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Abstract It is generally thought that the large heterogene-
ity of human HDL confers antiatherogenic properties; how-
ever, the mechanisms governing HDL biogenesis and speci-
ation are complex and poorly understood. Here, we show
that incubation of exogenous apolipoprotein A-I (apoA-I)
with fibroblasts, CaCo-2, or CHO-overexpressing ABCA1
cells generates only 

 

�

 

-nascent apolipoprotein A-I-containing
particles (

 

�

 

-LpA-I) with diameters of 8–20 nm, whereas hu-
man umbilical vein endothelial cells and ABCA1 mutant
(Q597R) cells were unable to form such particles. Interest-
ingly, incubation of exogenous apoA-I with either HepG2 or
macrophages generates both 

 

�

 

-LpA-I and pre

 

�

 

1

 

-LpA-I. Fur-
thermore, glyburide inhibits almost completely the forma-
tion of 

 

�

 

-LpA-I but not pre

 

�

 

1

 

-LpA-I. Similarly, endogenously
secreted HepG2 apoA-I was found to be associated with
both pre

 

�

 

1

 

-LpA-I and 

 

�

 

-LpA-I; by contrast, CaCo-2 cells se-
creted only 

 

�

 

-LpA-I. To determine whether 

 

�

 

-LpA-I gener-
ated by fibroblasts is a good substrate for LCAT, isolated

 

�

 

-LpA-I as well as reconstituted HDL [r(HDL)] was reacted
with LCAT. Although both particles had similar 

 

V

 

max

 

 (8.4 vs.
8.2 nmol cholesteryl ester/h/

 

�

 

g LCAT, respectively), the

 

K

 

m

 

 value was increased 2-fold for 

 

�

 

-LpA-I compared with
r(HDL) (1.2 vs. 0.7 

 

�

 

M apoA-I).  These results demon-
strate that 

 

1

 

) ABCA1 is required for the formation of

 

�

 

-LpA-I but not pre

 

�

 

1

 

-LpA-I; and 

 

2

 

) 

 

�

 

-LpA-I interacts effi-
ciently with LCAT. Thus, our study provides direct evidence
for a new link between specific cell lines and the speciation
of nascent HDL that occurs by both ABCA1-dependent and
-independent pathways.

 

—Krimbou, L., H. Hajj Hassan, S.
Blain, S. Rashid, M. Denis, M. Marcil, and J. Genest.
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The molecular interaction of apolipoprotein A-I (apoA-I)
with cell membranes has important implications in re-
verse cholesterol transport (RCT) because it provides a

 

mechanism whereby excess cholesterol is removed from
peripheral cells unable to catabolize cholesterol. This pro-
cess is crucial for HDL biogenesis and is believed to be
one of the major mechanisms by which HDL may protect
against atherosclerotic vascular disease (1, 2). However, in
spite of the importance of the HDL biogenesis pathway in
RCT, very little is known about the mechanisms involved
in determining the structural characteristics of nascent
HDL particles.

It has been suggested that HDL heterogeneity involves
not only intracellular factors that control the synthesis
and cell uptake of HDL but also factors that promote
the assembly and remodeling of HDL in the extracellular
space. Indeed, several enzymes, such as lecithin:choles-
terol acyltransferase, hepatic lipase, cholesteryl ester (CE)
transfer protein, and phospholipid transfer protein, have
been implicated in regulating apoA-I cycles between lipid-
poor and lipid-associated forms as a part of a highly
dynamic metabolism of HDL (3). HDL subspecies can be
classified according to a variety of properties, including
hydrated density (4), apolipoprotein composition, and
charge characteristics (5). For example, an earlier study
by Fielding and colleagues (6) documented that a minor
subspecies of human HDL that migrates with pre

 

�

 

 mobil-
ity on agarose gels can remove free cholesterol from cul-
tured fibroblasts at a faster rate than 

 

�

 

-migrating HDL,
which constitutes the bulk of plasma HDL. Furthermore,
it was documented that pre

 

�

 

-HDL particles were present
in the peripheral lymph of dogs (7) and the interstitial
space (8), suggesting a key role for these particles in the
initial removal of cholesterol. Moreover, this concept is
supported by studies demonstrating that pre

 

�

 

-HDL acts as
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an initial acceptor of cellular cholesterol and shuttles it
into a series of larger pre

 

�

 

 particles and ultimately to

 

�

 

-migrating particles that contain LCAT for esterification
(9, 10). A growing body of evidence indicates that ABCA1
is a critical cell surface protein required for the transfer of
cellular lipids and the maintenance of HDL levels in
plasma and is likely important for the first step of RCT
from peripheral tissues, including macrophages in the
vessel wall (11). Furthermore, Brewer and colleagues (12)
have documented that hepatic ABCA1 is crucial for the
formation and maintenance of plasma HDL levels. The
importance of ABCA1 in the lipidation of apoA-I is high-
lighted by the finding that 

 

�

 

50 mutations in the ABCA1
gene have been associated with a variety of clinically dis-
tinct HDL-deficiency diseases, including Tangier disease
(TD) and familial HDL deficiency (13–15).

Although recent studies in a cell culture model suggest
that the ABCA1 transporter plays a determinant role in
the heterogeneity of nascent HDL particles (16, 17), the
molecular mechanisms involved in the speciation of HDL
particles are not well understood. Therefore, it was the aim
of the present study to better define the role of ABCA1 in
the biogenesis and speciation of nascent apolipoprotein
A-I-containing particles (LpA-I) in various cell lines and to
examine their maturation.

MATERIALS AND METHODS

 

Patient selection

 

For the present study, we selected fibroblasts from three nor-
mal control subjects and two patients with TD (TD1, homozy-
gous for Q597R at the ABCA1 gene; and TD2, compound het-
erozygous carrying the mutations C1477R and the splice site G

 

→

 

C
in exon 24), as described previously (13, 14). The protocol for the
study was reviewed and accepted by the Research Ethics Board of
the McGill University Health Centre. Separate consent forms for
blood sampling, DNA isolation, and skin biopsy were provided.

 

Cell culture

 

Human skin fibroblasts were obtained from 3.0 mm punch bi-
opsies of the forearms of patients and healthy control subjects
and were cultured in DMEM supplemented with 0.1% nonessen-
tial amino acids, penicillin (100 U/ml), streptomycin (100 

 

�

 

g/
ml), and 10% FBS. HepG2, human umbilical vein endothelial
cells (HUVEC), human monocyte-derived macrophages, THP-1,
and CaCo-2 cells were cultured under standard conditions.
ABCA1-expressing CHO cells were generously provided by Dr.
Sean Davidson (Department of Pathology and Laboratory Medi-
cine, University of Cincinnati) and were characterized and cul-
tured as described previously (18).

 

Human plasma apoA-I

 

Purified plasma apoA-I (Biodesign) was resolubilized in 4 M
guanidine-HCl and dialyzed extensively against PBS buffer.
Freshly resolubilized apoA-I was iodinated with 

 

125

 

I by Iodogen

 

®

 

(Pierce) to a specific activity of 800–1,500 cpm/ng apoA-I and used
within 48 h.

 

Expression and purification of apoA-I mutants

 

The expression of wild-type apoA-I and its mutants in a bacte-
rial system, and the isolation and purification of these proteins,

have been described previously by Marcel and colleagues (19).
Deletion mutant 

 

�

 

122–165 was used as a negative control for
LCAT-mediated 

 

�

 

-LpA-I cholesterol esterification.

 

Removal of lipid-free apoA-I from LpA-I

 

Stimulated various cell lines in 100 mm diameter dishes were
incubated with 10 

 

�

 

g/ml 

 

125

 

I-apoA-I for the indicated times at
37

 

�

 

C. Lipid-free 

 

125

 

I-apoA-I was removed from the medium by a
size-exclusion centrifugal filter (spiral ultrafiltration cartridge,
molecular weight cut off (MWCO) 50,000; Amicon) that discrim-
inates between lipid-free apoA-I and other lipidated LpA-I parti-
cles with molecular mass 

 

�

 

 50 kDa. Concentrated medium was
washed three times in the same filter with 15 ml of PBS contain-
ing a protease inhibitor cocktail (Roche Diagnostics). LpA-I par-
ticles were further dialyzed for 16 h at 4

 

�

 

C using a dialysis
membrane with a MWCO of 50,000 to remove any remaining
lipid-free apoA-I. The same filtration system was used to remove
lipid-free apoA-I from apoA-I-containing particles secreted by
HepG2 and CaCo-2 cells. Lipid-free 

 

125

 

I-apoA-I incubated in
DMEM without cells was not retained by this filtration system. In
separate experiments (see Results), we show that both the cen-
trifugal filter and the dialysis membrane retained native plasma
pre

 

�

 

1

 

-LpA-I having an apparent molecular mass of 67 kDa.

 

Isolation of 

 

�

 

-LpA-I

 

�

 

-LpA-I particles were isolated as described previously (20).
Briefly, [

 

14

 

C]cholesterol-labeled normal fibroblasts were stimu-
lated with 2.5 

 

�

 

g/ml 22(

 

R

 

)-hydroxycholesterol and 5 

 

�

 

M 9-

 

cis-

 

retinoic acid (22OH/9CRA) and then incubated with 10 

 

�

 

g/ml

 

125

 

I-apoA-I for 24 h at 37

 

�

 

C. Media were recovered and concen-
trated with a size-exclusion centrifugal filter (spiral ultrafiltration
cartridge, MWCO 50,000; Amicon), and then concentrated me-
dium was washed three times in the same filter with 15 ml of PBS
in the presence of a protease inhibitor cocktail (Roche Diagnos-
tics). LpA-I particles were further dialyzed using a dialysis
membrane with a MWCO of 50,000 to remove any remaining
lipid-free apoA-I. The integrity of isolated 

 

�

 

-LpA-I was verified by
analysis with two-dimensional polyacrylamide nondenaturing
gradient gel electrophoresis (2D-PAGGE).

 

Cellular cholesterol efflux and lipid labeling

 

Cholesterol efflux and lipid labeling were performed as de-
scribed previously (17) with minor modifications. Briefly, 50 000
cells were seeded on 12-well plates. At mid-confluence, the cells
were labeled with 3 

 

�

 

Ci/ml [

 

3

 

H]cholesterol (Perkin-Elmer) for
24 h. At confluence, cells were cholesterol-loaded (20 

 

�

 

g/ml)
for 24 h. During a 24 h equilibration period, cells were stimu-
lated with 22OH/9CRA for 20 h. Cholesterol efflux was deter-
mined for the indicated concentrations and times. Cholesterol
efflux was determined as follows: 

 

3

 

H cpm in medium/(

 

3

 

H cpm
in medium 

 

�

 

 

 

3

 

H cpm in cells); the results were expressed as per-
centages of total radiolabeled cholesterol. Cells from a normal
and a TD subject were grown to confluence in 100 mm diameter
dishes, labeled with 15 

 

�

 

Ci/ml [

 

14

 

C]cholesterol (Perkin-Elmer)
for 48 h, cholesterol-loaded, equilibrated, and stimulated as de-
scribed above. Cellular [

 

14

 

C]cholesterol labeling was used for the
characterization of LpA-I generated during the incubation of
lipid-free apoA-I wild-type or apoA-I mutant (

 

�

 

122–165) with
stimulated fibroblasts. Cell phospholipids were labeled with
[

 

32

 

P]orthophosphate as follows: fibroblasts from control and TD
subjects were grown to confluence in 100 mm diameter dishes
and then incubated for 48 h with 300 

 

�

 

Ci of [

 

32

 

P]orthophos-
phate mixed with DMEM. After the first 24 h incubation with
[

 

32

 

P]orthophosphate, cells were cholesterol-loaded (20 

 

�

 

g/ml)
for 24 h; then during a 24 h equilibration period, the cells were
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stimulated as described above before incubation with either wild-
type or mutant (

 

�

 

122–165) apoA-I .

 

Preparation of reconstituted HDL particles

 

Complexes comprising apoA-I, POPC, and [

 

14

 

C]cholesterol
were prepared using the sodium cholate dialysis method as de-
scribed by Jonas, Steinmetz, and Churgay (21). An apoA-I/POPC
molar ratio of 1:100 was used in this experiment. Reconstituted
high density lipoprotein [r(HDL)] particles were further con-
centrated by ultrafiltration (spiral ultrafiltration cartridge, MWCO
50,000; Amicon) to discard any lipid-free apoA-I or proteolytic
peptides. ApoA-I-lipid complex formation was verified by analysis
with 2D-PAGGE.

 

Separation of lipoproteins by 2D-PAGGE

 

ApoA-I-containing particles were separated by 2D-PAGGE as
described previously (22). Briefly, samples (30–100 

 

�

 

l) were sep-
arated in the first dimension (according to their charge) by 0.75%
agarose gel electrophoresis (100 V, 3 h, 4

 

�

 

C) and in the second
dimension (according to the size) by 5–23% polyacrylamide con-
cave gradient gel electrophoresis (125 V, 24 h, 4

 

�

 

C). Iodinated
high molecular weight protein mixture (7.1–17.0 nm; Pharma-
cia) was run as a standard on each gel. Electrophoretically sepa-
rated samples were electrotransferred (30 V, 24 h, 4

 

�

 

C) onto
nitrocellulose membranes (Hybond ECL; Amersham). ApoA-I-
containing particles were detected by incubating the membranes
with immunopurified polyclonal anti-apoA-I antibody (Biode-
sign). The presence of labeled 

 

125

 

I-apoA-I, [

 

14

 

C]cholesterol, or
[

 

32

 

P]phospholipids was detected directly by autoradiography us-
ing Kodak XAR-2 film.

 

Lecithin:cholesterol acyltransferase assay

 

C-terminal histidine-tagged human recombinant lecithin:cho-
lesterol acyltransferase (hrLCATH6) was a gift from Dr. John S.
Parks (Wake Forest University School of Medicine, Winston-Salem,
NC). Cholesterol esterification experiments were conducted as
described previously (23). In these assays, two types of substrate
were used: [

 

14

 

C]cholesterol-labeled 

 

�

 

-LpA-I and r(HDL) pre-
pared with similar specific activity as described above. In separate
experiments, 

 

�

 

-LpA-I generated by either wild-type or mutant
apoA-I were tested for their ability to stimulate the LCAT reac-
tion. Equivalent amounts of either LpA-I or r(HDL) were re-
acted with 100 ng of LCAT for 1 h at 37

 

�

 

C. The LCAT reaction
mixture consisted of varying amounts of either LpA-I or r(HDL),
1.5 mg of fatty acid-free BSA, 5 mM 

 

�

 

-mercaptoethanol, and re-
action buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, and 1
mM NaN

 

3

 

, pH 8.0) to a final volume of 200 

 

�

 

l. ApoA-I concen-
trations of LpA-I and r(HDL) were estimated from the initial spe-
cific activity of 

 

125

 

I-apoA-I. Conditions for the assay were gener-
ally as described previously. Under these conditions, initial rates
were estimated with minimal substrate conversion.

 

RESULTS

Based on our previous studies demonstrating that the
interaction of apoA-I with normal human fibroblasts gen-
erated only 

 

�

 

-LpA-I (16, 20), the question was raised
whether the formation of both 

 

�

 

-LpA-I and pre

 

�

 

1

 

-LpA-I
could be dependent on specific cell types. Because pre

 

�

 

1

 

-
LpA-I are electrophoretically indistinguishable from lipid-
free apoA-I, and because of the difficulty of separating
small amounts of apoA-I-containing particle subspecies by
fast-protein liquid chromatography, we developed a rapid

controlled technique to remove lipid-free apoA-I from the
medium using a size-exclusion centrifugal filter (MWCO
50,000) combined with a dialysis membrane with a MWCO
of 50,000 to remove any remaining lipid-free apoA-I, as
described in Materials and Methods.

The present centrifugal filtration system discriminates
between lipid-free apoA-I and other lipidated LpA-I parti-
cles with molecular weight 

 

�

 

 50 kDa. However, the incom-
plete removal of lipid-free apoA-I from the medium may
result in an artifactual presence of pre

 

�

 

1

 

-LpA-I. To ensure
the quality of the complete removal of lipid-free apoA-I,
the filtration of the medium from either HepG2 cells or
macrophages found to form pre

 

�

 

1

 

-LpA-I was carefully
controlled for each experiment by the filtration of the me-
dium from normal fibroblasts, ABCA1 mutant Q597R fi-
broblasts, or lipid-free 

 

125

 

I-apoA-I incubated without cells.
No detectable lipid-free 

 

125

 

I-apoA-I remained in the me-
dium after filtration followed by dialysis, as assessed by
2D-PAGGE (see below). In separate experiments (see be-
low), we show that both the centrifugal filter and the dial-
ysis membrane retained native plasma pre

 

�

 

1-LpA-I having
an apparent molecular mass of 67 kDa.

As shown in Fig. 1 (upper panels), incubation of stimu-
lated normal fibroblasts, CaCo-2 cells, or CHO-overexpress-
ing ABCA1 (CHO-ABCA1) with 10 �g/ml exogenously
added 125I-apoA-I for 6 h at 37�C followed by the removal
of lipid-free apoA-I as described above, and then separa-
tion of samples by 2D-PAGGE, generated only �-LpA-I
with a particle size ranging from 8 to 20 nm, whereas lipid-
free apoA-I incubated with either HUVEC or ABCA1 mu-
tant (Q597R) was unable to form such particles. In sepa-
rate experiments, we found that ABCA1 mutant C1477R
also failed to form �-LpA-I (data not shown). Unexpect-
edly, incubation of stimulated HepG2, human monocyte-
derived macrophages, or THP-1 cells with exogenously added
125I-apoA-I generated both pre�1-LpA-I and �-LpA-I (Fig.
1, upper panels).

Previous studies have documented that glyburide inhib-
ited ABCA1-mediated cholesterol efflux from HEK[ABCA1]
cells to apoA-I (10 �g/ml) with an IC50 of 300 �M and
had little effect on the low background efflux in the ab-
sence of ABCA1 (24, 25). As shown in Fig. 1 (lower pan-
els), the presence of 300 �M glyburide during the incuba-
tion period inhibited almost completely the formation of
larger �-LpA-I in the majority of cell types tested but not
the pre�1-LpA-I generated specifically by HepG2, human
monocyte-derived macrophages, and THP-1 cells. Further-
more, inactivation of ABCA1 with glyburide in fibroblasts,
CaCo-2, or CHO-ABCA1 led to the formation of smaller
�-LpA-I having a diameter of �8 nm; these particles were
not formed in the presence of ABCA1 mutant Q597R
cells. Treatment of different cell lines with 300 �M gly-
buride for 1–12 h did not cause any significant morpho-
logical changes or toxicity, as measured by trypan blue ex-
clusion.

A time-course analysis of nascent LpA-I generated by
HepG2 and normal fibroblasts showed that 125I-apoA-I was
consistently associated with particles having both pre�
and � electrophoretic mobility in HepG2 cells. In con-
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trast, fibroblasts generated only �-LpA-I (Fig. 2, upper
panels). To further investigate the contribution of ABCA1
to the formation of pre�1-LpA-I and �-LpA-I, lipid-free
125I-apoA-I was incubated with HepG2 cells or fibroblasts
in the presence of 300 �M glyburide for the indicated
times. As shown in Fig. 2 (lower panels), glyburide inhib-
ited almost completely �-LpA-I subspecies in both HepG2
cells and fibroblasts, but not pre�1-LpA-I generated by
HepG2 over a 12 h incubation period. Moreover, both the
charge and the size of pre�1-LpA-I and �-LpA-I were sta-
ble over a 12 h incubation period. On the other hand,
ABCA1 protein expression was highly responsive to stimu-
lation with 22OH/9CRA in fibroblasts, CaCo-2, and HepG2
cells or to stimulation with cAMP of macrophages, whereas
ABCA1 was not detected in HUVEC, as examined by gel
electrophoresis of total cell lysate from different cell lines
followed by immunoblotting with an anti-ABCA1 anti-
body. This is consistent with our findings that the majority
of �-LpA-I subspecies were strongly increased by stimula-
tion with 22OH/9CRA in normal fibroblasts, CaCo-2,
HepG2, or cAMP-stimulated THP-1. In contrast, pre�1-
LpA-I formed by HepG2 or THP-1 were insensitive to stim-
ulation with 22OH/9CRA or cAMP, respectively (data not
shown).

Having determined that the incubation of exogenously
added lipid-free apoA-I with HepG2 cells generates both
pre�1-LpA-I and �-LpA-I, the question was raised whether

different pre�1-LpA-I particles found in the circulation were
produced by hepatocytes and/or intestine, or whether they
were a product of plasma apoA-I-containing lipoprotein
remodeling. An experiment was carried out in which the
medium of endogenously secreted apoA-I-containing par-
ticles from either stimulated HepG2 or CaCo-2 cells was
depleted or not from lipid-free apoA-I as described above
and analyzed by 2D-PAGGE. As shown in Fig. 3, stimulated
HepG2 cells secreted apoA-I-containing lipoproteins with
a particle diameter ranging from 7.1 to 20 nm and have
both pre� and � electrophoretic mobility (Fig. 3A, right
panel), similar to native plasma pre�1-LpA-I and �-LpA-I
(Fig. 3C, right panel). In contrast, stimulated CaCo-2 cells
secreted only �-LpA-I (Fig. 3B, right panel). Furthermore,
a significant amount of lipid-free apoA-I was secreted in
both HepG2 and CaCo-2 cells, as assessed by a 2D-PAGGE
separation of the medium before the removal of lipid-free
apoA-I (Fig. 3A, B, left panels). At the same time, gly-
buride inhibited almost completely the formation of en-
dogenously secreted �-LpA-I in both HepG2 and CaCo-2
cells but not pre�1-LpA-I particles specifically secreted by
HepG2 cells (data not shown). In separate experiments,
we verified that glyburide (300–500 �M) had no effect on
apoA-I gene expression in both HepG2 and CaCo-2, as as-
sessed by Northern blotting (data not shown).

To further investigate the relationship between the sizes
of �-LpA-I particles and their lipids, fibroblasts were la-

Fig. 1. Analysis of nascent apolipoprotein A-I-containing particles (LpA-I) generated by incubation of exogenously added lipid-free apo-
lipoprotein A-I (apoA-I) with various cell lines in the presence or absence of glyburide. Normal fibroblasts, CaCo-2, human umbilical vein
endothelial cells (HUVEC), HepG2, or ABCA1 mutant (Q597R) cells in 100 mm diameter dishes were loaded with 20 �g/ml cholesterol for
24 h and then stimulated with 2.5 �g/ml 22(R)-hydroxycholesterol and 10 �M 9-cis-retinoic acid (22OH/9CRA) for 20 h. THP-1 cells and hu-
man monocyte-derived macrophages in 100 mm diameter dishes were loaded with 20 �g/ml cholesterol for 24 h and then stimulated with
0.3 mM cAMP for 12 h. CHO-overexpressing ABCA1 cells (CHO-ABCA1) were used as a control. Different cell types were incubated with 10
�g/ml 125I-apoA-I for 6 h at 37�C in the presence or absence of 300 �M glyburide. Lipid-free 125I-apoA-I was removed from the medium by
ultrafiltration followed by dialysis, as described in Materials and Methods. Lipid-free 125I-apoA-I incubated for 6 h at 37�C in DMEM without
cells was used as a control. Samples were separated by two-dimensional polyacrylamide nondenaturing gradient gel electrophoresis (2D-
PAGGE), and 125I-apoA-I was detected directly by autoradiography using Kodak XAR-2 film. Molecular size markers are shown.
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beled with [14C]cholesterol or [32P]orthophosphate as de-
scribed in Materials and Methods and then incubated with
10 �g/ml lipid-free apoA-I for 24 h at 37�C. Radiolabeled
ABCA1 mutant Q597R cells were used as a control in the
present experiment. The medium was concentrated
with a centrifugal filter (MWCO 10,000), and then both
[14C]apoA-I- and [32P]apoA-I-containing particles were
separated by 2D-PAGGE. As shown in Fig. 4, the majority
of 14C- and 32P-lipidated apoA-I colocalized with apoA-I-
containing particles revealed with an anti-apoA-I antibody.
At the same time, we have not been able to detect any
�-LpA-I formation during incubation with ABCA1 mutant
Q597R (Fig. 4). Interestingly, �-LpA-I subspecies with a
molecular diameter of �9.5 nm seem to contain only
phospholipids.

Having determined that �-LpA-I subspecies contain
cholesterol and phospholipids (Fig. 4), the question was
raised whether �-LpA-I is a good substrate for LCAT.
[14C]cholesterol-labeled normal fibroblasts were stimu-
lated with 22OH/9CRA and then incubated with 10 �g/
ml 125I-apoA-I for 24 h at 37�C. The medium was recov-
ered and concentrated, and lipid-free apoA-I was removed
using both filtration (MWCO 50,000) and dialysis (MWCO
50,000). At the same time, [125I]apoA-I, POPC, and
[14C]cholesterol were used to form r(HDL) with a specific
activity similar to that of �-LpA-I. Equivalent amounts of
either �-LpA-I or r(HDL) were reacted with purified re-

combinant human LCAT as described in Materials and
Methods. After lipid extraction, both CE and unesteri-
fied cholesterol were separated by TLC. The initial veloc-
ities shown in Fig. 5 were estimated with less than �15%
substrate conversion to avoid conditions in which the
substrate concentration would become rate-limiting.
There is no significant difference between the Vmax of the
LCAT reaction between �-LpA-I and r(HDL) (8.1 vs. 8.5
nmol CE/h/�g LCAT, respectively). In contrast, estima-
tion of a half-maximal velocity (Km) from double-recipro-
cal plots of initial velocities as a function of substrate
concentration for both �-LpA-I and r(HDL) showed that
the apparent Km was 2-fold higher for �-LpA-I than for
r(HDL) (1.2 vs. 0.7 �M, respectively). Furthermore, the
catalytic efficiency of LCAT (Vmax/Km) was 2-fold lower
for �-LpA-I compared with r(HDL) (6.8 vs. 12.5 nmol
CE/h/�M apoA-I). No significant esterification was de-
tected with �-LpA-I mutant �122–165 compared with
wild-type �-LpA-I (0.21 	 0.1% vs. 10.5 	 0.5%, respec-
tively). In separate experiments, we found that incuba-
tion of apoA-I (�122–165) with stimulated normal fi-
broblasts generated �-LpA-I particles similar to those
formed with wild-type apoA-I, which contained both
[14C]cholesterol and [32P]phospholipids, as examined
by 2D-PAGGE (data not shown). All data presented are
representative of results from two or more independent
experiments.

Fig. 2. Time-course analysis of the formation of LpA-I generated by the incubation of exogenously added lipid-free apoA-I with HepG2
cells and fibroblasts. Either HepG2 cells or normal fibroblasts in 100 mm diameter dishes were loaded with 20 �g/ml cholesterol for 24 h
and then stimulated with 22OH/9CRA for 20 h. Cells were incubated with 10 �g/ml 125I-apoA-I for 1, 6, or 12 h in the presence or absence
of 300 �M glyburide. Lipid-free 125I-apoA-I was removed from the medium by ultrafiltration followed by dialysis, as described in Materials
and Methods. Samples were separated by 2D-PAGGE, and 125I-apoA-I was detected directly by autoradiography using Kodak XAR-2 film. Mo-
lecular size markers are shown.
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DISCUSSION

HDL is believed to be a potent physiological protective
system against atherosclerotic vascular disease. A better
understanding of the molecular basis for these protective
mechanisms will be necessary for developing strategies for
the prevention and treatment of atherosclerotic vascular
disease. Although it has become generally accepted that
this protective effect of HDL is attributable to its pivotal
role in the RCT process, the structural basis for the bio-
genesis, speciation, and maturation of HDL particles re-
mains complex and not well understood.

It is generally thought that the interaction of lipid-free
apoA-I with phospholipids from cell membranes gener-
ates a particle with pre� mobility that releases cholesterol
from cells (26, 27). Here, we present evidence that incu-
bation of exogenously added lipid-free apoA-I with various
cell lines, including human fibroblasts, CaCo-2, and CHO-
ABCA1, generates only �-LpA-I. In contrast, lipid-free
apoA-I was unable to form such particles in the presence
of HUVEC and ABCA1 mutant Q597R cells (Fig. 1), con-
sistent with previous studies showing that lipid-free apoA-I
did not promote cholesterol efflux from endothelial cells
in which the expression of ABCA1 protein is very low and
seems not to be sensitive to treatment with cholesterol or
22-hydroxycholesterol (24, 28). Furthermore, the pivotal
role of ABCA1 in the formation of �-LpA-I was supported
by our results showing that glyburide, an inactivator of
ABCA1 transporter activity, inhibited almost completely
the formation of larger �-LpA-I particles in different cell
types tested (Fig. 1, lower panels).

A major paradigm shift in the current concept of RCT
comes from the proposition of Brewer and colleagues
(12) that the liver is a major source of plasma HDL-choles-
terol and that the level of expression of hepatic ABCA1
modulates intracellular cholesterol levels as well as plasma
HDL-cholesterol concentrations. This concept is sup-
ported by our results showing that HepG2 cells incubated
with exogenously added apoA-I generate both pre�1-LpA-I
and �-LpA-I (Figs. 1, 2). This result was further strengthened
by our demonstration that endogenously secreted apoA-I-
containing particles from stimulated HepG2 cells were as-
sociated with pre�1-LpA-I and �-LpA-I with charge and
size similar to native plasma pre�1-LpA-I and �-LpA-I (Fig.
3). In contrast, CaCo-2 cells secreted only �-LpA-I. Thus,
among various cell lines tested, hepatocytes and macro-
phages have the unique ability to form pre�1-LpA-I. Al-
though the structural requirements for the formation of
pre�1-LpA-I by hepatocytes and macrophages have not
been determined, previous studies established that the
lipid composition of pre�1-LpA-I species as well as the
conformation of apoA-I within these particles differ from
those of spherical HDL (6, 29). Most importantly, the
ABCA1 transporter seems to be not involved in the forma-
tion of pre�1-LpA-I, consistent with our findings that 1)
glyburide did not significantly inhibit the formation of
pre�1-LpA-I in both HepG2 cells and macrophages (Figs.
1, 2, lower panels) and 2) stimulation of HepG2 cells with
22OH/9CRA significantly increased the amount of endo-
genously secreted �-LpA-I, but not pre�1-LpA-I, compared
with unstimulated cells (data not shown). This is consis-
tent with the observation that patients with homozygous
TD do not have �-HDL in their plasma; rather, they only
have pre�-migrating HDL (30, 31). This provides in vivo
support for the concept that ABCA1 is not involved in the
formation of pre�-migrating HDL.

It is possible that lipid-free apoA-I interacts with specific
microdomains of plasma membranes or endosomal com-
partments present in HepG2 cells and macrophages but
not other cells, which results in the unusual phospholipid
composition of these particles, causing its pre� electro-

Fig. 3. Analysis of endogenously secreted LpA-I from HepG2 and
CaCo-2 cells. HepG2 and CaCo-2 cells in 150 mm diameter dishes
were loaded with 20 �g/ml cholesterol for 24 h and then stimu-
lated with 22OH/9CRA for 20 h. Cells were incubated in DMEM
alone for 24 h at 37�C. Lipid-free apoA-I was removed or not from
the medium by ultrafiltration followed by dialysis, as described in
Materials and Methods. Samples were separated by 2D-PAGGE, and
apoA-I was detected by an anti-apoA-I antibody. A, B (left panels):
apoA-I-containing particles secreted by either HepG2 or CaCo-2
cells without the removal of lipid-free apoA-I. A, B (right panels):
apoA-I-containing particles secreted by either HepG2 or CaCo-2
cells after the removal of lipid-free apoA-I. C: Plasma apoA-I-con-
taining particles before and after the removal of lipid-free apoA-I
(left and right panels, respectively).
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phoretic mobility. These conclusions are supported by a
recent study by Marcel and colleagues (32) demonstrating
that expression of ABCA1 in primary mouse hepatocytes
is central to the lipidation of newly synthesized apoA-I;
however, a significant basal level of apoA-I phospholipida-
tion occurs in primary hepatocytes from ABCA1-deficient
mice. Although the mechanism of the lipidation of newly
synthesized apoA-I by ABCA1 transporter remains to be
determined in hepatocytes, the present study shows that
�60% of endogenously secreted apoA-I by HepG2 cells
was associated with �-LpA-I (Fig. 3A); thus, it is more
likely that these particles were formed by the translocase
activity of ABCA1. This is consistent with a previous study
by Parks and colleagues (33) demonstrating that �20% of
newly secreted apoA-I from HepG2 cells is lipidated intra-
cellularly and another �30% is minimally lipidated soon
thereafter extracellularly.

Previous studies have suggested that pre�-HDL could

be an �-HDL precursor (24, 26, 34); however the interre-
lationship between newly formed LpA-I particles in our
cell culture model was unclear. It is possible that the inter-
action of lipid-free apoA-I with ABCA1 rapidly generates
pre�-LpA-I that may be a precursor for �-LpA-I in our cell
culture model. However, a time-course analysis showed that
both pre�1-LpA-I and �-LpA-I generated by HepG2 cells
or �-LpA-I generated by fibroblasts appeared in the me-
dium as soon as 1 h into the incubation period, without
any important change in each subspecies over a 12 h in-
cubation period (Fig. 2). Furthermore, the stability of the
molecular diameter and charge of �-LpA-I and pre�1-
LpA-I subspecies over a 12 h incubation period did not
support the existence of a clear precursor-product rela-
tionship between nascent LpA-I subspecies. This is also
strongly supported by our results showing that glyburide
did not affect the formation of pre�1-LpA-I but had a dra-
matic effect on �-LpA-I, providing strong support for the

Fig. 4. Characterization of lipidated apoA-I-containing particles generated during lipid-free apoA-I incuba-
tion with normal fibroblasts and ABCA1 mutant (Q597R). Normal fibroblasts or ABCA1 mutant (Q597R)
were labeled with either [14C]cholesterol or [32P]orthophosphate as described in Materials and Methods and
incubated with 10 �g/ml apoA-I for 24 h. Media were recovered and concentrated with a size-exclusion filter
with a MWCO of 10,000 (without the removal of lipid-free apoA-I). Samples were separated by 2D-PAGGE,
and apoA-I was detected by an anti-apoA-I antibody. [14C]cholesterol and [32P]phospholipids associated with
apoA-I-containing particles were detected directly by autoradiography using Kodak XAR-2 film. Molecular
size markers are shown. TD, Tangier disease.
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concept that pre�1-LpA-I and �-LpA-I have different ori-
gins.

Previous work by Forte and others has demonstrated
that apoA-I incubated with cells including CHO cells (35,
36), fibroblasts (37), and macrophages (26, 38) was able
to recruit phospholipid and cholesterol from the cells to
form protein-lipid complexes with distinct particle diame-
ters. We reported here that the newly formed �-LpA-I in
different cell lines had distinctly different sizes (Figs. 1, 2),
suggesting that the heterogeneity of those particles may
be attributable to the phospholipid-cholesterol ratio and/
or the number of apoA-I molecules within each subspe-
cies. This is consistent with our finding that �-LpA-I sub-
species generated by fibroblasts having a molecular diam-
eter of �9.5 nm contained only phospholipids (Fig. 4).

Although the structural characteristics that cause the �
electrophoretic mobility of nascent LpA-I has not been
determined, we have suggested previously that the high
content in phosphatidylinositol (16) or the high number
of apoA-I molecules per particle (20) may increase the net
negative charge of nascent LpA-I and consequently cause
their � electrophoretic mobility. Moreover, because of the
absence of LCAT activity in the medium to convert unes-
terified cholesterol to CE, especially for �-LpA-I gener-
ated by normal fibroblasts, it is most likely that �-LpA-I
particles are discoidal. However, our results contradict the
traditional concept that the � electrophoretic mobility of
HDL is attributable to the LCAT reaction (24, 29, 39).

Although the origin of plasma pre�1-LpA-I has remained
enigmatic and its role in preventing atherosclerosis is con-

Fig. 5. LCAT-mediated cholesterol esterification of �-LpA-I labeled with cell-derived cholesterol. [14C]cho-
lesterol-labeled normal fibroblasts were stimulated with 22OH/9CRA and then incubated with 10 �g/ml
125I-apoA-I for 24 h at 37�C. �-LpA-I were isolated as described in Materials and Methods. At the same time,
125I-apoA-I, POPC, and [14C]cholesterol were used to form reconstituted HDL particles [r(HDL)] with simi-
lar specific activity to �-LpA-I. A 2D-PAGGE separation of isolated �-LpA-I and r(HDL) is shown in the upper
panels. Equivalent amounts of either LpA-I or r(HDL) were reacted with 100 ng of purified recombinant hu-
man LCAT for 1 h at 37�C. After lipid extraction, both cholesteryl ester (CE) and unesterified cholesterol
were separated by TLC. Plotted values are means 	 SD of triplicate measures. Reciprocals of initial velocities
are plotted against the reciprocals of apoA-I concentrations. ApoA-I concentrations of LpA-I and r(HDL)
were estimated from the initial specific activity of 125I-apoA-I. Kinetic data were obtained using GraphPad
Prism 4.0 software.
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sidered uncertain at this time (39–41), a recent study by Parks
and colleagues (42) documented that pre�-LpA-I injected
into human apoA-I transgenic mice has two metabolic
fates: rapid removal from plasma and catabolism by kid-
ney or remodeling to medium-sized HDL, which occurs
independently of both LCAT and ABCA1. Furthermore, it
is well accepted that remodeling of mature HDL by sev-
eral enzymes, such as hepatic lipase, CE transfer protein,
and phospholipid transfer protein, generates pre�1-LpA-I
species (3, 39). We are currently investigating the phos-
pholipid composition and metabolic fates of pre�1-LpA-I
species generated by hepatocytes and macrophages.

Although the structural features of nascent LpA-I re-
quired to form mature HDL are as yet unknown, we have
obtained evidence that �-LpA-I had distinctly different
sizes: the larger particles contained both phospholipids and
cholesterol, whereas the smallest particles contained only
phospholipids and apoA-I (Fig. 4). Most importantly, ki-
netic determinations in this study have shown that the max-
imum velocities of cholesterol esterification by LCAT are
similar for �-LpA-I subspecies and r(HDL) (Fig. 5). In con-
trast, LCAT was found to have a 2-fold greater catalytic effi-
ciency (Vmax/Km) for r(HDL) compared with �-LpA-I. This
suggests that the sensitivity that LCAT displays to �-LpA-I
cholesterol content is likely physiologically relevant to the
in vivo maturation of these nascent particles. It is possible
that LCAT activity was affected by factors such as phospho-
lipid composition, apoA-I conformation, size, and surface
charge of �-LpA-I. Indeed, it was documented that sphingo-
myelin molecules inhibited the unfolding of apoA-I in dis-
coidal and spherical r(HDL) and impaired the LCAT reac-
tion (43), consistent with our previous results showing that
a significant amount of sphingomyelin was found in �-LpA-I
generated by stimulated normal fibroblasts (16). Interest-
ingly, we found that secretory sphingomyelinase was able to
hydrolyze [3H]sphingomyelin-labeled �-LpA-I. This sug-
gests that both secretory sphingomyelinase and LCAT may
act in concert for an efficient maturation of nascent LpA-I
particles (M. Marcil, personal communication).

Although the lipid composition and metabolic fates of
nascent LpA-I species remain to be determined, the
present study has provided evidence for a new link be-
tween specific cell lines and the speciation of nascent
HDL that occurs by both ABCA1-dependent and -inde-
pendent pathways.

The authors thank Dr. John S. Parks and Dr. Yves L. Marcel for
kindly providing human recombinant lecithin:cholesterol acyl-
transferase and apoA-I (�122–165). The helpful advice of Dr.
Marcel is also gratefully acknowledged. This work was supported
by Grant MOP 15042 from the Canadian Institutes of Health Re-
search and by the Heart and Stroke Foundation of Canada. J.G.
holds the McGill University-Novartis Chair in Cardiology.

REFERENCES

1. Brewer, H. B., Jr., and S. Santamarina-Fojo. 2003. New insights into
the role of the adenosine triphosphate-binding cassette transport-

ers in high-density lipoprotein metabolism and reverse cholesterol
transport. Am. J. Cardiol. 91: 3E–11E.

2. Tall, A. R. 1993. Plasma cholesteryl ester transfer protein. J. Lipid
Res. 34: 1255–1274.

3. Barter, P. J. 2002. Hugh Sinclair Lecture. The regulation and re-
modelling of HDL by plasma factors. Atheroscler. Suppl. 3: 39–47.

4. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The distribution
and chemical composition of ultracentrifugally separated lipopro-
teins in human serum. J. Clin. Invest. 34: 1345–1353.

5. Marcel, Y. L., P. K. Weech, T. D. Nguyen, R. W. Milne, and W. J. Mc-
Conathy. 1984. Apolipoproteins as the basis for heterogeneity in
high-density lipoprotein2 and high-density lipoprotein3. Studies by
isoelectric focusing on agarose films. Eur. J. Biochem. 143: 467–476.

6. Kawano, M., T. Miida, C. J. Fielding, and P. E. Fielding. 1993.
Quantitation of pre beta-HDL-dependent and nonspecific compo-
nents of the total efflux of cellular cholesterol and phospholipid.
Biochemistry. 32: 5025–5028.

7. Lefevre, M., C. H. Sloop, and P. S. Roheim. 1988. Characterization
of dog prenodal peripheral lymph lipoproteins. Evidence for the
peripheral formation of lipoprotein-unassociated apoA-I with slow
pre-beta electrophoretic mobility. J. Lipid Res. 29: 1139–1148.

8. Barter, P. J., and K. A. Rye. 1996. Molecular mechanisms of reverse
cholesterol transport. Curr. Opin. Lipidol. 7: 82–87.

9. Francone, O. L., A. Gurakar, and C. Fielding. 1989. Distribution
and functions of lecithin:cholesterol acyltransferase and choles-
teryl ester transfer protein in plasma lipoproteins. Evidence for a
functional unit containing these activities together with apolipo-
proteins A-I and D that catalyzes the esterification and transfer of
cell-derived cholesterol. J. Biol. Chem. 264: 7066–7072.

10. Huang, Y., A. von Eckardstein, and G. Assmann. 1993. Cell-derived
unesterified cholesterol cycles between different HDLs and LDL
for its effective esterification in plasma. Arterioscler. Thromb. 13:
445–458.

11. Tall, A. R. 2003. Role of ABCA1 in cellular cholesterol efflux and
reverse cholesterol transport. Arterioscler. Thromb. Vasc. Biol. 23:
710–711.

12. Basso, F., L. Freeman, C. L. Knapper, A. Remaley, J. Stonik, E. B.
Neufeld, T. Tansey, M. J. Amar, J. Fruchart-Najib, N. Duverger, et
al. 2003. Role of the hepatic ABCA1 transporter in modulating in-
trahepatic cholesterol and plasma HDL cholesterol concentra-
tions. J. Lipid Res. 44: 296–302.

13. Brooks-Wilson, A., M. Marcil, S. M. Clee, L. H. Zhang, K. Roomp,
M. van Dam, L. Yu, C. Brewer, J. A. Collins, H. O. Molhuizen, et al.
1999. Mutations in ABC1 in Tangier disease and familial high-den-
sity lipoprotein deficiency. Nat. Genet. 22: 336–345.

14. Marcil, M., A. Brooks-Wilson, S. M. Clee, K. Roomp, L. H. Zhang,
L. Yu, J. A. Collins, M. van Dam, H. O. Molhuizen, O. Loubster, et
al. 1999. Mutations in the ABC1 gene in familial HDL deficiency
with defective cholesterol efflux. Lancet. 354: 1341–1346.

15. Singaraja, R. R., L. R. Brunham, H. Visscher, J. J. Kastelein, and
M. R. Hayden. 2003. Efflux and atherosclerosis: the clinical and
biochemical impact of variations in the ABCA1 gene. Arterioscler.
Thromb. Vasc. Biol. 23: 1322–1332.

16. Denis, M., B. Haidar, M. Marcil, M. Bouvier, L. Krimbou, and J.
Genest, Jr. 2004. Molecular and cellular physiology of apolipopro-
tein A-I lipidation by the ATP-binding cassette transporter A1
(ABCA1). J. Biol. Chem. 279: 7384–7394.

17. Krimbou, L., M. Denis, B. Haidar, M. Carrier, M. Marcil, and J. Gen-
est, Jr. 2004. Molecular interactions between apoE and ABCA1: im-
pact on apoE lipidation. J. Lipid Res. 45: 839–848.

18. Witting, S. R., J. N. Maiorano, and W. S. Davidson. 2003. Ceramide
enhances cholesterol efflux to apolipoprotein A-I by increasing
the cell surface presence of ATP-binding cassette transporter A1. J.
Biol. Chem. 278: 40121–40127.

19. Frank, P. G., J. Bergeron, F. Emmanuel, J. P. Lavigne, D. L. Sparks,
P. Denefle, E. Rassart, and Y. L. Marcel. 1997. Deletion of central
alpha-helices in human apolipoprotein A-I: effect on phospholipid
association. Biochemistry. 36: 1798–1806.

20. Denis, M., B. Haidar, M. Marcil, M. Bouvier, L. Krimbou, and J.
Genest. 2004. Characterization of oligomeric human ATP binding
cassette transporter A1. Potential implications for determining the
structure of nascent high density lipoprotein particles. J. Biol.
Chem. 279: 41529–41536.

21. Jonas, A., A. Steinmetz, and L. Churgay. 1993. The number of am-
phipathic alpha-helical segments of apolipoproteins A-I, E, and
A-IV determines the size and functional properties of their recon-
stituted lipoprotein particles. J. Biol. Chem. 268: 1596–1602.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Krimbou et al. Biogenesis and speciation of HDL particles 1677

22. Krimbou, L., M. Marcil, J. Davignon, and J. Genest, Jr. 2001. Inter-
action of lecithin:cholesterol acyltransferase (LCAT).alpha 2-mac-
roglobulin complex with low density lipoprotein receptor-related
protein (LRP). Evidence for an alpha 2-macroglobulin/LRP re-
ceptor-mediated system participating in LCAT clearance. J. Biol.
Chem. 276: 33241–33248.

23. Parks, J. S., and A. K. Gebre. 1997. Long-chain polyunsaturated
fatty acids in the sn-2 position of phosphatidylcholine decrease the
stability of recombinant high density lipoprotein apolipoprotein
A-I and the activation energy of the lecithin:cholesterol acyltrans-
ferase reaction. J. Lipid Res. 38: 266–275.

24. Fielding, P. E., K. Nagao, H. Hakamata, G. Chimini, and C. J. Field-
ing. 2000. A two-step mechanism for free cholesterol and phos-
pholipid efflux from human vascular cells to apolipoprotein A-1.
Biochemistry. 39: 14113–14120.

25. Nieland, T. J., A. Chroni, M. L. Fitzgerald, Z. Maliga, V. I. Zannis,
T. Kirchhausen, and M. Krieger. 2004. Cross-inhibition of SR-BI-
and ABCA1-mediated cholesterol transport by the small molecules
BLT-4 and glyburide. J. Lipid Res. 45: 1256–1265.

26. Hara, H., and S. Yokoyama. 1991. Interaction of free apolipopro-
teins with macrophages. Formation of high density lipoprotein-
like lipoproteins and reduction of cellular cholesterol. J. Biol.
Chem. 266: 3080–3086.

27. Kunitake, S. T., G. C. Chen, S. F. Kung, J. W. Schilling, D. A. Hard-
man, and J. P. Kane. 1990. Pre-beta high density lipoprotein.
Unique disposition of apolipoprotein A-I increases susceptibility
to proteolysis. Arteriosclerosis. 10: 25–30.

28. O’Connell, B. J., M. Denis, and J. Genest. 2004. Cellular physiol-
ogy of cholesterol efflux in vascular endothelial cells. Circulation.
110: 2881–2888.

29. Fielding, C. J., and P. E. Fielding. 1995. Molecular physiology of re-
verse cholesterol transport. J. Lipid Res. 36: 211–228.

30. Krimbou, L., M. Marcil, H. Chiba, and J. Genest, Jr. 2003. Struc-
tural and functional properties of human plasma high density-
sized lipoprotein containing only apoE particles. J. Lipid Res. 44:
884–892.

31. von Eckardstein, A., Y. Huang, S. Wu, H. Funke, G. Noseda, and G.
Assmann. 1995. Reverse cholesterol transport in plasma of pa-
tients with different forms of familial HDL deficiency. Arterioscler.
Thromb. Vasc. Biol. 15: 691–703.

32. Kiss, R. S., D. C. McManus, V. Franklin, W. L. Tan, A. McKenzie, G.
Chimini, and Y. L. Marcel. 2003. The lipidation by hepatocytes of
human apolipoprotein A-I occurs by both ABCA1-dependent and
-independent pathways. J. Biol. Chem. 278: 10119–10127.

33. Chisholm, J. W., E. R. Burleson, G. S. Shelness, and J. S. Parks.
2002. ApoA-I secretion from HepG2 cells: evidence for the secre-
tion of both lipid-poor apoA-I and intracellularly assembled na-
scent HDL. J. Lipid Res. 43: 36–44.

34. Francone, O. L., E. L. Gong, D. S. Ng, C. J. Fielding, and E. M. Ru-
bin. 1995. Expression of human lecithin-cholesterol acyltrans-
ferase in transgenic mice. Effect of human apolipoprotein AI and
human apolipoprotein AII on plasma lipoprotein cholesterol me-
tabolism. J. Clin. Invest. 96: 1440–1448.

35. Forte, T. M., R. Goth-Goldstein, R. W. Nordhausen, and M. R. Mc-
Call. 1993. Apolipoprotein A-I-cell membrane interaction: extra-
cellular assembly of heterogeneous nascent HDL particles. J. Lipid
Res. 34: 317–324.

36. Forte, T. M., J. K. Bielicki, L. Knoff, and M. R. McCall. 1996. Struc-
tural relationships between nascent apoA-I-containing particles
that are extracellularly assembled in cell culture. J. Lipid Res. 37:
1076–1085.

37. Bielicki, J. K., W. J. Johnson, R. B. Weinberg, J. M. Glick, and G. H.
Rothblat. 1992. Efflux of lipid from fibroblasts to apolipoproteins:
dependence on elevated levels of cellular unesterified cholesterol.
J. Lipid Res. 33: 1699–1709.

38. Yancey, P. G., J. K. Bielicki, W. J. Johnson, S. Lund-Katz, M. N. Pal-
gunachari, G. M. Anantharamaiah, J. P. Segrest, M. C. Phillips, and
G. H. Rothblat. 1995. Efflux of cellular cholesterol and phospho-
lipid to lipid-free apolipoproteins and class A amphipathic pep-
tides. Biochemistry. 34: 7955–7965.

39. Rye, K. A., and P. J. Barter. 2004. Formation and metabolism
of prebeta-migrating, lipid-poor apolipoprotein A-I. Arterioscler.
Thromb. Vasc. Biol. 24: 421–428.

40. Asztalos, B. F., L. A. Cupples, S. Demissie, K. V. Horvath, C. E. Cox,
M. C. Batista, and E. J. Schaefer. 2004. High-density lipoprotein
subpopulation profile and coronary heart disease prevalence in
male participants of the Framingham Offspring Study. Arterioscler.
Thromb. Vasc. Biol. 24: 2181–2187.

41. Miida, T., Y. Nakamura, K. Inano, T. Matsuto, T. Yamaguchi, T.
Tsuda, and M. Okada. 1996. Pre beta 1-high-density lipoprotein in-
creases in coronary artery disease. Clin. Chem. 42: 1992–1995.

42. Lee, J. Y., L. Lanningham-Foster, E. Y. Boudyguina, T. L. Smith,
E. R. Young, P. L. Colvin, M. J. Thomas, and J. S. Parks. 2004. Pre-
beta high density lipoprotein has two metabolic fates in human
apolipoprotein A-I transgenic mice. J. Lipid Res. 45: 716–728.

43. Rye, K. A., N. J. Hime, and P. J. Barter. 1996. The influence of
sphingomyelin on the structure and function of reconstituted
high density lipoproteins. J. Biol. Chem. 271: 4243–4250.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

