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Abstract

ABCAL1 mediates the secretion of cellular free cholesterol and phospholipids to an extracellular
acceptor, apolipoprotein Al, to form nascent high-density lipoprotein (HDL). Thus, ABCA1l is a
key molecule in cholesterol homeostasis. Functional studies of certain Tangier disease mutations
demonstrate that ABCAL has multiple activities, including plasma membrane remodeling and
apoAl binding to cell surface, which participate in nascent HDL biogenesis. Recent advances in
our understanding of ABCAL have demonstrated that ABCAL also mediates unfolding the N
terminus of apoAl on the cell surface, followed by lipidation of apoAl and release of nascent
HDL. Although ABCA1 mediated cholesterol efflux to apoAl can occur on the plasma membrane,
the role of apoAl retroendocytosis during cholesterol efflux may play a role in macrophage foam
cells that store cholesterol esters in cytoplasmic lipid droplets.
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Numerous epidemiological studies have established an inverse correlation between high-
density lipoprotein (HDL) levels and coronary heart disease (CHD)-3. Although HDL has
multiple anti-atherogenic properties*=%, such as anti-inflammatory, anti-oxidant, anti-
thrombotic, and anti-apoptotic, the protective effect of HDL is primarily attributed to its
ability to remove excess cholesterol from peripheral tissues and deliver it to the liver for
biliary excretion, a process called reverse cholesterol transport (RCT)’. The first step in the
RCT pathway is the biogenesis of nascent HDL derived from cellular lipids and extracellular
lipid-free or lipid-poor apolipoprotein Al (apoAl) in a process mediated by ABCA1L,; and,
this process of cellular cholesterol and phospholipid efflux is the major source of plasma
HDL. Genetic modulation of apoAl or ABCAL in mouse models alters not only HDL
biogenesis, but also has effects on atherosclerosis in mouse models®-12. During
atherogenesis, the primary cellular pathology is the accumulation of macrophage foam cells
in which there is an imbalance between cholesterol influx and efflux. As the lesions
progress, the foam cells often die leading to the accumulation of cholesterol rich necrotic
plaques in the arterial intima. Therefore, ABCAL mediated HDL formation is a key mediator
regulating macrophage cholesterol homeostasis and this process plays a critically important
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role in the initiation of early atherosclerotic lesion development. The goal of this review is to
summarize research relevant to ABCAL and its activities in mediating the assembly of
cellular lipids and exogenous apoAl to generate nascent HDL.

Plasma HDL is a complex mixture of subspecies

In human plasma, HDL is a heterogeneous collection of lipoprotein particles ranging in
diameter from 7 to 12 nm and density from 1.063 to 1.21 g/ml. The nomenclature for HDL
subspecies varies depending on the separation technique used!3 14. On the basis of HDL’s
buoyant density, ultracentrifugation can separate HDLs into 2 major subfractions, the more
buoyant HDL, (density between 1.063 and 1.125 g/mL) and denser HDL 3 (density between
1.125 and 1.21 g/mL). On the basis of size, non-denaturing gradient gel electrophoresis has
been used to separate HDL into 5 major subfractions. They are HDLp,, HDLy,, HDL3,,
HDLg3p,, and HDL g, in the order of progressively decreasing size. Non-denaturing 2D gel
electrophoresis is probably the best way to separate various apoAl-containing particles into
pre-B-1 (corresponding to lipid-poor, or lipid-free apoAl), pre-B-2, a-4, a-3, a-2, and a-1,
and pre-a species according to their mass:charge ratio as well as sizel®. However, it is not
correct to think of all of these HDL species and lipid-poor apoAl as static pools of distinct
particles, instead, HDL is dynamic with much remodeling, lipolysis, and fusion that can
convert smaller particles to larger particles and vice versa. Pre-p-1 particles representing
small lipid-free and lipid-poor apoAl are the substrate for ABCAL leading to the formation
of nascent HDL, which in turn is the substrate for lethicin:cholesterol acyltransferase
(LCAT) that esterifies free cholesterol into cholesteryl ester, building up the hydrophobic
core necessary to generate spherical a-HDL particles. The majority of plasma apoAl-
containing particles are spherical particles having a-electrophoretic mobility. Furthermore,
this mature HDL can accept additional cellular cholesterol through the activities of cellular
ABCG1 and scavenger ester class B type | (SR-B1)16: 17_ Finally, the cholesterol ester in
HDL is returned to the liver via direct hepatic uptake by SR-BI, or indirectly via transfer to
apoB-containing lipoprotein by cholesteryl ester transfer protein (CETP) with subsequent
uptake by the liver, where it can be converted to free cholesterol for direct excretion or
converted to bile acids for excretion, completing the RCT pathway?8,

The proteomics of HDL is very complex, but the overwhelming majority of HDL particles
contain apoAl, which is the most abundant apolipoprotein in normal human plasma. Many
HDL particles also contain apoAll, the second most abundant protein in HDL, along with
other apolipoproteins including apoAV, apoCl, apoCll, apoCllIl and apoCIV. Minor
subpopulations of HDL particles containing only apoE, were found in human plasma and
have been proposed to play a role in RCT29. 188 different proteins have been found on
HDL, including the HDL remodeling proteins CETP and LCAT, the HDL oxidizing protein
myeloperoxidase, the antioxidant protein paraoxonasel and numerous other proteins20.
Since the largest diameter HDL is around 12 nm, each of these accessory proteins is only on
a small fraction of HDL particles. Thus, there are hundreds of different HDL subspecies
based on their individual protein composition.
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Tangier disease: the role of ABCAL in HDL biogenesis

In 1961, Fedrickson et al.2! reported a new disease of HDL-deficiency identified in a boy
from Tangier Island in the Chesapeake Bay, Virginia. HDL-deficiency, also found in other
related subjects from this island, was named as Tangier disease. Individuals with Tangier
disease have severe HDL deficiency with less than 5% of normal plasma HDL levels and
higher incidence of premature cardiovascular disease, extremely enlarged yellow tonsil,
clouding of the cornea, and enlarged spleen and liver?2, Cultured fibroblasts from normal
subjects exhibit cholesterol efflux to apoAl in a dose dependent fashion, but Tangier disease
fibroblasts were deficient in this activity23. In addition, cholesterol efflux to apoAl could be
induced in mouse macrophage cell lines by treatment with a cAMP analogue?4, although the
protein and gene responsible for this efflux activity was not known. It was not until 1999
that the etiology of Tangier disease was identified, by positional cloning, as being due to
mutations in the ABCA1 gene>-27_ This breakthrough revealed the pivotal role of ABCA1
in generating nascent HDL, but the exact mechanism of HDL assembly by ABCAL1 is still
unknown and will be discussed below.

ABCAL is a 2261 amino acid integral membrane protein consisting of 12 transmembrane
domains and two ATP binding cassette (ABC) domains (Figure 1). It is a member of a large
ABC gene family, with several subfamilies that play diverse roles in transmembrane lipid
and ion transport. More than 70 distinct mutations have been identified in the ABCA1 gene
from Tangier disease patients, with most mutations residing in either of the two large
extracellular domains (ECDs) or in one of the two nucleotide binding domains (NBDs) of
ABCA128, There are two intramolecular disulfide bonds between ECD1 and ECD2 that are
necessary for apoAl binding and HDL formation.2°.

The metabolism of HDL initiates with apoAl synthesis in the liver and intestine, but HDL
formation requires apoAl interaction with ABCAL. When human ABCAL is overexpressed
in mouse liver and macrophages, plasma HDL and apoAl are increased in the transgenic
mice30. Furthermore, the hepatic overexpression of ABCAL, by infusion of adenovirus
expressing ABCAL into mice, induces apoAl-dependent cholesterol efflux from primary
hepatocytes and also increases plasma HDL and apoAl levels3L: 32, The role of ABCAL in
the formation of HDL particles was further studied in mice with tissue-specific deletion of
the ABCA1 gene, showing that the liver is the single most important source of plasma HDL,
with ~80% and ~90% reductions in plasma HDL and apoAl in the liver-specific knockout,
respectively. Thus, hepatic ABCAL is critical in maintaining circulating levels of mature
HDL particles by direct lipidation of lipid-poor apoAl, slowing apoAl catabolism by the
kidney, and prolonging its plasma residence time33. The deletion of intestinal ABCA1 gene
leads to an approximately 30% reduction in plasma HDL, and deletion of both hepatic and
intestinal ABCAL results in an approximately 90% decrease in plasma HDL levels34.
Monocyte/macrophage ABCAL contributes to HDL formation, but the contribution to the
overall plasma HDL levels is minimal3®. However, ABCA1 deficiency in macrophages
markedly increases atherosclerosis and foam cell accumulation in hypercholesterolemic
apoE deficient micel?.
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Activities of ABCA1

Tangier disease mutations and other site directed mutations in ABCAL have been expressed
in ABCA1-GFP fusion protein transfected cells36-38, and here we describe their
categorization into four groups. The first group is the maturation defective ABCA1 mutants,
with the majority of Tangier disease mutations belonging to this group. ABCA1 is
synthesized in the endoplasmic reticulum and is transported to the Golgi and then via
vesicles to the plasma membrane. Wild-type (WT) ABCAL is localized at the plasma
membrane and intracellular vesicles and compartments38: 39; however, maturation defective
mutants of ABCAL, such as R587W and Q597R in the first large ECD, and S1506L in the
second large ECD, have impaired trafficking and are localized only in intracellular
compartments, never reaching the plasma membrane36: 37, Because apoAl interacts with
ABCAL on the cell surface, mutants that do not reach the plasma membrane are unable to
mediate apoAl binding and lipid efflux.

The second group of ABCA1 mutations consists of the lipid translocation defective mutants,
represented by the W590S mutation in the first large ECD of ABCAL. Plasma membrane
asymmetry is characterized by the differential distribution of phospholipids across the inner
and outer leaflets of the membrane bilayer, which is regulated by several classes of proteins
including ABC transporters. The W590S mutant protein is correctly targeted to the plasma
membrane, indistinguishable from WT ABCAL. Furthermore, the W590S mutant has
normal apoAl binding ability36: 37. 40-42 However, the W590S mutant protein is defective
in plasma membrane remodeling. WT ABCA1 mediates the outward translocation (floppase
activity) of phosphatidylserine (PS), an anionic phospholipid that is usually sequestered in
the inner leaflet of the plasma membrane; however, the W590S mutant protein lacks this
activity36: 37.41.42 which can be demonstrated by measuring cell surface PS with
fluorescently tagged annexin V, a PS specific binding protein. Another method to
demonstrate the plasma membrane remodeling activity of ABCA1 is using sodium
taurocholate (NaTC) as a weak detergent with extracellular lipid acceptor activity*!, WT
ABCA1 mediates increased lipid efflux to NaTC, but the W590S mutant protein greatly
decreases cholesterol efflux to NaTC. Furthermore, ABCA1 leads to increased plasma
membrane fluidity and the release of microparticles in the absence of exogenous acceptors,
which leads to modest levels of lipid efflux43. Cholesterol efflux in the absence of acceptors
was impaired by the W590S mutation®2. Thus, the W590S mutation in the first extracellular
domain of ABCAL is defective in three assays of membrane remodeling, PS translocation,
efflux to NaTC, and microparticle efflux in the absence of exogenous acceptors. Despite
markedly reduced membrane remodeling activity, the W590S mutant ABCAL protein has
diminished but partial activity to mediate cholesterol efflux to apoAl42.

The third group of ABCA1 mutations consists of the apoAl binding defective mutants,
represented by the C1477R mutation in the second large ECD. Expression of WT ABCA1
induces the cellular binding and uptake of apoAI*2 44, In addition, chemical cross-linking
experiments show that apoAl directly binds to ABCA112: 4547 However, most of the apoAl
on the cell surface is not thought to be directly bound to ABCAL, but this conclusion is
based on several assumptions that are difficult to assess*’: 48, Similar to WT ABCAL1, the
C1477R mutant is expressed in the plasma membrane and competent for PS translocation,
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efflux to NaTC, and microparticle efflux in the absence of exogenous acceptors; however
this mutant has significantly reduced cellular apoAl binding3”- 42. Thus, the membrane
remodeling and apoAl binding activities of ABCA1 are independent of each other, and
appear to be dependent on different extracellular domains. The C1447R mutant also has
diminished but partial activity to mediate cholesterol efflux to apoAl42.

The fourth group of ABCA1 mutations consists of the NBD mutants which are correctly
localized to the plasma membrane, but disrupt ATP hydrolysis. They are exemplified by the
site directed mutations K939M and K1952M49: 50, These mutations are defective in both PS
translocation and apoAl binding, and unlike the W590S and C1477R mutations, they are
totally defective in mediating cholesterol efflux to apoAl“2.

Recently, we generated a fluorescent apoAl indicator of its N-terminal folding state. We
used this indicator on cells transfected with different classes of ABCA1 mutations*2. We
discovered a novel activity of ABCAL, the ability to unfold the N terminus of apoAl on the
cell surface*2. The W590S ABCA1 mutant promotes apoAl unfolding at the cell surface to
the same extent as WT ABCAL, whereas the C1477R and K939M mutants, defective apoAl
binding and ATP hydrolysis, respectively, have greatly reduced levels of cell surface apoAl
unfolding activity (Table 1). ApoAl has been shown to bind to the K939M-ABCAL1 cells
and untransfected HEK cells non-specifically. We speculated that this apoAl unfolding
activity is a third distinct activity of ABCA1, and this function of ABCAL1 to be increased
by, but not require, the high affinity apoAl binding. This apoAl unfolding activity of
K939M-ABCAL1 isoforms could be due to the presence of a separate low affinity apoAl
binding site, not distinguishable from the non-specific binding observed in cells lacking
ABCAL expression. This low affinity site on ABCA1 could transiently interact with apoAl
and act as a chaperone to mediate apoAl N-terminal unfolding. The presence of the high
affinity apoAl binding site in WT and W590S ABCAU1 isoforms would promote apoAl
proximity to the low affinity binding site and therefore increase apoAl unfolding. In
aggregate, it is apparent that for maximal cholesterol efflux to apoAl, ABCAL must be able
to remodel the plasma membrane, bind to apoAl, and mediate the unfolding of its N-
terminal domain, and that mutations that disrupt only one activity can still lead to partial
efflux to apoAl (Table 1).

Molday and colleagues have recently been successful in purifying epitope tagged ABCA1
from transfected HEK cells and reconstituting it into unilamellar phospholipid

liposomes®L: 52, Several exciting findings have come from these studies. First, the ATP
hydrolysis activity of ABCA1 could be measured using 32P labeled ATP, and performing
this assay before or after detergent solubilization allowed the determination of the
directionality of ABCAL1 insertion into the membrane. ATP hydrolysis is altered by different
phospholipid species, and is decreased by cholesterol in the liposomes. Second,
fluorescently labeled fluorescent phospholipid tracers could be reconstituted in the
liposomes, and used to follow their translocation after adding exogenous ATP. Since most of
the ABCA1 molecules are inside-out (thus the NBD are on the outside of the liposome,
while normally they are inside the cell), the net flux of phospholipids in this system is from
the outer to inner leaflet of the liposome, and the relative distribution between these leaflets
determined after dithionite treatment, a membrane impermeant inactivator of the
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fluorophore. These elegant studies showed that ABCAL can translocate PS,
phosphatidylcholine, phosphatidylethanolamine, and sphingomylin, consistent with the
directionality of ABCA1’s known PS floppase activity. The ATPase-deficient mutants
(K939M and K1952M) have no significant phospholipid transport activity®2. Furthermore,
the Tangier disease mutant W590S has reduced phospholipid flippase activity, around 20%
of the WT ABCA1%2, These ABCAL1 reconstituted liposomes did not bind apoAl, and lipid
efflux was not assessed.

Models for ABCA1 mediated nascent HDL biogenesis

Nascent HDL biogenesis is essential to maintain cholesterol homeostasis in the body,
however, the detailed molecular mechanism by which ABCA1 transforms exogenous apoAl
and cellular lipids to assemble nascent HDL is still unknown. Several models have been
proposed for this reaction.

The initial models were not detailed in regard to nascent HDL assembly, but only followed
the major lipid components of nascent HDL, phospholipid (PL) and free cholesterol (FC).
These early models assumed that ABCAL shuttles lipids onto apoAl, which would
accumulate on a growing nascent HDL particle. Fielding et al.?3 proposed that ABCA1
mediates the assembly of cellular PL onto exogenous apoAl and that this intermediate in
turn could pick up cellular FC in an ABCA1-independent manner. This conclusion was
based on the observation that PL efflux from vascular smooth muscle cells to apoAl is less
sensitive to vanadate inhibition than FC efflux, and that medium containing apoAl that is
conditioned on smooth muscle cells can lead to FC efflux from vascular endothelial cells
that do not express ABCAL. However, this was before the discovery that both ABCG1 and
SR-BI could mediate FC efflux from cells to HDL in an ABCA1-independent fashion.
Wang et al.>* also provided evidence for the two-step pathway by demonstrating that a 30
min pretreatment of ABCAL-expressing cells with 20 mM 2-hydroxypropyl-p-cyclodextrin
reduces FC efflux to apoAl without reducing PL efflux, and medium containing apoAl that
is conditioned on cyclodextrin-pretreated ABCAZ1-expressing cells could lead to FC efflux
from cells that do not express ABCAL, indicating that cholesterol efflux can be dissociated
from phospholipid efflux. Furthermore, photoactive PL could be cross-linked with ABCA1
whereas direct binding of photoactive cholesterol to ABCAL1 could not be detected>*.
However, later research on ABCA7 led the authors to re-assess the two-step pathway. The
experiment that included an additional washing step to remove cyclodextrin revealed that
conditioned medium with PL/apoAl particles made by ABCAL could not stimulate passive
FC efflux, suggesting that ABCA1 directly mediates both PL and FC efflux to apoAl.5S.
Furthermore, Smith et al.8 found no evidence to support the two-step pathway of lipid
efflux. Instead, a concurrent process model was proposed, in which ABCAL can directly and
concurrently mediate the assembly of PL and FC onto apoAl to generate nascent HDLS8. In
the RAW264.7 murine macrophage cell line in which ABCA1 expression is inducible by 8-
Br-cAMP, FC and PL efflux to apoAl is concurrent both temporally and after treatment with
ABCAL1 inhibitors. Furthermore, cyclodextrin treatment of RAW264.7 cells partially
inhibits 8Br-cAMP-induced efflux of FC and PL to apoAl. They explained some of the
observed effects of high-dose cyclodextrin and vanadate as a result of cell damage, as
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ABCA1-expressing cells are sensitized to both of these treatments, which result in lactate
dehydrogenase and PL release by a mechanism independent of extracellular lipid acceptors.

As the PS translocase activity of ABCA1 was being described, Chimini and colleagues3’: 4°
suggested its role for nascent HDL assembly: 1) ABCA1 mediates the translocation of PS to
the plasma membrane outer leaflet; 2) ABCAL then mediates apoAl binding and the
translocation of PL and FC onto apoAl with the released nascent HDL containing cellular
PL and FC. Landry et al.?8 extended this model showing that the remodeling of the plasma
membrane by ABCAL disrupted lipid rafts to generate loosely packed domains that facilitate
apoAl binding to cells. Ueda proposed a four-step model for ABCA1 mediated HDL
biogenesis®’: first, ATP binding to and hydrolysis by the NBD of ABCAL1 leads to
conformational changes within ECDs that allow apoAl binding; second, ABCA1 mediates
the translocation of phospholipids to the outer leaflet; third, lipids are loaded and accumulate
onto the apoAl that is tethered to ABCA1; and fourth, the dissociation of lipid-loaded apoAl
from ABCAL as nascent HDL. In this model, the first apoAl binding step and the second
lipid translocation step, both of which are mediated by ABCAL1 ATP-hydrolysis, are
independent of each other. This model suggests that as apoAl becomes lipid loaded, it loses
affinity for ABCAL, facilitating the release of nascent HDL, which is supported by the
observation that lipidated apoAl does not interact with ABCA11L: 58, Because the W590S
mutation impairs the lipid translocation step but not apoAl binding, apoAl can remain bound
to the cell in its lipid-free conformation, which has high affinity for interaction with
ABCA14L 45,

While the above models assumed ABCAL mediated assembly of cell lipids incrementally
onto a bound apoAl, Rothblat, Phillips and colleagues, even before the discovery of
ABCAL, favored a model by which lipid free apoAl, or other amphipathic apolipoproteins
or peptides could insert into the plasma membrane and microsolubilize a portion of the
membrane to release nascent HDL®9: 60, This would generate the concurrent release of both
FC and PL. This model has matured, with Phillips proposing a three-step model®. First,
there is binding of a small regulatory pool of apoAl to ABCAL, thereby enhancing net
phospholipid translocation to the plasma membrane exofacial leaflet; this leads to unequal
lateral packing densities in the two leaflets of the phospholipid bilayer. Second, the resultant
membrane strain is relieved by bending and by creation of exovesiculated lipid domains.
The formation of highly curved membrane surface promotes the binding of apoAl to these
domains. Third, this pool of bound apoAl spontaneously solubilizes the exovesiculated
domain to create discoidal nascent HDL particles. A key feature of this mechanism is that
the lipid translocase activity of ABCA1 leads to high membrane curvature that is required
for nascent HDL assembly by apoAl. However, the observation that the W590S mutation is
not competent for phospholipid translocation and membrane remodeling but is still able to
mediate HDL assembly, albeit at reduced efficiency, questions this model*2. As lipid
composition of nascent HDL has been shown to be similar to that of the membrane lipid raft,
it is possible that the lipids transferred to apoAl are derived from raft like regions of the
plasma membrane®2,

In a recent study, we identified a new step in the HDL biogenesis, the ABCA1 mediated
unfolding the N-terminal domain of apoAl on the cell surface*2. The crystal structure of the
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C-terminal deleted apoAl solved by Mei and Atkinson shows a prominent alpha-helical
hairpin loop extending from approximately residues 39-11283. By site directed mutagenesis
and covalent modification with self-quenching fluorophore, we showed that residues 39 and
112 are physically pushed further apart on the surface of ABCA1 expressing cells*2. We
speculated that apoAl’s unfolding would facilitate insertion into the cell membrane, which
culminates in the microsoulibilzation of a portion of the membrane and the release of
nascent HDL containing cellular phospholipids and cholesterol42,

Putting together all of the observations on ABCAL’s activities, we propose a model for the
mechanism of ABCAL mediated nascent HDL assembly (Figure 2). First, ABCA1 mediates
two independent steps, the translocation of phospholipids such as PS from the inner to outer
leaflet of the plasma membrane and the cellular binding of apoAl. Next, ABCAL mediates
the partial unfolding of the N-terminus of apoAl. Then, the unfolded apoAl is able to
spontaneously insert into the plasma membrane, which resolves in the release of nascent
HDL from the cell. We attempted to verify the presence of the intermediate state of apoAl
inserted into the cellular membrane, by use of a fluorescent apoAl lipidation indicator,
labeled with a lipid sensitive dye*2. However, lipidated apoAl was not detected on the
surface of ABCAL-expressing cells, implying that the intermediate state with apoAl inserted
into the cell lipid bilayer is highly unstable and quickly resolves in the release of nascent
HDL*2.

Cellular location of ABCAL1 and lipid efflux

ABCAL resides mainly on the plasma membrane, but also in the intracellular vesicles which
transfer ABCAL1 to and from the plasma membrane3°. Although it is clear that ABCA1 and
apoAl can both traffic from the plasma membrane to endosomes3?: 44, the role of this
cellular uptake in nascent HDL assembly and lipid efflux is controversial#4 64-66_ Schmitz
and colleagues showed that HDL could be taken up by macrophages cells and then
resecreted in a pathway called retroendocytosis®’. Smith later showed that apoAl could also
be taken up by endocytosis into macrophages, in an ABCA1 dependent manner, and
resecreted as nascent HDL, and that blocking endocytosis impairs lipid efflux to apoAl. In
addition, ABCA1-mediated lipid efflux has delayed kinetics and is abolished at room
temperature, results that are also consistent with a role for endocytosis and vesicular
trafficking in this process®. The immunosuppressant cyclosporin A traps ABCAL on the
plasma membrane and also inhibits cholesterol efflux to apoAl, supporting a potential role
for ABCAL1 endocytic trafficking in ABCA1-mediated lipid efflux58. However, controversy
still exists about the mechanism of cyclosporine A inhibition. Ueda and colleagues showed
that cyclosporine A inhibits ABCA1 function, including apoAl binding and lipid transport,
via direct binding, but it doesn’t abolish cell surface expression of ABCA1%°. Interestingly,
deletion of PEST sequence in ABCAL leads to impaired internalization of ABCAL, causes
higher cholesterol efflux following cell surface labeling, but impaired cholesterol efflux
from late endosomes’®. Similarly, when ABCA1 and apoAl internalization is blocked,
cholesterol efflux from cells that have accumulated cholesterol is decreased, whereas efflux
from cells without excess cholesterol is increased®. Thus, retroendocytosis pathway may
contribute to HDL formation only when excess cholesterol has accumulated in cells. The
retroendocytosis pathway is also supported by data that intracellular pools of cholesterol
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constituted the major cholesterol source for ABCA1-mediated FC efflux to apoAl’L,
Although retroendocytosis may play a role in lipid efflux from some cell types, such as
cholesterol loaded macrophages, it is most likely that nascent HDL assembly and lipid
efflux can also occur on the plasma membrane. In macrophages that were not cholesterol
loaded, it has been calculated that the amount of intact apoAl resecreted from the cells is not
sufficient to account for the HDL produced by the cholesterol efflux reaction8®. Thus, the
cellular localization of HDL formation may differ upon whether excess cholesterol has
accumulated within cells or not.

Conclusion

ABCAL is a large membrane protein that is absolutely required for the cellular biogenesis of
HDL from apoAl. ABCAL has many activities, all of which may contribute to the
generation of nascent HDL. We present a model in which ABCA1 remodels the plasma
membrane and, independently, promotes the cellular binding of apoAl. ABCAL1 then leads
to the unfolding of a hairpin loop near the N-terminus, which allows apoAl to insert into the
cell membrane to microsolubilize cellular lipids that are released as nascent HDL.
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Figure 1.
Domain structure of ABCA1. ABCAL has 12 membrane spanning domains, two

intracellular nucleotide binding domains (NBD), and two large extracellular domains (ECD1
and ECD2). The positions of the Tangier disease mutations in ECD1 and ECD?2 that helped
solve different activities of ABCAL are shown, as is a site directed mutation in the first NBD
which abolishes ATP hydrolysis and lipid efflux.
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Figure 2.
Model for ABCA1 mediated nascent HDL biogenesis. ABCAL mediates two independent

steps, the translocation of phospholipids such as PS from the inner to outer leaflet of the
plasma membrane and the cellular binding of apoAl, both of which may be mediated by
ATP hydrolysis. ABCAL1 then mediates the partial unfolding of the N-terminus of apoAl.
The unfolded apoAl is able to spontaneously insert into the plasma membrane, which
resolves in the release of nascent HDL from the cell. Denoted are apoAl in green, PC in red,
PS in blue, and free cholesterol in purple.
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Table 1
Activities of wild-type (WT) ABCA1 and ABCA1 mutants.

Specific apoAl binding

Lipid translocation

ApoAl unfolding on cell surface

Efflux to apoAl

Control

WT -ABCA1L

++

++

++

++

W590S -ABCA1

++

++

+

C1477R -ABCA1

++

K939M -ABCA1
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