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Abstract The nascent HDL created by ABCA1-mediated
efflux of cellular phospholipid (PL) and free (unesterified)
cholesterol (FC) to apolipoprotein A-I (apoA-I) has not been
defined. To address this issue, we characterized the lipid
particles released when J774 mouse macrophages and human
skin fibroblasts in which ABCA1 is activated are incubated
with human apoA-I. In both cases, three types of nascent
HDL containing two, three, or four molecules of apoA-I per
particle are formed. With J774 cells, the predominant species
have hydrodynamic diameters of z9 and 12 nm. These dis-
coidal HDL particles have different FC contents and PL
compositions, and the presence of acidic PL causes them to
exhibit a-electrophoretic mobility. These results are consis-
tent with ABCA1 located in more than one membrane micro-
environment being responsible for the production of the
heterogeneous HDL. Activation of ABCA1 also leads to the
release of apoA-I-free plasma membrane vesicles (micro-
particles). These larger, spherical particles released from
J774 cells have the same PL composition as the 12 nm HDL
and contain CD14 and ganglioside, consistent with their ori-
gin being plasma membrane raft domains. The various HDL
particles and microparticles are created concurrently, and
there is no precursor-product relationship between them.
Importantly, a large fraction of the cellular FC effluxed from
these cells by ABCA1 is located in microparticles. Col-
lectively, these results show that the products of the apoA-I/
ABCA1 interaction include discoidal HDL particles contain-
ing different numbers of apoA-I molecules. The cellular PLs
and cholesterol incorporated into these nascent HDL particles
originate from different cell membrane domains.—Duong
P. T., H. L. Collins, M. Nickel, S. Lund-Katz, G. H. Rothblat,
and M. C. Phillips. Characterization of nascent HDL particles
and microparticles formed by ABCA1-mediated efflux of cel-
lular lipids to apoA-I. J. Lipid Res. 2006. 47: 832–843.
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HDL functions as an acceptor lipoprotein in the process
of reverse cholesterol transport from peripheral tissues
(1–3), including the transport of cholesterol away from
cells in the vessel wall (and from foam cells in atheroscle-
rotic lesions, in particular) to the liver, where the choles-
terol can be exported via bile into the fecal sterol pool and
removed from the body. The antiatherogenic properties
of HDL have been demonstrated directly by increasing
HDL levels in mice and observing reductions in the sizes of
atherosclerotic lesions (4–6). In addition, HDL exerts car-
dioprotective effects through its antioxidant and anti-
inflammatory properties (7). Recognition of the beneficial
effects of increasing plasma HDL levels has increased in-
terest in understanding the mechanism of HDL biogenesis.

HDL is formed by the interaction of apolipoprotein and
ABCA1 (5, 6, 8, 9). The key role of ABCA1 in HDL metab-
olism is demonstrated by the fact that the mutations in
this gene that lead to Tangier disease are associated with
low plasma HDL levels (10). Macrophages from Tangier
disease patients overaccumulate cholesterol because the
ABCA1-mediated efflux of cellular free (unesterified) cho-
lesterol (FC) and phospholipids (PLs) to apolipoprotein
A-I (apoA-I) is defective. These findings are consistent
with the idea that lipid transport via ABCA1 is involved in
the biosynthesis of HDL particles. However, the mecha-
nisms of ABCA1-mediated cellular PL and FC efflux are
not completely understood. It is generally thought that
ABCA1 functions on the surface of cells, where it either
directly or indirectly translocates PL and FC to an accep-
tor apolipoprotein, such as apoA-I, which is the principal
protein of HDL (11). ABCA1 is also present in late endo-
somes and lysosomes and traffics between late endosomes
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and the cell surface (12).Moreover, Chen et al. (13) showed
that ABCA1 has a functional role in the efflux of FC in
late endosomes to apoA-I.

Before the discovery of ABCA1, Forte and colleagues
(14) thoroughly characterized the HDL particles formed
by CHO cells overexpressing apoA-I. They showed that the
extracellular nascent apoA-I-containing particles had a
range of sizes and included discoidal complexes. A similar
HDL particle size distribution was observed when apoA-I
was incubated with human THP-1 macrophages (15).
Likewise, in our previous study, in which J774 macro-
phages expressing ABCA1 were incubated with human
plasma apoA-I, the formation of more than one type of
apoA-I-containing lipid particle was also observed (16).
Similar sizes of HDL particles were observed when apoA-I
was incubated with HEK293 cells (17) or CHO cells (18)
transfected with ABCA1 and with several cell types,
including human skin fibroblasts and CaCo-2 cells, in
which ABCA1 expression was induced (18). The fact that
the enhancement of ABCA1 activity in cells by either
transfection or induction with agonists leads to nascent
HDL particle heterogeneity is consistent with ABCA1
activity alone causing the formation of the various apoA-I-
containing particles. In all cases, the major PLs incorpo-
rated into the nascent HDL particles were phosphatidyl-
choline (PC) and sphingomyelin (SM). Both preb-HDL
particles and a-HDL particles were observed when HepG2
cells and macrophages were incubated with apoA-I (18).
These examinations of nascent HDL particles formed by
ABCA1-mediated lipid efflux to apoA-I were limited in that
comprehensive characterizations of the HDL particles
were not conducted.

Despite the extensive studies of ABCA1 conducted in the
last several years, the mechanism by which ABCA1 lipidates
apoA-I and the subcellular origins of the lipids incorpo-
rated into the nascent HDL particles remain to be es-
tablished. A complete biochemical characterization of the
products of the ABCA1/apoA-I interaction is essential to
solve the mechanism of this enzyme reaction, but this
information is lacking. Here, we address this deficiency by
studying the efflux of FC and PL from J774 macrophages
and human skin fibroblasts in which ABCA1 is upregulated
and characterizing the various nascent HDL lipid particles
released into the extracellular medium. In addition, we
characterize the membrane microparticles (16) that are
also released from these cells by ABCA1 activity.

EXPERIMENTAL PROCEDURES

Materials

Fetal bovine serum, gentamycin, 8-(4-chlorophenyl-thio)-
cAMP, and horseradish peroxidase-conjugated cholera toxin B
were purchased from Sigma. BSA (essentially fatty acid-free) was
obtained from Intergen Co. (Purchase, NY). [1,2-3H]cholesterol
(51 Ci/mmol) and [methyl-3H]choline chloride (86 Ci/mmol)
were obtained from Perkin-Elmer Life Sciences. Organic solvents
were purchased from Fisher. Tissue culture dishes, flasks, and
plates were from Corning, Inc. (Corning, NY) and Falcon (Lin-

coln, NJ). RPMI 1640 medium and phosphate-buffered saline
were purchased from CellGro (Herndon, VA). MEM buffered
with 25 mM HEPES (pH 7.4) was obtained from BioWhitaker,
Inc. (Walkersville, MD). Slide-A-Lyzer mini dialysis units were
purchased from Pierce (Rockford, IL). The suppliers of anti-
bodies were as follows: rabbit polyclonal anti-mouse CD14 was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA), goat polyclonal anti-human apoA-I antibody and rabbit
polyclonal anti-ABCA1 antibody were purchased from Novus
Biologicals (Littleton, CO), and peroxidase-conjugated Affini-
pure goat anti-rabbit IgG and peroxidase-conjugated Affinipure
donkey anti-goat IgG secondary antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA).

Preparation of apoA-I

HDL was isolated from fresh plasma obtained from normo-
lipidemic donors by sequential ultracentrifugation as described
previously (19). ApoA-I was purified by anion-exchange chroma-
tography on Q-Sepharose from HDL that was delipidated in
ethanol/diethyl ether (20). The fractions containing pure apoA-I
were pooled, dialyzed against 5 mM NH4HCO3, lyophilized, and
stored at 2208C. Before radiolabeling, it was resolubilized in
guanidine hydrochloride (6 M) and dialyzed extensively against
labeling buffer containing 0.15 M NaCl, 0.001 M EDTA, and
0.02% NaN3, pH 8.0. ApoA-I was radiolabeled to a specific activity
of z1 mCi/mg by reductive methylation using [14C]formalde-
hyde (21, 22); the formation of an average of one or fewer
monomethylysine residues per apoA-I molecule has no effect on
lipid affinity (22). The protein concentration was determined by
measuring its absorbance at 280 nm; the mass extinction
coefficient of apoA-I is 1.13 ml/(mg 3 cm).

Preparation of cell monolayers

J774 mouse macrophages were routinely grown in RPMI 1640
medium containing 10% fetal bovine serum plus 0.5% genta-
mycin and incubated at 378C in a humidified incubator (95% air
and 5% CO2). To collect nascent HDL particles, J774 cells were
plated in 100 mm 3 20 mm cell culture dishes (Corning) and
grown to 80–90% confluence. Cells were then washed three times
with HEPES-buffered MEM and labeled with 1 mCi/ml [3H]cho-
lesterol for 24 h or 5 mCi/ml [3H]choline chloride for 48 h in
RPMI 1640 medium containing 1% fetal bovine serum, as
described previously (23). After labeling, cells were washed
three times with MEM-HEPES, and RPMI 1640 medium contain-
ing 0.2% (w/v) BSA plus 0.3 mM 8-(4-chlorophenyl-thio)-cAMP
was added to cells for 16 h to upregulate ABCA1 (23, 24). This
treatment of J774 cells increased the level of ABCA1 by z6-fold
without affecting ABCG1 levels (16). Human skin fibroblasts
(GM3468A) were maintained in MEM supplemented with 10%
fetal bovine serum and 0.5% gentamycin and incubated at 378C.
For lipid efflux experiments, the fibroblasts were seeded in
100 mm 3 20 mm cell culture dishes, grown to confluence, and
then labeled with 3 mCi/ml [3H]cholesterol or 5 mCi/ml
[3H]choline chloride for 48 h in MEM containing 1% fetal bo-
vine serum, as described previously (25). After labeling, the fi-
broblasts were washed with MEM-HEPES and incubated for 16 h
in MEM containing 0.2% (w/v) BSA, 5 mg/ml 22-hydroxylcho-
lesterol, and 10 mM 9-cis-retinoic acid to upregulate ABCA1 (26);
this treatment increased ABCA1 levels by z10-fold while having
no effect on ABCG1, which was not detectable (data not shown).
Some dishes from cultures of J774 macrophages and human skin
fibroblasts were washed with phosphate-buffered saline, pH 7.4,
dried, and extracted with isopropyl alcohol to determine the
initial (t 5 0) lipid levels (27). The radioactivity associated with
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the extracted lipids was measured by liquid scintillation counting
(16), and the amounts of PL were analyzed by phosphorus assay
(28). FC mass analysis (see below) was also performed.

Efflux of cellular FC and PLs

Cells in which ABCA1 was upregulated as described above
were washed with HEPES-buffered MEM, and efflux of either
[3H]cholesterol or [3H]choline-PL was initiated by incubation
with [14C]apoA-I (5 mg/ml) in RPMI 1640 medium for periods
of 4, 8, and 24 h. The medium was collected, centrifuged at
2,000 rpm using a Beckman Coulter Allergrak 6R tabletop cen-
trifuge for 10 min, and filtered through a 0.45 mm filter (Millex-
HV) to remove floating cells. The radioactivity present in the
incubation medium was determined by liquid scintillation count-
ing, and the percentage of radiolabeled FC released (percentage
efflux) was calculated as follows: (cpm in medium/cpm in cells at
time 0) 3 100. Background FC efflux (in the absence of apoA-I)
was subtracted. For PL efflux, after the medium was filtered, the
lipids in the medium were extracted by the procedure of Bligh
and Dyer (29); the aqueous phase containing any free [3H]cho-
line was aspirated, and the chloroform phase was washed three
times with 10:9 (v/v) methanol-water. The chloroform phases
were pooled and dried under nitrogen in liquid scintillation vials,
and [3H]choline-PL radioactivity was quantitated by liquid scin-
tillation counting. Efflux of choline-PL was calculated as de-
scribed for FC efflux.

Gel filtration chromatography

Medium collected as described above and containing [3H]cho-
lesterol was not dialyzed, but medium containing [3H]choline
chloride was dialyzed extensively against 10 mM Tris-buffered
saline, pH 7.5 (3 days with six changes of buffer) to remove excess
free choline. A 3 ml aliquot of medium was loaded onto a
Superdex 200 column (60 3 1.6 cm) using an Akta fast-protein
liquid chromatography (FPLC) system and eluted with Tris-
buffered saline plus EDTA, pH 7.5, at a flow rate of 1 ml/min.
Fractions (1.0 ml) were collected, and 0.2 ml was counted to
determine [3H]cholesterol/[14C]apoA-I or [3H]choline chlo-
ride/[14C]apoA-I radioactivity. The remaining 0.8 ml of relevant
fractions was pooled and used to characterize the nascent HDL
particles. At least three experiments were conducted to obtain
complete column profiles for FC, PL, and apoA-I. To determine
lipid mass in the HDL fractions, it was necessary to concentrate
the conditioned medium and pooled column fractions by 10-fold
using an Amicon Ultra-centrifugal filter (10,000 molecular
weight cutoff). Lipids were extracted from aliquots of the
concentrated medium by the method of Bligh and Dyer (29);
cholesteryl methyl ether was added as an internal standard for
the gas-liquid chromatographic assay of FC (30). This method
can detect as little as 1.5 mg of FC. Protein was determined using a
modified Lowry assay (31) for which the detection limit is 20 mg
of protein. To analyze the PL subclasses present in the particles,
lipids from a 250 mg PL aliquot of apoA-I-containing particles
were extracted by the method of Bligh and Dyer (29) and
separated by TLC using silica gel H plates with a mobile phase of
chloroform-methanol-acetic acid-water (50:25:8:1, v/v). The PL
bands were visualized by iodine staining, scraped, and analyzed
for phosphorus using an assay (28) for which the detection limit
is 2.5 mg of PL. Thus, components of the nascent HDL particles
present at >1% of total PL could be detected.

The sizes of the lipid particles eluting in the various fractions
were determined by comparing their Kav values with those of pro-
teins of known diameter (particle diameter range of 6.1–17 nm).
Kav was calculated using the following equation: Kav5 (Ve2 V0)/
(Vt 2 V0), where V0 is the void volume, Vt is the total column

volume, and Ve is the elution volume as described (16). A plot of
log particle size against Kav was constructed, and the points were
fitted by linear regression analysis. The particle size (hydrody-
namic diameter in nm) was calculated using the following equa-
tion: log10 diameter 5 1.27 2 0.95 Kav (16).

Separation of lipoproteins by two-dimensional
nondenaturing gradient gel electrophoresis

Two-dimensional nondenaturing gel electrophoresis was per-
formed on the nascent HDL particles formed in the extracellular
medium as described by Asztalos and colleagues (32) with some
modification. Briefly, HDL in 24 h conditioned medium was
separated by charge into preb, a, and preamobility subclasses in
the first dimension. The first dimension was prepared using 0.7%
low-endosmosity agarose (Seakem LE; FMC Bio-Products, Rock-
ford, ME) dissolved in Tris-Tricine buffer (25 mM, pH 8.6) at
958C. The mixture was left to stand for 5 min and then poured
into a mini gel cassette (1.5 mm thickness) the bottom of which
was sealed with a 10% polyacrylamide gel (Mini-Protean II Cell;
Bio-Rad, Hercules, CA); a 10-well comb (1 mm thickness) was
placed on top of the gel for 30 min while the gel hardened. Sam-
ples (40ml; containing 4–8mg of apoA-I) weremixed with 10 ml of
Tris-Tricine buffer containing 50% glycerol plus 1% bromophe-
nol blue, loaded into the wells, and electrophoresed at constant
voltage (100 V for 2.5 h) at 48C. The agarose strips were excised
and transferred onto the top of nondenaturing 2–36% concave
gradient polyacrylamide gels that were prepared using a 2:1 (v/v)
ratio of the 2% and 36% polyacrylamide solutions (32) in a gra-
dient maker (model 395; Bio-Rad, Richmond, CA). HDL samples
were electrophoresed in the second dimension at 50 V (48C) for
18–20 h. Gels were removed and incubated in transfer buffer
containing 200 mM glycine and 20 mM Tris for 10 min. Proteins
on the gel were then transferred onto polyvinylidene difluoride
membranes using the semidry blotting procedure (Bio-Rad). The
polyvinylidene difluoride membranes were then blocked with 5%
rabbit serum in Tris-buffered saline (20 mM Tris and 500 mM
sodium chloride, pH 7.5) containing 0.05%Tween 20 for 1 h. The
membranes were then washed three times (10 min each) with the
same buffer and incubated with human polyclonal apoA-I anti-
body at 1:5,000 dilution. After threemore washes, themembranes
were incubated for 1 h with a peroxidase-conjugated Affinipure
donkey anti-goat IgG secondary antibody at 1:50,000 dilution in
the same buffer. After additional washes with the Tween 20-
containing buffer, the membrane was incubated with a chemilu-
minescence reagent according to the manufacturer’s protocol
(Bio-Rad) and exposed to BioMax film (Kodak).

The diameters of the nascent HDL particles from the Western
blot were determined by comparing their relative mobility (Rf)
values with those of standard molecular markers of known diam-
eter (particle diameter range of 4.7–17 nm). A calibration plot
of log particle size against Rf was constructed, and the points
were fitted by linear regression analysis; the particle size (nm)
from the Western blot was calculated using the following equa-
tion: log10 diameter 5 1.54 2 0.92 Rf.

Isolation of nascent HDL particles and
chemical cross-linking

To assess the number of apoA-I molecules per HDL particle,
bis(sulfosuccinimidyl) suberate (BS3) was used to chemically
cross-link the apoA-I molecules within the particles. Briefly, HDL-
containing fractions from FPLC were adjusted to a density of
1.21 g/ml with KBr and centrifuged in a Beckman Ti 70.2 rotor at
50,000 rpm for 24 h at 48C to isolate the nascent HDL particles. At
the end of the centrifugation, the sample was separated into 1 ml
fractions. A sample (0.1 ml) of each fraction was dialyzed three
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times per hour against deionized water using a Slide-A-Lyzer mini
dialysis unit and counted for [3H]cholesterol/[14C]apoA-I to
determine the presence of HDL particles. The fractions contain-
ing the nascent HDL particles were then pooled and dialyzed
three times against 0.1 M phosphate buffer, pH 7.4, and
concentrated to 0.5–1 mg/ml apoA-I using an Amicon Ultra-
centrifugal filter. Particles were then incubated with BS3 (10 mM)
in 0.1 M phosphate buffer, pH 7.4, at room temperature for 3.5 h,
and the reaction was quenched with 25 mM ethanolamine. The
samples were then subjected to 4–20% gradient SDS-PAGE and
stained with Coomassie blue to visualize the apoA-I bands. The
degree of apoA-I oligomerization was assessed by comparison
with standards of known molecular weight.

Circular dichroism spectroscopy

Circular dichroism spectra were recorded from 184 to 260 nm
at room temperature using a Jasco J-600 spectropolarimeter.
Purified nascent HDL particles were isolated as described above
and concentrated to 15 mg/ml apoA-I in 10 mM sodium phos-
phate buffer (pH 7.4), and the circular dichroism spectrum was
obtained. The results were corrected by subtracting the buffer
baseline, and the a-helix content was calculated from the molar
ellipticity at 222 nm, as described (33).

Electron microscopy

Nascent HDL particles were prepared as mentioned above,
concentrated to 1–2 mg/ml apoA-I, and dialyzed against 0.125 M
ammonium acetate, 2.6 mM ammonium carbonate, and 0.26 mM
tetrasodiumEDTA, pH 7.4, at 48Covernight. The sample was then
negatively stained with 2% sodium phosphotungstate and exam-
ined with a Zeiss 10A electron microscope, as described (34).

Detection of CD14 and ganglioside in microparticles

After FPLC, void volume fractions containing microparticles
released by the cells were pooled and further purified by adjust-
ment to 1.21 g/ml with KBr and centrifugation in a Beckman Ti
70.2 rotor at 50,000 rpm for 24 h at 48C. The centrifuged solution
was fractionated, and the fractions were each dialyzed three times
per 8 h against 0.1 M Tris-HCl buffer, pH 7.5. The fractions
containing microparticles were then located by counting for
[3H]cholesterol. Proteins in the microparticles were separated
using 4–15% gradient SDS-PAGE. The separated proteins were
transferred onto nitrocellulose membranes with a semidry
electrophoretic transfer apparatus using transfer buffer (0.1 M
Tris, 0.192 M glycine, and 20% methanol). The membranes were
blocked with 5% nonfat milk in Tris-buffered saline containing
0.1% Tween 20 for 1 h. To detect CD14 and ABCA1, the mem-
brane was probed with either rabbit polyclonal anti-mouse
CD14 antibody (1:200 dilution) or rabbit polyclonal anti-ABCA1
antibody (1:1,000 dilution) followed by peroxidase-conjugated
Affinipure goat anti-rabbit IgG (1:50,000 dilution). Horseradish
peroxidase-conjugated cholera toxin B (5 ng/ml) was used to de-
tect ganglioside (GM1) (35). CD14 andGM1bands were visualized
by chemiluminescence.

RESULTS

Characterization of the nascent HDL particles formed
by J774 macrophages

Figure 1 shows the Superdex 200 gel filtration fraction-
ation of the lipid particles present in the extracellular
medium after incubation of J774 macrophage cells with

apoA-I (5 mg/ml) for 4, 8, and 24 h. It is apparent that FC
is present in peaks I, II, and III at each time point and that
the peaks have constant elution volumes (cf. Fig. 1A, B, C).
The elution volumes of peaks I, II, and III are 44.4, 62,
and 74 ml, respectively. The Kav values indicate that the
hydrodynamic diameter of particles in peak I is .20 nm,
whereas the diameters of the particles in peaks II and III
are z12 and 9 nm, respectively. These particle sizes are
similar to those reported previously (16). Table 1 shows
the distribution of the FC released from J774 macrophages
between column fractions as a function of time. It is im-

Fig. 1. Gel filtration elution profiles of medium collected after 4,
8, and 24 h incubations of cAMP-stimulated J774 macrophage cells
with [14C]human plasma apolipoprotein A-I (apoA-I). J774 mouse
macrophage cells were labeled with [3H]cholesterol and treated
with 8-(4-chlorophenyl-thio)-cAMP as described in Experimental
Procedures. [14C]human plasma apoA-I (5 mg/ml) was added to
the cells. After 4 h (A), 8 h (B), and 24 h (C) incubations at 378C,
media were collected, processed as described in Experimental
Procedures, and subjected to Superdex 200 gel filtration chromatog-
raphy. Fractions were collected, and radioactivity was determined
by liquid scintillation counting. Open circles, [3H]cholesterol;
closed circles, [14C]human plasma apoA-I. The void volume of the
column was 44.4 ml, and the total volume was 116.8 ml. For each
incubation time, one representative profile is shown from three
independent experiments. FC, free (unesterified) cholesterol.
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portant to note that peak I contains at least 50% of the
effluxed FC and that the distribution of FC between peaks
I, II, and III does not change significantly with time. This is
consistent with the parallel release of FC into the particles
that constitute peaks I–III. The ratios of FC to apoA-I cpm
in peaks II and III remain unchanged as the time of in-
cubation of apoA-I with the cells increases from 4 to 24 h.
This implies that the compositions of the 12 and 9 nm
nascent HDL particles do not change over this time frame.

Table 1 also reveals how the acquisition of cellular
choline-PL by apoA-I proceeds with time. The relative
amount of [3H]choline-PL in peak I decreases with time,
whereas the proportions in peaks II and III increase as the
apoA-I cell contact period increases. The PL radioactivity
associated with peaks II and III increases over the 4–24 h
period, with the peak II/III ratio remaining constant at
z1.5 (Table 1). The fractions of [3H]choline-PL associ-
ated with peak I decrease with time, indicating that there is
preferential release of radiolabel into peaks II and III
particles at longer incubation times. It should be noted
that apoA-I cannot create HDL-like particles by solubiliz-
ing peak I material (16). To explore this point further,
some cells were incubated with 5 mg/ml apoA-I for 4 h;
after removal from cells, half of the medium was analyzed
immediately by FPLC and the other half was incubated at
378C for a further 20 h before FPLC analysis. The two
FPLC profiles were the same, indicating that the particles
do not reorganize during 20 h of incubation at 378C. Over-
all, these results are consistent with the idea that there is
no precursor-product relationship between the peaks I, II,
and III particles. In contrast, there is a precursor-product
relationship between the unreacted lipid-free apoA-I in
peak IV and that eluting in peaks II and III. Thus, at 4 h,
most of the apoA-I is in peak IV, with very little in peaks II
and III (Fig. 1A). Comparison of Fig. 1B and C indicates
that there is a progressive shift of apoA-I into peaks II and
III at longer incubation times. After 24 h, peak III contains
most of the apoA-I (Fig. 1C), and the disappearance of
peak IV indicates that essentially all of the free apoA-I
(5mg/ml) added to the cells is consumed in the creation of
the peaks II and III nascent HDL particles.

To determine the electrophoretic mobilities and fur-
ther examine the sizes of the nascent HDL particles

formed by incubating apoA-I with J774 macrophages, 24 h
conditioned medium was subjected to two-dimensional
nondenaturing Western blot analysis (Fig. 2A). It is appa-
rent that most of the apoA-I is present in a-migrating HDL
particles; the preb band is free apoA-I or lipid-poor apoA-I.
The mobility of these particles was assigned relative to a
BSA standard that possesses a mobility. Based on their Rf

values, the diameters of the three nascent a-HDL bands
are 14, 12, and 8.5 nm. These sizes are consistent with the

Fig. 2. Western blot analysis of two-dimensional native gel electro-
phoresis of apoA-I-containing nascent HDL particles generated
by incubation of J774 macrophages and human skin fibroblasts
with human plasma apoA-I. After incubation of J774 mouse mac-
rophages and human skin fibroblasts with human plasma apoA-I
(5 mg/ml) for 24 h at 378C, media were collected and prepared as
described in Experimental Procedures. Ten micrograms of apoA-I-
containing particles from each medium was electrophoresed in the
first dimension on a 0.7% agarose gel, followed by electrophoresis
in the second dimension on a 2–36% concave polyacrylamide gel
(see Experimental Procedures). The nascent HDL bands from the
two-dimensional gel were transferred onto a polyvinylidene difluo-
ride membrane via a semidry blot system and probed with a poly-
clonal anti-apoA-I antibody. A: J774 macrophage whole medium.
B: Human skin fibroblast whole medium. Molecular size markers
(diameter in nm) are indicated. The HDL particle diameters are
derived from the relative mobility values of the centers of the var-
ious bands; the widths of the bands typically span a diameter range
of 60.8 nm.

TABLE 1. Distribution of [3H]cholesterol and [3H]choline-PLs released from J774 macrophages between FPLC
fractions as a function of time

Percent Effluxed [3H]Cholesterolb Percent Effluxed [3H]Choline-PLb

Incubation Time Percent Total Cell Effluxa Peak I Peak II Peak III Peak I Peak II Peak III

4 h 8 6 2 57 6 6 18 6 9 11 6 7 52 6 9 23 6 11 16 6 10
8 h 13 6 2.5 50 6 8 21 6 12 14 6 10 30 6 11 36 6 12 23 6 9
24 h 18 6 1.5 51 6 11 24 6 14 15 6 12 11 6 11 52 6 9 33 6 10

apoA-I, apolipoprotein A-I; FPLC, fast-protein liquid chromatography; PL, phospholipid.
a Percent cell [3H]cholesterol efflux to 5 mg/ml apoA-I was calculated by comparing the total amount of

[3H]cholesterol released at 4, 8, and 24 h with the total [3H]cholesterol in the J774 macrophages at time 0 (n5 3).
Efflux to medium in the absence of apoA-I was subtracted at each time point.

b Percent effluxed [3H]cholesterol and [3H]choline-PL values are means 6 SD from three independent
experiments. Gel filtration elution profiles of the type shown in Fig. 1 were analyzed. The percentage distributions
relate to the material eluted from the column at 40–90 ml. The typical overall recoveries of [3H]choline-PL,
[3H]cholesterol, and [14C]apoA-I from the column were z60, 70, and 80%, respectively.
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diameters calculated for the peaks II (contains 12 nm
nascent HDL particles predominantly, plus small amounts
of 14 nm particles) and III (contains 9 nm nascent HDL
particles) fractions shown in the FPLC elution profile
(Fig. 1). Examination of the pooled peak II and III frac-
tions by Western blotting showed that at least 80% of the
apoA-I was present in the major HDL particle expected for
each fraction (data not shown).

Because the nascent HDL particles possess a-electro-
phoretic mobility, it is possible that acidic lipids contribute
to the particle negative charge. To address this issue, the
lipid compositions of these particles were analyzed.Table 2
shows the distribution of PL in the 9 and 12 nm nascent
HDL particles as established by TLC and phosphorus
analysis. Lyso-PC is present (Table 2) together with some
free fatty acid (the levels are similar to those reported for
lyso-PC; data not shown). PC is the predominant PL in both
the 9 and 12 nm particles, but the particles contain
significantly different ratios of PC and SM. The PC/SM
ratios are z7:1 and 3:1 for the 9 and 12 nm nascent HDL
particles, respectively. Apart from the PC, phosphatidyl-
ethanolamine (PE), and phosphatidylserine (PS) con-
tents, the levels of the remaining PL classes are the same
for both sizes of HDL particles. The fact that the PL com-
positions of the 9 and 12 nmnascent HDL particles formed

by J774macrophages are different also raises the possibility
that there are differences in the amounts of PL, FC, and
apoA-I per particle. The results of mass analyses to address
this point are summarized in Table 3; it is apparent that
the 12 nm particle is relatively FC-rich, with a FC/PLmolar
ratio of 1:5 compared with a ratio of 1:8 for the 9 nm
HDL. Chemical cross-linking of the apoA-I molecules in
the 9 and 12 nm HDL particle fractions (Fig. 3) shows
that the smaller 9 nm HDL particles contain two apoA-I
molecules, whereas the larger HDL particles contain three
or four apoA-I molecules per particle. These results are
consistent with the two-dimensional Western blot (Fig. 2),
in which the 8.5 nm HDL fraction appears as a single a-
band and the 12 nm fraction appears as a doublet a-band.
The secondary structure of apoA-I in the 9 and 12 nmHDL
particles is similar. Thus, far-ultraviolet circular dichroism
measurements show that the apoA-I a-helix contents are
z50% in both cases (Table 3); no other protein bands be-
sides apoA-I were apparent by silver-stained SDS-PAGE of
concentrated samples (data not shown).

Figure 4 shows the morphology of the isolated and
purified 9 and 12 nm HDL particles as determined by
electron microscopy. Both the 9 and 12 nm HDL particles
form rouleaux, which are characteristic of discoidal lipo-
protein particles that constitute a segment of PL bilayer.

TABLE 2. PL composition of microparticles and nascent HDL particles formed by incubation of apoA-I with
J774 macrophages

Percent of Total PLsb

Column
Fraction

Hydrodynamic
Diametera PC SM Lyso-PC PE PS PI

nm

Peak I .20 37 6 3 12 6 5 8 6 4 13 6 5 16 6 3 14 6 2
Peak II 12 6 0.4 43 6 3 15 6 1 6 6 4 14 6 2 10 6 2 12 6 1.5
Peak III 9 6 0.5 66 6 5 9 6 2 4 6 1 7 6 2 5 6 2 9 6 2

PC, phosphatidylcholine; PE, phosphatidylethanolanime; PI, phosphatidylinositol; PS, phosphatidylserine;
SM, sphingomyelin.

a Molecular mass and particle diameter of an equivalent globular protein were derived using the calibration
equations described in Experimental Procedures. Data are shown as means 6 SD from three independent
experiments.

b Percentages of total PL were obtained from four independent experiments using TLC and phosphorus
analysis. Values shown are means 6 SD (n 5 4). Comparison by one-way ANOVA of the levels of PC, SM, lyso-PC,
PE, PS, and PI in the 12 and 9 nmHDL particles indicates the following significant differences: P, 0.001, P. 0.05,
P . 0.05, P , 0.05, P , 0.05, and P . 0.05, respectively.

TABLE 3. Characteristics of nascent HDL particles formed by incubation of apoA-I with J774 macrophages

Column Fractiona Hydrodynamic Diameterb ApoA-I Numberc Composition (PL/FC/apoA-I)d a-Helix Contente

nm mol/particle mol/mol %

Peak II 12 6 0.4 3–4 195 6 7:39 6 4:1 54 6 5
Peak III 9 6 0.5 2 96 6 4:12 6 1:1 49 6 4

FC, free (unesterified) cholesterol.
a The cells were treated and the medium fractionated as described for Fig. 1.
b Particle diameters were obtained as described in Table 2.
c Numbers of apoA-I molecules per nascent HDL particles were obtained by cross-linking apoA-I with

bis(sulfosuccinimidyl) suberate.
d The compositions of the pooled fractions from each peak from the FPLC (Fig. 1) were determined using

mass analysis of lipids and apoA-I (see Experimental Procedures). Values are means6 SD from three independent
experiments.

e The secondary structural characteristics of apoA-I in peaks II and III were obtained by calculating the
percentage of a-helix content using far-ultraviolet circular dichroism spectra (see Experimental Procedures). Data
shown are from two to three independent experiments.
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These discoidal HDL particles have mean major diameters
of 9 6 2 and 12 6 2 nm. These results are consistent with
the sizes determined by gel filtration chromatography
(Fig. 1) and two-dimensional nondenaturing gel electro-
phoresis (Fig. 2A).

Characterization of microparticles formed
by J774 macrophages

As shown in Fig. 1 and Table 1, a large amount of the
radiolabeled FC released by J774 macrophages is present
in the peak I fraction, which contains .20 nm diameter
particles that elute in the void volume when analyzed by
FPLC gel filtration. To further examine the size of these
particles, electron microscopy was used (Fig. 5), and the
average diameter of the particles was measured as 24 6

2 nm. The particle morphology is quasispherical, inmarked
distinction to the disc-shaped nascent HDL particles
(Fig. 4). The composition of these microparticles is sum-
marized in Table 2. Both the FC content and PL class dis-
tribution are similar to those observed for the larger 12 nm
HDL particles (cf. Tables 2, 3). The PC/SM ratio of z3 is

lower than that of the 9 nm HDL particles that are released
concurrently from the cells.

We examined the protein composition of the micro-
particles to gain more insight into their subcellular origin.
Figure 6 shows that the microparticles contain multiple
proteins ranging in molecular mass from 15 to 150 kDa.
Importantly, a Western blot probed for CD14, the mono-
cyte differentiation antigen that is present in microparti-
cles released from such cells (36), indicates that the
microparticles contain this glycosylphosphatidylinositol-
anchored protein (band a in Fig. 6). In addition, probing
with cholera toxin B shows that the microparticles contain
GM1 (band b in Fig. 6). The microparticles do not contain
detectable levels of ABCA1. ApoA-I is not required for the
release of microparticles (16), and the affinity of apoA-I
for the surface of the microparticles is low because, under
the experimental conditions used in this study, apoA-I is
not detected in the peak I fraction.

Influence of cell type

We made parallel measurements with human skin fibro-
blasts to compare the lipid particles released by different
cell types. The procedures to prepare the cells and isolate

Fig. 4. Electron micrographs of negatively stained nascent HDL
particles from J774 macrophages. Pooled fractions from peaks II
and III from FPLC (see Fig. 1) were adjusted to a density of 1.21 g/
ml with KBr and centrifuged as described for Fig. 3 to isolate the
nascent HDL particles. Purified 9 and 12 nm nascent HDL particles
were dialyzed against 0.125 M ammonium acetate, 2.6 mM am-
monium carbonate, and 0.26 mM tetrasodium EDTA at pH 7.4 to
remove KBr and concentrated to 0.5–1 mg apoA-I/ml. The elec-
tron microscopic analysis was performed as described in Experi-
mental Procedures. A: 9 nm nascent HDL particles. B: 12 nm
nascent HDL particles. Bars 5 10 nm.

Fig. 3. Chemical cross-linking with bis(sulfosuccinimidyl) sube-
rate (BS3) of apoA-I in nascent HDL particles released from J774
macrophages. Pooled fractions of peaks II and III (containing 9
and 12 nm nascent HDL particles, respectively) from fast-protein
liquid chromatography (FPLC) were adjusted to a density of
1.21 g/ml with KBr and centrifuged in a Beckman Ti 70.2 rotor at
50,000 rpm for 24 h at 58C to isolate the 9 and 12 nm nascent HDL
particles. The purified particles were dialyzed three times against
0.1 M phosphate buffer, pH 7.4, concentrated to 0.5–1 mg/ml
apoA-I using an Amicon Ultra-centrifugal filter, and then in-
cubated with BS3 (10 mM) in 0.1 M phosphate buffer, pH 7.4, at
room temperature. The cross-linked nascent HDL particles were
separated using 4–20% gradient SDS-PAGE and stained with Co-
omassie blue. Lane 1, lipid-free apoA-I (applied, 5 ml; containing
2 mg of apoA-I); lane 2, lipid-free apoA-I plus BS3 (applied, 15 ml;
containing 15 mg of apoA-I); lane 3, 12 nm nascent HDL particles
plus BS3 (applied, 30 ml; containing 15 mg of apoA-I); lane 4, 9 nm
nascent HDL particles plus BS3 (applied, 35 ml; containing 10 mg of
apoA-I); lane 5, apoA-I/POPC (1:100 mol/mol) reconstituted
discoidal HDL plus BS3 (applied, 15 ml; containing 15 mg of apoA-
I). Positions of monomers, dimers, trimers, and tetramers were
assigned according to their calculated molecular weights.
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lipid particles were similar to those used with J774 macro-
phages. Figure 7 shows the FPLC profile of the medium
obtained with human skin fibroblasts that were labeled
with [3H]choline chloride and incubated with [14C]apoA-I
(5 mg/ml). As observed with J774 macrophages (Fig. 1),

the microparticles eluting at a void volume of 44.4 ml do
not contain apoA-I. However, HDL fractions II and III,
which have elution volumes of 68 and 78 ml, respectively,
contain apoA-I and elute later than corresponding frac-
tions from J774 macrophages (Fig. 1). This indicates that
human skin fibroblasts form smaller nascent HDL par-
ticles than those from J774 macrophages: the hydrody-
namic diameters of the peaks II and III particles are 11 and
8 nm, respectively. The Western blot shown in Fig. 2B
confirms that the fibroblast nascent HDL particles are
smaller than the J774 nascent HDL particles (Fig. 2A). The
diameters of the fibroblast HDL particles from the
Western blot are 13, 11, and 7.5 nm. As seen with J774
macrophages, the larger nascent HDL particles appear as a
doublet in the two-dimensional Western blot (Fig. 2B).
Comparison of the 24 h choline-PL distributions listed in
Table 1 and Table 4 indicates that the relative amounts of
large and small HDLs created by fibroblasts and J774 cells
are different, with the ratios of peaks II and III beingz0.7
and 1.6, respectively. The human skin fibroblast nascent
HDL particles have different FC contents compared with
their J774 counterparts: the FC/PL molar ratios are 1:12
and 1:4 for the 11 and 8 nmHDL particles from fibroblasts
(Table 5) and 1:5 and 1:8 for the 12 and 9 nm nascent
HDL particles from J774 macrophages (Table 3). The
microparticles of human skin fibroblasts have a FC/PL

Fig. 5. Negative stain electron micrograph of microparticles
released from J774 macrophage cells. After FPLC (see Fig. 1),
peak I fractions were pooled, adjusted to a density of 1.21 g/ml with
KBr, centrifuged at 50,000 rpm in a Beckman 70.1 Ti rotor, and
dialyzed as described for Fig. 4 to isolate the microparticles. The
electron microscopic analysis was performed as described in
Experimental Procedures. Bar 5 10 nm.

Fig. 6. SDS-PAGE and Western blot analysis of proteins and
ganglioside (GM1) in microparticles formed by J774 macrophages.
Microparticles from peak I of FPLC (see Fig. 1) were isolated at a
density of 1.21 g/ml (see Experimental Procedures). Proteins from
the microparticles and cell lysate were separated using a SDS-PAGE
4–15% gradient gel, and Western blotting was performed using
CD14 antibody (Santa Cruz Biotechnology) at a 1:200 dilution
followed by anti-IgG horseradish peroxidase-conjugated secondary
antibody ( Jackson Immunoresearch Laboratories, Inc., Jackson-
ville, PA) at a 1:50,000 dilution to detect CD14. Horseradish
peroxidase-conjugated cholera toxin B (5 ng/ml) was used to
detect GM1. CD14 and GM1 bands were visualized by chemilumi-
nescence. Lane 1, isolated microparticles were analyzed by SDS-
PAGE and stained with Coomassie blue; lanes 2 and 3, Western
blots of cell lysate and microparticles, respectively, probed with
anti-CD14 (a indicates the CD14 band); lanes 4 and 5, Western
blots of cell lysate and microparticles, respectively, probed with
cholera toxin B (b indicates the GM1 band).

Fig. 7. Gel filtration elution profile from medium collected after
a 24 h incubation of human fibroblasts in which ABCA1 was
upregulated with [14C]human plasma apoA-I. Wild-type human
fibroblasts were labeled with [3H]choline chloride for 48 h and
treated with 22-(R) hydroxylcholesterol and 9-cis-retinoic acid to
upregulate ABCA1, as described in Experimental Procedures.
[14C]apoA-I (5 mg/ml) was added to the labeled cells and in-
cubated for 24 h. The medium was collected and analyzed as de-
scribed for Fig. 1. Open circles, [3H]choline phospholipids (PL);
closed circles, [14C]human plasma apoA-I.

TABLE 4. Distribution of [3H]choline-PLs released from human
skin fibroblasts incubated with [14C]human plasma apoA-I

(5 mg/ml) for 24 h

Percent Effluxed [3H]Choline-PL

Time Peak I Peak II Peak III

24 h 10 6 3 33 6 3 48 6 2

Values were obtained from three independent experiments using
24 h conditioned medium produced by human skin fibroblasts. The
peaks were isolated after fractionation using FPLC as described in
Experimental Procedures.
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molar ratio of 0.5 and a PL/protein mass ratio of 0.03,
compared with values of 0.22 and 0.2, respectively, for
microparticles from J774 cells. Approximately one-third of
the total FC appearing in the extracellular medium is
associated with the microparticles that elute in the column
void volume (Fig. 7) (data not shown).

DISCUSSION

The major source of plasma HDL is ABCA1-expressing
cells in the liver (1, 37, 38). Although the ABCA1-mediated
production of HDL particles from macrophages repre-
sents only a tiny fraction of total plasma HDL, it is the most
important with regard to reducing atherosclerosis (6).
Despite its significance and many studies, the mechanism
of ABCA1-mediated efflux of cellular lipids to form HDL
particles remains unclear. The goal of this study was to
clarify the situation by focusing on the characterization of
the nascent HDL particles formed by the interaction of
apoA-I with ABCA1 (39, 40).

Nascent HDL

In agreement with prior results from this laboratory
(16) and others (17, 18, 41), a heterogeneous population
of differently sized nascent HDL particles is created when
ABCA1 in J774 macrophages and human skin fibroblasts
exports PL and FC to apoA-I (Figs. 1, 2, 7). The pre-
dominant HDL species are discoidal in shape (Fig. 4),
have hydrodynamic diameters of z9 and 12 nm, and pos-
sess a-electrophoretic mobility (Fig. 2). Because both lipid-
free apoA-I and apoA-I/PC discoidal complexes exhibit
preb-electrophoretic mobility, the extra negative surface
charge leading to a-mobility arises from the presence of
acidic PS and phosphatidylinositol molecules (and free
fatty acids) in the nascent HDL particles (Table 2) (42).
The ability of cellular acidic PL to induce a-electropho-
retic mobility in apoA-I-containing lipoprotein particles
has been demonstrated with fibroblasts (43) and other cell
types (14, 15). The apoA-I-containing particles with preb-
electrophoretic mobility (Fig. 2) require further charac-
terization; this band may contain a mixture of lipid-free
apoA-I and small lipid-poor particles that are not resolved
on the two-dimensional gel. Importantly, apoA-I-contain-
ing nascent HDL particles are not the only FC/PL particles
released into the extracellular medium by the activity of
ABCA1. At least half of the cellular FC effluxed from J774
cells during a 24 h incubation with apoA-I (Table 1) is

present in the extracellular medium as apoA-I-free
microparticles (see below). In our system, the FC and PL
efflux simultaneously from the cell (44) and microparti-
cles and the various nascent HDL particles are created
concurrently, as reflected by the lack of evidence for a
precursor-product relationship between peaks I, II, and
III. The lipid particles in these three fractions are stable, as
reflected by the lack of change in composition during the
24 h cellular incubations. This observation indicates that
there is no significant remodeling attributable to the
secretion of any lipid transfer proteins from the J774 cells.
As discussed further below, these various lipid particles are
probably the products of ABCA1 molecules located in
different cell membrane microenvironments.

Previous analyses of the lipids present in conditioned
medium from ABCA1-expressing cells incubated with
apoA-I have been for the total medium rather than for
the separated microparticles and nascent HDL fractions.
The compositions listed in Table 3 indicate that, as ex-
pected, the larger 12 nm particle contains more apoA-I
molecules and is relatively lipid-rich. The PL/apoA-I ratios
are greater than those based on choline-PL specific radio-
activity reported previously by us (16); the current mass
analyses include all PL classes and are not affected by any
variations in the specific radioactivity of different cellular
pools of choline-PL. The overall composition and apoA-I
a-helix content are generally consistent with models of
discoidal HDL particles obtained from in vitro reconstitu-
tion experiments. Thus, both the 9 and 12 nm nascent
HDL particles constitute a segment of PL bilayer stabilized
by the amphipathic a-helices of apoA-I arranged in a belt-
like manner around the edge of the disc (45). The larger
12 nm HDL particle released from J774 macrophages
is FC-enriched relative to its 9 nm counterpart (Table 3)
(16, 17). The major nascent HDL species from J774 cells
contain two or three apoA-I molecules per particle, and
apoA-I is the only apolipoprotein detected. J774 macro-
phages are unusual in that they do not express apoE. The
human macrophage cell line, THP-1, does express apoE,
and we have also observed a heterogeneous distribution of
nascent HDL sizes with this cell type (our unpublished
data). The effect of endogenous apoE on the particle size
distribution in this case is not known, but the assembly of
apoA-I-containing nascent HDL particles has been shown
to predominate with THP-1 cells (15).

The fact that the 9 and 12 nm nascent HDL particles have
different PL compositions (Table 2) supports the concept
that the lipids in these particles originate from different
subcellular locations. The distribution of PL classes in the
9 nm particle is similar to that found in human HDL2 and
HDL3 (11). In contrast, the nascent 12 nm particle is rela-
tively depleted in PC and enriched in amino-PL (PE1 PS),
implying that significant remodeling of the PL would occur
in plasma to create mature HDL particles. The lyso-PC con-
tents of the nascent HDL particles are in the range observed
with mature HDL2 and HDL3. It is intriguing that lyso-PC
is the only PL of those listed in Table 2 that has been shown
to have the ability to form a defined molecular complex
with apoA-I (4 mol/mol apoA-I) (46). Further work will be

TABLE 5. Characteristics of nascent HDL particles formed by
ABCA1/apoA-I interaction in human skin fibroblasts

Column Fraction Hydrodynamic Diameter Composition (PL/FC/apoA-I)

nm mol/mol

Peak I .20
Peak II 11 6 0.6 95 6 3:8 6 2:1
Peak III 8 6 0.4 25 6 4:6 6 2:1

Values were obtained as described in Table 3 and are means 6 SD
(n 5 3).
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required to determine whether this low level of lyso-PC plays
a critical role in the process of lipidation of apoA-I by ABCA1.

A striking feature of the nascent HDL PL compositions
in Table 2 is that the PC/SM ratios arez7:1 and 3:1 for the
9 and 12 nm particles, respectively. The relative enrich-
ment of SM and FC in the 12 nm particle is consistent with
it originating from a liquid-ordered membrane raft
domain (47). The enrichment of PC in the 9 nm particle
implies that it originates from a relatively disordered
membrane domain. The high level of choline-PL (PC 1

SM) and the low level of amino-PL (PE 1 PS) suggest that
the lipids recruited into the 9 nm nascent HDL particle
mostly originate from the exofacial leaflet of the plasma
membrane. Indeed, the PE and PS may also be derived
from the same locus, because ABCA1 has the ability to
translocate PS and PE across the membrane (48, 49). In
contrast, the reduced level of PC and the enhanced levels
of PE and PS in the 12 nm HDL particle (Table 2) may
reflect the recruitment of lipids from both leaflets of
membrane rafts. These considerations relate to the incor-
poration of plasmamembrane lipids into the nascent HDL
particles. However, ABCA1 is known to traffic between the
plasma membrane and late endosomal/lysosomal mem-
branes (12, 13, 50) such that intracellular FC (13, 51), and
that in late endosomes in particular (13, 52), is a substrate
for efflux via ABCA1. Because ABCA1 mediates the retro-
endocytosis of apoA-I (52, 53) and the late endosomal
membrane does not contain much FC (54), it is possible
that the late endosomal membrane may be the major site
of origin of the lipids present in the 9 nm nascent HDL
particle. Further work is required to elucidate the inter-
mediate states that lipid-free apoA-I molecules pass
through after they interact with ABCA1 and are converted
into the discoidal nascent HDL particles described here.

Microparticles

Examination of Table 2 indicates that the PL composi-
tions of microparticles released from J774 cells and the
12 nm nascent HDL particles are the same. Thus, the PL
in microparticles probably originates from plasma mem-
brane raft domains. The size of the microparticles (Fig. 5)
and the presence of multiple proteins (Fig. 6) are con-
sistent with the microparticles being plasma membrane
vesicles (55, 56). Such particles are reported to contain
proteins both in the membrane and the aqueous interior;
this explains the low PL/protein ratios that we measured,
with the lower value for fibroblast microparticles perhaps
reflecting a relatively high content of cytoskeletal ele-
ments. Because the microparticles contain the glycosyl-
phosphatidylinositol-anchored CD14 molecule and the
GM1 (Fig. 6), both of which are markers of plasma mem-
brane rafts (36, 57), it is likely that the vesiculation to
release the microparticles involves plasma membrane raft
domains. It is thought that the externalization of plasma
membrane PS by ABC transporters in activated cells leads
to microparticle shedding (58). Because ABCA1 can
induce such transmembrane migration of PS (48, 49), it
is reasonable to expect ABCA1 activation to promote the
concomitant release of microparticles from the plasma

membrane and the formation of nascent HDL particles.
ABCA1 may also promote exocytosis (59), but because
exosomes have low contents of CD14 (60) and the J774
microparticles have abundant CD14 (Fig. 6), it seems un-
likely that export of membrane vesicles from the cell inte-
rior is responsible for the microparticle formation in our
system. The involvement of ABCA1 in microparticle pro-
duction is supported by the observation that the number of
microparticles in the plasma of ABCA1-null mice is lower
than that in wild-type animals (61). This observation im-
plies that microparticles created by ABCA1 activity enter the
circulation. Finally, it is notable that microparticles have
procoagulant activity (58), so theremay be a negative aspect
to their production by activation of ABCA1. This is in con-
trast to the beneficial effects expected by the increased pro-
duction of antiatherogenic nascent HDL particles.

Comparison of J774 macrophages and human
skin fibroblasts

Fibroblasts in which ABCA1 activity is upregulated be-
have similarly to J774 cells in that incubation with apoA-I
gives rise to a heterogeneous distribution of nascent HDL
particles (Figs. 2, 7). In contrast with macrophages, fibro-
blasts do not secrete proteins such as apolipoproteins or
lipid transfer proteins that can remodel lipoproteins. Be-
cause no evidence of nascent HDL particle remodeling
was observed with either cell type, it follows that the ob-
served HDL particle heterogeneity is a direct consequence
of ABCA1 activity, presumably in different membrane
microenvironments. We have noted that FC loading of
cells leads to the formation of larger, FC-enriched nascent
HDL (16), so differences in membrane FC content may
contribute, in part, to the smaller HDL particles that have
relatively low FC/apoA-I molar ratios created with human
skin fibroblasts (cf. Tables 3, 5). This difference in FC
content may underlie the formation by fibroblasts of rela-
tively more HDL particles containing two apoA-I mole-
cules (peak III) compared with the situation in J774 cells
(cf. Tables 1, 4). Whether or not any of these differences
between human skin fibroblasts and mouse macrophages
are attributable to differences in the properties of human
and mouse ABCA1 remains to be determined. Although
both fibroblasts and J774 macrophages secrete micropar-
ticles, the proportion of cellular lipid released into these
particles compared with the nascent HDL is lower for
fibroblasts. This difference between the two cell types may
reflect a lower level of plasmamembrane vesicle trafficking
in fibroblasts compared with phagocytic macrophages.

This work was supported by National Institutes of Health
Grants HL-22633 and HL-07443.
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