP-1 cells (E).
Fractions were subsequently concentrated and immunoprecipitated with 10 pl of affinity-purified polyclonal human anti-ABCA1 antibody
(Novus) as described in Experimental Procedures. Radioactivity found in pellets (ABCAl-associated) and in supernatants (ABCAl-nonasso-
ciated, HCBS) was determined by y-counting in fibroblasts (C), unstimulated THP-1 cells (F), and stimulated (G) THP-1 cells. Protein con-
centrations were assessed in fraction samples from fibroblasts (D). Results shown are representative of four independent experiments.
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may potentially contain some apoA-I dissociated in vitro.
Similar results were obtained using BHK cells stably over-
expressing ABCAl and HepG2 (data not shown). An
ABCA1 mutant (Q597R) used as a negative control for
binding specificity did not show significant []25I]apoA-I as-
sociation with any sucrose fraction (Fig. 1B). When [1251]
apoA-I was coimmunoprecipitated by an ABCAl-antibody,
less than 10% of [125I]apoA-I was found associated with
ABCA1, whereas ~90% was found associated with the
HCBS (Fig. 1C, F, G), consistent with our previous analysis
of apoA-I distribution between ABCAI and the HCBS (9,
12). Furthermore, [IQBI]apoA-I associated with ABCAI was
localized exclusively to nonraft domains, whereas [1251]
apoA-I associated with the HCBS was found to partition
between two densities, an intermediate density (fractions
5-7) and a high density (fractions 8-10) in both fibroblasts
and THP-1 (Fig. 1B, G, E, F). A significant proportion of
HCBS-associated [lzal]apoA-I was found associated with
fractions 5 and 6, without any detectable ABCA1 as as-
sessed by SDS-PAGGE (supplementary Fig. I-A, B). Upreg-
ulation of ABCA1 with 220H/9CRA in THP-1 increased
the association of [lgsl]apoA-I with both ABCA1 and the
HCBS in the nonraft fractions, including the less dense
fractions (5-7) (Fig. 1F, G). The partition of HCBS-associ-
ated [1251]ap0A-I between fractions 5-7 and 8-10, the ab-
sence of ABCALI in fraction 5 and 6, and poor protein
content (Fig. 1D) suggest that the HCBS is heterogeneous
in nature. We speculate that the HCBS region that ex-
cludes ABCAI may represent exovesiculated domains or
“mushroom-like protrusions” as reported by the groups of
Phillips and Oram (10, 25).

ApoA-I desorbs PtdCho selectively from the HCBS within
nonraft domains

We have previously reported that disruption of the
HCBS by PtdCho-PLC treatment impaired apoA-I-medi-
ated cholesterol efflux (9). The finding that the majority
of apoA-I associated with the cell was found localized to
the HCBS within nonraft domains (Fig. 1) suggests that
apoA-I may efficiently mediate PtdCho desorption from
these domains. To further examine the involvement of the
HCBS in apoA-I-mediated PtdCho removal, fibroblasts
were labeled with [SH]choline or [SH]cholesterol, stimu-
lated with 220H/9CRA, and incubated in the presence or
absence of 15 pg/ml apoA-I for 12 h. After incubation,
cells were homogenized with 0.2% Triton X-100 and sub-
jected to sucrose fractionation. Lipids were extracted, and
PtdCho and SM were quantitated by TLC. Approximately
36% of the cell content of PtdCho and 22% of SM, respec-
tively, was found within nonraft domains, associated with
the HCBS (Fig. 2A, B). Incubation with ApoA-I was found
to promote PtdCho desorption from nonraft domains but
not from DRMs (Fig. 2A). Conversely, SM and cholesterol
were found to be desorbed from both nonraft domains
and DRMs as shown by profiles distribution (Fig. 2B, C).
This is consistent with quantification of radioactivity appear-
ing in DRM (1 to 5) and nonraft (6 to 10) fractions expressed
as percentage of control (100% in the absence of ApoA-I) for
[’H]PtdCho (Fig. 2D), [’H]SM (Fig. 2E), and [*H]choles-

terol (Fig. 2F) between DRMs and nonrafts in the absence or
presence of apoA-I.

On the basis of this result, we can assume that the rate
of desorption of PtdCho from the HCBS is equivalent to
the release of PtdCho to the media in the presence of
apoA-I. As shown in supplementary Fig. II-A, apoA-I re-
moves PtdCho from the HCBS within nonraft domains
with an estimated K, of 2 + 0.35 g/ml, which is character-
istic of a high affinity process. These results indicate that
the partitioning of ABCA1/HCBS to nonraft domains, as
well as specific structural characteristics of these lipid mi-
crodomains, dictates the selective desorption of PtdCho
from HCBS.

Influence of the lipid environment on the interaction of
apoA-I with the ABCA1/HCBS system

The localization of ABCA1/HCBS to nonraft domains
raises the possibility that the lipid constituents of the
plasma membrane, namely, PtdCho and cholesterol, could
be important modulators of apoA-I binding.

Given that PtdCho is a major component of the HCBS,
we examined whether modulation of the PtdCho content
of the cell would affect the apoA-I/HCBS interaction. To
test this, we used CHO-MT58 cells, a cell line with a tem-
perature-sensitive deficiency in CTP:phosphocholine cyti-
dylyltransferase (CCT)a, the rate-limiting enzyme in the
PtdCho biosynthesis pathway (26). At 33°C, these cells
contain levels of PtdCho lower than control cells; however,
they are viable and grow at an almost normal rate (27). At
40°C, however, CCTa is nonfunctional, causing a reduc-
tion in the cellular PtdCho content. CHO-MT58 and
CHO-KI1 cells were stimulated with T09/9CRA to induce
ABCALI expression, and then incubated with 10 pg/ml
[IQBI]apoA—I for 45 min at either permissive or restrictive
temperatures. Consistent with previous analyses, at 40°C,
the PtdCho content of CHO-MT58 was reduced by ~30%
compared with control CHO-K1 (data not shown) (27). As
shown in supplementary Fig. III-A, this reduction in Ptd-
Cho levels corresponded with a significant reduction in
cellular-associated [125I]ap0A-I (62.6 = 5.3% versus con-
trol). Similar ABCA1 levels were found in both cell lines at
33°C and 40°C (supplementary Fig. III-B). This result sup-
ports the role of PtdCho in associating apoA-I within the
HCBS microdomains.

Additionally, we hypothesized that cholesterol may in-
fluence the association of apoA-I with the ABCA1/HCBS
within nonraft domains. To examine whether membrane
cholesterol is involved in the binding of apoA-I to ABCA1
and the HCBS, cells were either loaded with water-soluble
cholesterol or depleted of cholesterol by incubation with
CDX, and then the cellular association of [IQEI]apoA-I was
determined. Conditions were chosen so that ABCAL1 levels
were maintained across treatments. Loading of stimulated
fibroblasts with increasing concentrations of water-soluble
cholesterol significantly decreased the association of 1]
apoA-I with the cells (Fig. 3A). Treatment with 150 uM
water-soluble cholesterol increased the cellular FC con-
tent to 150 + 6% relative to control, but it did not alter
ABCALI levels (Fig. 3B) or cause significant cellular toxicity

Role of lipid-microdomains in ABCA1 function 2047
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After lipid extraction, [SH]PtdCho and [‘%H]SM distribution in sucrose gradient fractions were assessed by TLC (A and B, respectively).
[*H]cholesterol (C) in each fraction was directly assessed for radioactivity. Radioactivity appearing in fractions corresponding to raft (1-5)
and nonraft (6-10) material was pooled, and the desorption of [ZH]PtdCho (D), [3H]SM (E), and [3H]cholesterol (F) from raft versus
nonraft in the presence of apoA-I was expressed as a percentage of control (100%, in the absence of apoA-I). Results shown are representa-

tive of three independent experiments. *P < 0.05 by Student’s #test.

as measured by an LDH-release assay (data not shown). To
examine the influence of cholesterol loading on apoA-I-
binding properties, stimulated fibroblasts were loaded
with 150 pM cholesterol for 45 min, and then incubated
with increasing concentrations of [lgﬁl]apoA-I for 45 min.
Cholesterol loading significantly decreased the binding
capacity of apoA-I to the cell compared with control cells
(Bax = 0.39 = 0.09 versus 1.46 + 0.22 ng apoA-I/pg cell
protein) (Fig. 3C). In contrast, the K; was not significantly
affected (Kq=6.14 + 3.98 versus 5.49 + 2.47 pg apoA-I/ml,
cholesterol-loaded versus control) (Fig. 3D). This specific
effect of cholesterol loading on the capacity, but not the
affinity, of [1251]ap0A—I association with the cell suggests
that cholesterol may directly affect the binding of apoA-I
to the HCBS, because the HCBS is largely responsible for
associating [lgsl]apoA-I (4,9, 11). On the contrary, choles-
terol depletion by CDX significantly increased [1251] apoA-1
cell association at a relatively low CDX concentration (2.5
mM) (Fig. 3E). Under our experimental conditions, treat-
ment of cells with 10 mM CDX for 30 min reduced the
cellular free cholesterol content to 56 + 3% of control
cells. CDX treatment did not affect the levels of ABCA1
(Fig. 3F) or induce any cellular toxicity.

Although manipulation of cholesterol levels had a pro-
found effect on apoA-I cellular association independent of
changes in ABCAI protein expression, it was possible that
these treatments could affect the subcellular distribution
of ABCAI and, consequently, apoA-I association. To exam-
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ine the effect of cholesterol loading and depletion on
ABCALI localization, distribution of ABCAI and apoA-I be-
tween the PM and ICCs was monitored by a cell-surface
biotinylation assay, as we have previously described (12).
After treatment with water-soluble cholesterol, CDX, or
media alone, cells were incubated with [I%I]apoA-I for
45 min at 37°C, and cell-surface proteins were labeled with
0.5 mg/ml sulfo-NHS-biotin for 30 min at 4°C. PM pro-
teins were separated from intracellular proteins by strepta-
vidin pulldown, as described in Experimental Procedures.
ABCAL1 localization was monitored by Western blot, whereas
[125I]ap0A—I was quantified by y-counting. As shown in
Fig. 4A, the reduction or increase in [125I]apoA—I binding
after cholesterol or CDX treatment, respectively, was largely
mediated by association with the PM. Conversely, manipu-
lation of cholesterol levels had, at most, only a modest
effect on the distribution of ABCA1 between the PM and
ICCs (Fig. 4B).

The PtdCho biosynthesis pathway is regulated by
apoA-I/ABCALl interaction

After we determined that apoA-l selectively removes
PtdCho from the HCBS within nonraft domains, the ques-
tion was raised whether this process activates the PtdCho
biosynthesis pathway. To determine the particular steps in
the Kennedy pathway that were activated, ABCAl-expressing
cells were incubated with apoA-I for 16 h, and then
pulsed with [ZH]Choline for 1 h. The distribution of
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Fig. 3. Effect of cellular cholesterol loading and depletion on the association of apoA-I with ABCA1/HCBS. (A) Normal human fibro-
blasts were stimulated w1th 220H/9CRA for 18 h and incubated with increasing concentratlons of water-soluble cholesterol for 45 min,
followed by 10 pg/ml [ I]apoA-I for 45 min at 37°C. After washing to remove unbound [ I]apoA -1, cells were lysed with 0.1N NaOH, and
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fibroblasts were loaded with 150 uM water-soluble cholesterol for 45 min and treated as in panel A. (D) Binding parameters of [! I]apoAI
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monoclonal anti-ABCA1 antibody. GAPDH was used as a loading control.

radioactivity among the choline (Cho) metabolites [phos-
phocholine (Pcho), cytidine diphosphocholine (CDP-
cho) and PtdCho] was quantitated by TLC after separation
of the organic and aqueous phases. Incubation of 220H/
9CRA-stimulated fibroblasts with apoA-I was shown to sig-
nificantly increase the incorporation of [SH]choline into
Pcho (~130% versus control) and PtdCho (~170% versus
control) (Fig. 5A), with a concomitant depletion of
[SH]Choline (~30% versus control). CDP-choline did not

accumulate in fibroblasts, likely because levels and/or ac-
tivity of the CDP-choline:DAG choline phosphotransferase
(CPT) enzyme was in excess of CCTa. Conversely, no sig-
nificant increase in [BH]choline conversion was observed
in TD fibroblasts (Fig. 5B). Similarly, apoA-I incubation
with 220H/9CRA-stimulated THP-1 resulted in a signifi-
cant increase of [SH]Choline incorporation into CDP-
choline and PtdCho (supplementary Fig. IV-B). THP-1
incubated with 10% LPDS for 48 h was used as a positive
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control. Under lipoprotein deprivation incorporation of
[SH]Choline into CDP-choline was significantly increased
(data not shown), as reported previously (28).

To confirm the observation that incubation of ABCAI-
expressing cells with apoA-I induces PtdCho synthesis
through the Kennedy pathway, we examined the mRNA
expression of CCTa, the rate-limiting enzyme in PtdCho
synthesis, and choline kinase (CKa) after apoA-I incuba-
tion. As shown in Fig. 5C, incubation of apoA-I with nor-
mal fibroblasts stimulated with 220H/9CRA induced a
significant increase in mRNA expression of CCTa (2-fold
versus control) and CKa (1.7-fold versus control). Incuba-
tion with apoA-I did not upregulate mRNA expression of
CCTa or CKa in ABCA1 mutant (Q597R) fibroblasts
(Fig. 5D). Additionally, because loss of cholesterol from
the PM could stimulate PtdCho synthesis, we examined
whether depletion of cholesterol with 10 mM CDX would
stimulate mRNA expression of CCTa or CKa in normal
fibroblasts. As shown in supplementary Fig. IV-A, CDX
treatment had no significant effect on the expression of
either of these genes. Incubation with apoA-I did not signifi-
cantly affect gene expression from 220H/9CRA-stimulated
THP-1 cells (data not shown).

Taken together, these results suggest that ABCAI is in-
volved in an apoA-I-mediated upregulation of PtdCho bio-
synthesis. It is likely that the PtdCho depletion of the HCBS
by apoA-I activates key enzymes in the PtdCho biosynthesis
pathway or, alternatively, that apoA-I itself induces cell-sig-
naling pathways that activate PtdCho synthesis directly. We
are currently investigating these pathways in macrophages.
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Heterogeneity of nascent LpA-I released during
dissociation from HCBS

As shown in Fig. 1, after 45 min incubation at 37°C, the
majority of apoA-I was found associated with the HCBS, as
we have previously reported (9, 12). In an attempt to ex-
amine the nature of the nascent LpA-I particles released
from the HCBS, we monitored the dissociation of the lipi-
dated apoA-I products. [125I]apoA-I was incubated with
stimulated fibroblasts for 45 min at 37°C. After washing to
remove unbound [1251]ap0A-I, the plates were incubated
with DMEM alone at 37°C or 4°C for the indicated time. At
each of the indicated time points, the medium was re-
placed with fresh medium. As shown in Fig. 6, [125I]apoA-I
dissociated from wild-type cells in two peaks (Peak I and
Peak II). Dissociation of [125I]apoA-I was inhibited at 4°C,
suggesting that dissociation was not an artifactual release
of apoA-I after extensive washing of the cells. An ABCA1
mutant (Q597R) that has been shown to have no signifi-
cant apoA-I binding was used as a negative control. Ana-
lysis of the dissociated lipidated apoA-I products by
2D-PAGGE revealed initial dissociation (Peak I) generated
a-LpA-I particles with sizes of 8 nm (Fig. 6B), whereas later
dissociation (Peak II) produced larger a-LpA-I with sizes
between 9 and 17 nm (Fig. 6E). The a-electrophoretic mo-
bility of dissociated LpA-I was determined based on a stan-
dard reference gel depicting the pref electrophoretic
mobility of lipid-free apoA-I (Fig. 6A) (12). To assess the
lipid composition of the nascent LpA-I particles, cells were
loaded with [SQP]orthophosphate or [14C]cholesterol to
label the phospholipid and cholesterol components, re-
spectively. Cells were stimulated and then incubated with
lipid-free apoA-I. Collection fractions corresponding to
Peaks I and II were pooled and washed extensivelzf by fil-
tration to remove free [32P]phospholipids and [1 C]cho-
lesterol. Samples were concentrated and analyzed by
2D-PAGGE and followed by autoradiography. Initial dis-
sociation of apoA-I from the HCBS was found to produce
particles containing phospholipids but no detectable cho-
lesterol (Fig. 6C, D), whereas later dissociation was found
to produce particles containing both phospholipids and
cholesterol. PtdCho was a major phospholipid species
found in those small particles (Peak I), as assessed by TLC
(data not shown). These results suggest that apoA-I could
be initially released from the HCBS as small PtdCho-apoA-I
discs and that these discs may interact successively with dif-
ferent microdomains, including DRMs (raft), to acquire
cholesterol.

DISCUSSION

The concept proposed by the Phillips and Rothblat
groups that apoA-I-mediated membrane solubilization
pathway efficiently clears cells of excess cholesterol has im-
portantimplications in the RCT process and atherogenesis
(10, 29). Defining the lipid microenvironment surround-
ing oligomeric ABCAL, which likely influences its confor-
mation, function, and regulation, is key for understanding
how the cholesterol homeostasis pathway and nascent
HDL biogenesis are regulated at the cellular level.
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Here, we obtained evidence that both ABCA1 and the
HCBS were localized to nonraft domains in fibroblasts and
THP-1 stimulated with 220H/9CRA (Fig. 1 and supple-
mentary Fig. I), consistent with our previous report docu-
menting that ABCAI and the HCBS were found in the
Triton X-100 soluble fraction (9). The exclusion of ABCA1
and the HCBS from raft domains could be an intrinsic
property of the transporter. Indeed, Landry et al. (30) have
reported that, through its ATPase-related functions, ABCA1
expression alters the general packing of the PM by generat-
ing more loosely packed microdomains. This finding is in
agreement with a recent study by Zarubica et al. (31) report-
ing that analysis of the partitioning of dedicated probes in
PM-vesiculated blebs allowed visualization of ABCA1 parti-
tioning into the liquid disordered-like phase and corrobo-
rated the idea that ABCAI destabilizes the lipid arrangement
at the PM. Their finding supports the concept that ABCAI
plays a pivotal role in controlling transversal and lateral lipid
distribution at the PM and positions the effluxes of choles-
terol from the cell membrane to the redistribution of the
sterol into readily extractable membrane pools.

An earlier study from our laboratory (17) proposed that
a homotetrameric complex of ABCAI constitutes the min-

imal functional unit required for apoA-I lipidation, in
agreement with the work done by the Chimini group (32).
It is possible that generation of the HCBS stabilizes ABCA1
clustering, which can influence both the initial association of
apoA-I to ABCAl and the ABCAI oligomerization state,
thereby maximizing the number of apoA-I molecules that
bind to the oligomeric ABCA1 simultaneously. This is consis-
tent with the finding that apoA-I binds to tetrameric and
dimeric, but not monomeric, forms of ABCA1 (17).

The phospholipid translocase activity of ABCA1 appears
to create two populations of HCBS microdomains within
the nonraft fractions that could impact both the capacity
of the membrane to associate with apoA-I and the compo-
sition of the nascent HDL products. We obtained evidence
that the HCBS is heterogeneous, based on the observation
that apoA-I was distributed between two physically distinct
density regions (Fig. 1). In the intermediate density frac-
tions, ABCA1 was absent, whereas in the higher density
fractions, ABCAl was present, as were the majority of
membrane proteins (supplementary Fig. I). It is likely that
the HCBS associated with the less dense intermediate frac-
tions, which are relatively rich in lipids and poor in mem-
brane proteins (Fig. 1D), represent the “mushroom-like
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protrusions” or exovesiculated domains to which apoA-I
binds on the surface of human fibroblasts and THP-1, as
reported by Lin and Oram (25). This is in line with the
idea of Vedhachalam et al. (11) that “plasma membrane
proteins (including ABCAIl) are presumably excluded
from the exovesiculated domains” and that these domains
are formed from regions of protein-free PM that are likely
to be relatively fluid.

The structural and physicochemical characteristics that
dictate the partitioning of ABCAI and apoA-I to nonraft
domains are presently unknown. We obtained evidence to
support the role of PtdCho in apoA-I association (Fig. 5
and supplementary Fig. IIT) (9); however, the peaks of PM
levels of PtdCho separated by sucrose fractionation do not
appear to correlate directly with the peaks of apoA-I bind-
ing (Fig. 1 versus Fig. 2A). We hypothesize that the choles-
terol composition of membrane microdomains could play
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a major role in partitioning both ABCA1/HCBS and
apoA-I to nonraft domains. It is possible that the greater
lipid lateral packing density within cholesterol-rich raft do-
mains could reduce the affinity of apoA-I to these micro-
domains. Here, we obtained evidence to support this
concept. First, we demonstrate that cholesterol loading of
cells, without altering ABCA1 levels, drastically reduced
the binding of apoA-I to ABCA1/HCBS (Fig. 3A-D). Sec-
ond, depletion of cholesterol from cells using a low con-
centration of CDX, which is known to disrupt rafts,
significantly increased the association of apoA-I to ABCA1/
HCBS, without significantly changing ABCAI levels (Fig.
3E, F). It is possible that excess cholesterol directly affects
the conformation of the oligomeric ABCALI or the packing
of PtdCho molecules within the HCBS populations, and
thereby reduces the affinity for apoA-I. These results are
supported by studies using artificial membranes showing



that apoA-I efficiently solubilizes multilamellar vesicles of
the loosely packed L, phase (33). Alternatively, cholesterol
could directly modulate the activity of ABCAI. This idea is
supported by a previous study by Ueda’s group document-
ing that the ATPase activity of purified ABCA1 in PtdCho-
liposomes was significantly decreased by enrichment with
cholesterol (34). The disturbance of ABCA1/HCBS sys-
tem by excess cholesterol accumulation within foam cells
may have a direct impact on the development of athero-
sclerotic lesions. Indeed, Choi et al. (35) have recently
documented that accumulation of cholesterol by intimal
arterial smooth muscle cells (SMC) resulted in the impair-
ment of both apoA-I-mediated cholesterol efflux and
apoA-I binding to the cells.

Previous studies from our laboratory and others have
not supported the existence of a clear precursor-product
relationship between the various nascent LpA-I particles
(20, 36, 37). In this report, by monitoring the dissociation
of apoA-I from the HCBS, we observed the production of,
initially, small LpA-I particles with a high phospholipid-to-
cholesterol ratio, and subsequently, larger LpA-I particles
containing both phospholipids and cholesterol (Fig. 6).
These results are consistent with findings by Mulya and
Sorci-Thomas et al. (38, 39). The smaller particles could
represent initial PtdCho-apoA-I discs that arise from the
HCBS and interact successively with different microdo-
mains, including rafts, to acquire cholesterol and produce
the larger particles. Indeed, we observed that apoA-I selec-
tively desorbs PtdCho from HCBS within nonraft domains
and cholesterol from DRMs (Fig. 2). This finding is in
agreement with a previous study by Mendez et al. (16),
showing that membrane lipid domains distinct from cho-
lesterol/SM rich rafts are involved in the lipidation of
apoA-I, whereas membrane rafts are involved in efflux to
lipidated particles. Additionally, small HDL particles en-
riched in phospholipids but depleted of cholesterol have
been shown to be one of the most efficient acceptors of
cellular cholesterol (40). Alternatively, the complexity of
the larger particles could require a longer incubation pe-
riod for production. This idea is in agreement with a previ-
ous study by the Jessup group demonstrating that two
kinetically distinguishable pathways of cholesterol transfer
to apoA-I exist (41), as well as a study by the Parks laboratory
demonstrating that larger nascent particles are produced
only with prolonged apoA-I incubation (42). In this case,
the heterogeneity of the LpA-I particles may reflect simul-
taneous microsolubilization of lipids from distinct micro-
domains, consistent with our observation that apoA-l
associated with the HCBS was found in two physically dis-
tinct densities (Fig. 1) that likely reflect heterogeneity in
membrane lipid composition. This hypothesis is in accor-
dance with the microsolubilization mechanism supported
by Vedhachalam et al. (10).

The interaction of apoA-I with the ABCA1/HCBS sys-
tem was found to significantly increase PtdCho synthesis
(Fig. 5). Indeed, we obtained evidence that both CKa and
CCTa gene expression were significantly upregulated fol-
lowing incubation of the cell with apoA-I. This is in agree-
ment with an earlier study by Mallampalli’s group (28)

that documented that lipoprotein deprivation upregulates
the gene expression and activity of CCTa in alveolar type
II epithelial cell line. Furthermore, Shiratori et al. (43)
have reported that FC loading of macrophages upregu-
lates CCTa activity by a posttranslational mechanism and
that the increased of PtdCho biosynthesis is an adaptive
response to accommodate the excess cholesterol. The acti-
vation of the PtdCho biosynthetic pathway by apoA-I may
be physiologically important in the regeneration of the
HCBS, allowing the removal of excess cholesterol from
PM microdomains. Whether apoA-I directly induces a cell-
signaling pathway that stimulates PtdCho biosynthesis or it
activates PtdCho production via an adaptive response to
PtdCho depletion is currently under investigation.

As summarized in Fig. 7, our current working model of
apoA-I lipidation is as follows. The lipid translocase activity
of oligomeric ABCA1 creates a heterogenous HCBS popu-
lation, including the exovesiculated HCBS that excludes
ABCAI and the HCBS that associates with oligomeric
ABCAI complexes. Initial interactions of apoA-I with the
oligomeric ABCAL facilitate its translocation to the HCBS
populations from which apoA-I desorbs PtdCho, becom-
ing an efficient acceptor of cholesterol. These small Ptd-
Cho-containing particles may interact successively or
simultaneously with different microdomains, including
cholesterol-rich rafts, allowing the formation of larger,
heterogeneous, cholesterol-containing nascent LpA-I par-
ticles. The desorption of PtdCho molecules by apoA-I in-
duces an adaptive response to upregulate the PtdCho
biosynthesis pathway, thereby allowing replenishment of
the lost membrane PtdCho and regeneration of HCBS
populations. The model presented in Fig. 7 is a simple il-
lustration of our current findings and previous investiga-
tions on the ABCA1/HCBS system (4, 9-12). Our findings
are in agreement with the model proposed recently by
Phillips” group (11) in which the initial event consists of
the binding of a small pool of apoA-I to ABCAI at the PM,
stimulating the net phospholipid translocation to the exo-
facial leaflet. This situation leads to unequal lateral pack-
ing densities in the two leaflets of the phospholipid bilayer,
creating exovesiculated lipid domains. The formation of a
highly curved membrane surface promotes high affinity
binding of apoA-I to these domains. This pool of bound
apoA-I spontaneously solubilizes the exovesiculated do-
main to create discoidal nascent HDL particles. The iden-
tification and isolation of HCBS populations as reported
here (Fig. 1) will certainly aid the analysis of the lipi-
dome of these domains and the determination of their
impact on the assembly of nascent particles, their compo-
sition, and speciation. The detailed mechanisms underly-
ing apoA-I interactions with membrane microdomains
require more extensive investigations, which are currently
ongoing.

The present report provides a biochemical basis for
apoA-I-mediated plasma microdomain excess cholesterol
removal that involves both the oligomeric ABCAI and the
HCBS population. This process may have important impli-
cations in preventing and treating atherosclerotic cardio-
vascular disease Bl
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Fig. 7. A proposed model for apoA-I interaction with ABCA1 within PM microdomains. Lipid free apoA-I initially interacts with oligo-
meric ABCALI through a rapid but transient association. The phospholipid translocase activity of ABCAI creates heterogenous HCBS micro-
domain populations within the nonrafts composed of an ABCAl-excluded exovesiculated HCBS domain and a HCBS that clusters with
oligomeric ABCAI complexes. ABCAI subsequently mediates the transfer of apoA-I to these HCBS populations, from which apoA-I selec-
tively desorbs PtdCho to become PtdCho-apoA-I discs. Subsequently, apoA-I obtains PtdCho and cholesterol to generate heterogenous
nascent LpA-I particles with two, three, and four molecules of apoA-I. The desorption of PtdCho by apoA-I activates the PtdCho biosynthe-
sis pathway, thereby allowing replenishment of the lost membrane PtdCho and regeneration of the HCBS populations.
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