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important determinants of both nascent HDL
particle size and their rate of formation.
INTRODUCTION
HDL particles play an anti-atherogenic
role in that the level of circulating HDL is
inversely associated with the risk of cardiovascular
disease (1). An important way in which HDL is
cardioprotective is that it promotes the reverse
cholesterol transport (RCT) pathway (2), the first
step in which involves HDL-mediated efflux of
cholesterol from cells in the periphery (3-5).
Plasma HDL comprises a heterogeneous mixture
of particles of various sizes (6-7) that have
differing functionalities. For instance, the inverse
association between HDL cholesterol level and
coronary atherosclerosis is stronger for the larger
HDL2 particles than for the smaller HDL3 particles
(8-9). It follows that it is important to understand
the origins of HDL heterogeneity and, while the
influence of particle remodeling in plasma is
appreciated, the influence of nascent HDL particle
heterogeneity is not well understood.
HDL particle biogenesis involves an
interaction between the ATP binding cassette
transporter A1 (ABCA1) and apolipoprotein (apo)
A-I, the principal protein of HDL (10-12). This
reaction involves the recruitment of cellular
phospholipids (PL) and free (unesterified)
cholesterol (FC) to interact with apoA-I and form
nascent HDL particles. This reaction occurs at the
cell surface (13-14) and the rate-limiting step is
the microsolubilization of membrane lipids to
form discoidal HDL particles in the extracellular
medium (15). Studies from several laboratories
using various cell types have established that the
nascent HDL particle population is heterogeneous
(16-22). Variously sized discoidal HDL particles
(hydrodynamic diameters in the range 7-20nm) are
created concurrently (20-21). Furthermore, these
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SUMMARY
The principal protein of high-density
lipoprotein (HDL), apolipoprotein (apo) A-I, in
the lipid-free state contains two tertiary
structure domains comprising an N-terminal
helix bundle and a less organized C-terminal
domain. It is not known how the properties of
these domains modulate the formation and size
distribution of apoA-I-containing nascent HDL
particles created by ATP-binding cassette
transporter A1(ABCA1)-mediated efflux of
cellular phospholipid and cholesterol. To
address this issue, proteins corresponding to
the two domains of human apoA-I (residues 1189 and 190-243) and mouse apoA-I (residues
1-186 and 187-240) together with some
human/mouse domain hybrids were examined
for their abilities to form HDL particles when
incubated with either ABCA1-expressing cells
or phospholipid multilamellar vesicles (MLV).
Incubation of human apoA-I with cells gave
rise to two sizes of HDL particles (8 and 10 nm
hydrodynamic diameter) and removal or
disruption of the C-terminal domain eliminated
the formation of the smaller particle.
Variations in apoA-I domain structure and
physical properties exerted similar effects on
the rates of formation and sizes of HDL
particles created by either spontaneous
solubilization of phospholipid MLV or ABCA1mediated efflux of cellular lipids. It follows that
the sizes of nascent HDL particles are
determined at the point at which cellular
phospholipid and cholesterol are solubilized by
apoA-I; apparently, this is the rate-determining
step in the overall ABCA1-mediated cellular
lipid efflux process. The stability of the apoA-I
N-terminal helix bundle domain and the
hydrophobicity of the C-terminal domain are

sphingomyelin (SM) were obtained from Avanti
Polar Lipids (Alabaster, AL).
Methods
Preparation of ApoA-I Variants
To express WT human apoA-I and
engineered variants, the cDNA of interest was
cloned into the multiple cloning sites of the
pET32a (+) vector and the resulting plasmids were
transformed into Escherichia coli strain BL21
(DE3). The target protein was expressed as a
histidine-tagged fusion protein with the 109-amino
acid thioredoxin (Trx) at the amino terminus (2526).. The transformed DE3 cells were cultured in
LB medium at 37°C and expression of the TrxapoA-I fusion protein was induced with isopropylβ-D-thiogalactopyranoside for 3 h. After
sonicating the bacterial pellet, the lysate was
centrifuged and the supernatant loaded onto a
nickel-chelating, histidine-binding resin column
(Novagen, Carlsbad, CA). The Trx-apoA-I fusion
protein bound to the column was eluted, pooled,
and dialyzed against 20mM NH4HCO3.
Subsequently, the fusion protein was complexed
with DMPC to prevent non-specific cleavage, and
then cleaved with thrombin to release the Trx. The
mixture was then lyophilized, delipidated, and
dissolved in nickel-chelating column binding
buffer containing 6M urea, and passed down the
nickel-chelating column again. The target apoA-I
was obtained in the column flow-through solution
and, if needed, further purification (>95%) of the
proteins was done by gel filtration with Superdex
75 and/or anion exchange chromatography with QSepharose. Purity was confirmed by SDS-PAGE
(not shown). All proteins were stored at -20°C in
lyophilized form and before use were dissolved in
the appropriate buffer containing 6M GdnHCl and
dialyzed extensively.
The following human apoA-I variants (25)
were used in this study: the N-terminal domain
residues 1-189, the C-terminal domain residues
190-243, the C-terminal truncation variant 1-222,
the point mutant L230P and triple mutant
L230PL233PY236P, and the deletion mutants
Δ44-126 and Δ123-166. The following mouse
apoA-I variants (24,27) were also employed: WT
mouse apoA-I, the N-terminal domain residues 1186, and the C-terminal domain residues 187-240.
In addition, human(H)/mouse(M) apoA-I hybrid
molecules in which the N- and C-terminal
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particles are heterogeneous with respect to lipid
composition, apparently reflecting the activity of
ABCA1 molecules in different membrane
microenvironments (16,20). Not surprisingly, the
size of a discoidal HDL particles is dependent
upon the number of apoA-I molecules located in
it; smaller discs contain two apoA-I molecules and
larger particles contain up to four apoA-I
molecules. In addition to these quaternary
structure effects, the tertiary structure of apoA-I
(and other apolipoproteins that interact with
ABCA1 to form HDL particles) is also likely to
play a role. Heretofore, this issue has not been
investigated systematically, although it is known
that human and mouse apoA-I give rise to
different sizes of HDL particles in mice (23).
Here, we exploit the known differences in the
tertiary structure domain properties of human and
mouse apoA-I (24) to elucidate the contributions
of the N-terminal helix bundle domain and the
separately folded C-terminal domain (25) to
ABCA1-mediated efflux of cellular cholesterol
and the determination of nascent HDL particle size
heterogeneity.
EXPERIMENTAL PROCEDURES
Materials
Fetal bovine serum, gentamycin, 8-(4chlorophenylthio)-cAMP and cholesterol were
purchased from Sigma-Aldrich (Boston, MA). 12-[3H]Cholesterol (51 Ci/mmol) was obtained
from Perkin Elmer Life Sciences. Minimum
essential medium (MEM) buffered with 25mM
Hepes, pH 7.4 (MEM-Hepes), was obtained from
BioWhitaker (Walkersville, MD). Cell culture
media (RPMI 1640, DMEM) and phosphatebuffered saline were purchased from Mediatech
CellGro (Manassas, VA). Tissue culture plastic
wares were obtained from Falcon (Becton
Dickinson Labware, Lincoln, NJ) and from
Corning Inc. (Corning, NY). BSA was obtained
from
Celliance
(Boston,
MA).
AcylCoA:cholesterol acyltransferase inhibitor (ACAT
inhibitor), compound CP113, 818, was kindly
provided by Pfizer Pharmaceuticals (Groton, CT).
Goat polyclonal anti-human apoA-I antibody was
obtained from Novus Biologicals (Littleton, CO)
and rabbit anti-mouse apoA-I was purchased from
Biodesign
(Saco,
ME).
Dimyristoyl
phosphatidylcholine
(DMPC),
egg
yolk
phosphatidylcholine (PC) and porcine brain

domains were swapped (24) were utilized: H1189M187-240 and M1-186H190-243.
Cholesterol efflux from cells
J774 murine macrophages were grown
and maintained in RPMI 1640 supplemented with
10% fetal bovine serum and 0.5% gentamycin, as
described before (28). For cholesterol efflux
experiments, these cells were then seeded in 12well plates and grown to 80-90% confluence. They
were then labeled by incubating the cells for 24 h
in RPMI medium supplemented with 1% fetal
bovine serum, 2 µg/ml CP-113,818 ACAT
inhibitor and 3 µCi/ml [3H]cholesterol. After
labeling, the cells were washed with MEM-Hepes
and incubated with RPMI medium containing
0.2% (w/v) bovine serum albumin, 2 µg/ml CP113,818 ACAT inhibitor, and 0.3 mM 8-(4chlorophenylthio)-cAMP for 12 h, to up-regulate
the expression of ABCA1. Cells were then washed
with MEM-Hepes and incubated with or without
WT or mutant apoA-I at the indicated
concentrations for 4 h. To determine FC efflux,
aliquots were removed from the incubation
medium at specific time points, filtered and
radioactivity was determined by liquid scintillation
counting. The percent FC efflux was calculated
after subtracting the background FC efflux
(without apoA-I) as follows: (counts/min in
medium at 4 h/cpm in cells at t = 0) x 100. Km and
Vmax values were calculated by fitting the
fractional lipid efflux values obtained at 4 h and
different concentrations of apoA-I to the
Michaelis-Menten equation (Graphpad Prism).
BHK cells expressing high levels of
human ABCA1 (29-30) (kindly provided by Dr.
John Oram) were grown and maintained in
DMEM containing 10% FBS and 0.5%
gentamicin. For efflux experiments, these cells
were seeded in 12-well plates and then labeled by
incubating the cells for 24 h in DMEM medium
supplemented with 2.5% fetal bovine serum, 2
µg/ml CP-113, 818 ACAT inhibitor and 3 µCi/ml
[3H]cholesterol. ABCA1 was induced by
incubating the labeled cells for 18 h in DMEM
containing 0.2% BSA and 10 nM mifepristone.
Cells were then washed with MEM-Hepes and
incubated with or without WT or mutant apoA-I
under the indicated conditions of concentration for
4 h and the cholesterol efflux was determined as
described above.

Characterization of nascent HDL
The conditioned medium from J774 and
BHK ABCA1-expressing cells exposed to 10
µg/ml apoA-I was fractionated by gel filtration
chromatography on a calibrated Superdex 200
column, as described before (16,20,22).
Nondenaturing 4-12% gradient gel (Invitrogen,
Carlsbad, CA) electrophoresis was also used to
separate nascent apoA-I-containing HDL particles,
and the gels were immunoblotted for apoA-I
(20,31). The methods for determining the
concentrations of protein and cholesterol have
been reported previously (20).

RESULTS
Contributions of apoA-I tertiary structure
domains to FC efflux
As we have reported before (28), the
ABCA1-mediated efflux of FC from ABCA1expressing J774 cells exhibits a hyperbolic
dependence on the concentration of human apoA-I
in the extracellular medium and conforms to the
Michaelis-Menten equation (Fig. 1A). The V max
and Km values listed in Table 1 for WT apoA-I(H)
are similar to previous values (28). The isolated Nterminal domain of human apoA-I is less effective
at supporting FC efflux (Fig. 1A) and the relative
catalytic efficiency (Vmax/Km) decreases from 1.0
for WT apoA-I(H) to 0.3 for apoA-I 1-189(H)
(Table 1). This result is consistent with the wellestablished finding that the C-terminal of the
apoA-I molecule is critical for effective ABCA13
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Lipid solubilization assay
Appropriate amounts of DMPC and
cholesterol (5 mol %) in chloroform were dried,
dispersed in Tris-buffered saline (pH 7.4) with
vortexing and subjected to three temperature
cycles between 0 and 37°C to ensure complete
hydration. The resultant multilamellar vesicles
(MLV) were incubated at a 2/1 w/w lipid/protein
ratio with apoA-I for 20 h at 26°C. Mixtures of 1/9
w/w egg PC/porcine brain SM were prepared
similarly and dispersed in buffer by vortexing
followed by water-bath sonication for 30 minutes
at room temperature. The resultant MLV (2 mg
PL/ml) were incubated at a 1/2 w/w lipid/protein
ratio with apoA-I for 18 h at 37oC. The sizedistributions of the discoidal HDL particles
created (32-33) were analyzed by native 4-12%
and 4-20% PAGE.

efficient at promoting FC efflux than WT mouse
apoA-I.
Human/mouse hybrid apoA-I molecules in
which the N- and C-terminal domains are
interchanged were employed to further investigate
the domain contributions to FC efflux via ABCA1.
Substituting the mouse C-terminal domain into
human apoA-I to create apoA-I H1-189M187-240
has little effect on FC efflux from J774 cells (Fig.
3A and Table 1). However, the increase in Km for
efflux from BHK cells (Fig. 3B) reduces the
relative catalytic efficiency to a value of 0.25
(Table 1); the reasons for this effect are not
entirely clear but perhaps the composition of the
BHK cell plasma membrane makes the system
more sensitive to the increase in polarity of the Cterminal domain in the hybrid human apoA-I
molecule. Substitution of the human C-terminal
domain into the mouse apoA-I molecule, to give
the hybrid apoA-I M1-186H190-243, increases the
relative catalytic efficiency approximately 3-fold
relative to WT apoA-I(M) and approximately 2fold relative to WT apoA-I(H) for both cell types
(Table 1).
Nascent HDL particle size distribution
The gel filtration profiles in Fig. 4A
confirm prior work with J774 murine macrophages
showing that the apoA-I(H)/ABCA1 reaction in
this system leads to the appearance in the
extracellular medium of a heterogeneous
population of apoA-I-containing nascent HDL
particles (16,20). In addition, cholesterol is
released from the cells in larger microparticles
(diameter >20nm) that elute in the void volume of
the Superdex 200 column (16,20,40); these
particles do not contain any apoA-I. WT apoAI(H) produces two main populations of HDL
particles with hydrodynamic diameters of 8-9 and
12nm (Fig. 4A). In contrast, WT apoA-I(M)
produces a more heterogeneous population of
larger HDL particles that elute as single peak with
a maximum corresponding to a diameter of
approximately 13nm (Fig. 4B). The difference in
size distribution of nascent HDL particles
containing either human or mouse apoA-I (Fig. 4)
is probably responsible for the differences in
plasma HDL that occur in transgenic mice
expressing human apoA-I. Replacement of apoAI(M) with apoA-I(H) leads to the single 9.5nm
HDL species present in the plasma of control mice
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mediated FC efflux to apoA-I (16,34-39).
Surprisingly, despite its high lipid affinity (24), the
isolated C-terminal domain of human apoA-I,
apoA-I 190-243(H), is not particularly effective
(relative catalytic efficiency 0.4, Table 1).
Replotting Fig. 1A
so the apoA-I domain
concentrations are expressed in molar terms (data
not shown) shows that the sum of the efflux
contributions of the isolated N- and C-terminal
domain fragments is less than the efflux observed
with the equivalent concentration of intact WT
apoA-I. This result implies that the N- and Cterminal domains cooperate to enhance FC efflux
to human apoA-I via ABCA1.
The altered N- and C-terminal tertiary
domain structures in mouse apoA-I compared to
human apoA-I lead to variations in FC efflux via
ABCA1. Thus, WT mouse apoA-I is less effective
than human apoA-I (Fig. 1B) and the relative
catalytic efficiency is 0.6 for WT apoA-I(M)
(Table 1). This decreased efflux efficiency occurs
even though there is no species disparity between
mouse apoA-I and J774 cells that express the
murine ABCA1 transporter. In marked contrast to
the situation with human apoA-I (Fig. 1A), the
isolated mouse N-terminal helix bundle domain
apoA-I 1-186(M) is much more effective at
promoting FC efflux than the intact mouse apoA-I
molecule (Fig. 1B). This effect is demonstrated by
the increase in relative catalytic efficiency to a
value of 4.4 for apoA-I 1-186(M) (Table 1); this
value is approximately 7- and 4-fold higher than
the values for WT mouse and human apoA-I,
respectively. The isolated mouse apoA-I Cterminal domain, apoA-I 187-240(M), fails to
promote FC efflux (Fig. 1B) which is consistent
with the high polarity and poor lipid-binding
abilities of this domain (24).
The results in Fig. 2 and Table 1 for FC
efflux from BHK cells (which express human
ABCA1) to the same human and mouse apoA-I
domains reveal similar trends to those described
above for experiments with J774 cells. It follows
that mouse and human ABCA1 respond similarly
to alterations in apoA-I structure. Again, the data
in Fig. 2A indicate that the contributions of the
two tertiary structure domains in the intact human
apoA-I molecule are greater than their combined
contributions when added separately to the cells.
Fig. 2B demonstrates that the isolated mouse Nterminal domain, apoA-I 1-186(M), is more

To further resolve the nascent HDL
particle size distribution, we used native 4-12%
PAGE which resolves HDL particles better than
Superdex 200 gel filtration chromatography. Lane
1 of the gel shown in Fig. 6 confirms the gel
filtration profile in Fig. 5A and demonstrates that
WT apoA-I(H) forms 8 and 10nm particles (the
band close to 7.1nm is due to lipid-free apoA-I).
The gel in Lane 2 confirms that the isolated human
N-terminal domain (1-189(H)) forms a broader
distribution of larger HDL particles, with the
appearance of a band at close to 17nm.
Comparison of Lanes 1 and 3 shows that the
distribution of nascent HDL particles formed by
WT apoA-I(M) is skewed to larger sizes relative to
WT apoA-I(H). The gel in Lane 4 is consistent
with the gel filtration profiles in Fig. 5D in
showing that the isolated helix bundle domain
from apoA-I(M) forms a population of relatively
large HDL particles compared to WT apoA-I(M).
Gels corresponding to the elution profiles for the
several apoA-I variants described in Fig. 5B, C
could not be obtained because of the lack of
appropriate anti-apoA-I antibodies.
The human/mouse domain swap hybrid
apoA-I molecules were utilized to further
investigate the influence of the apoA-I N- and Cterminal domains on nascent HDL particle
formation. Fig. 7A shows that replacement of the
human C-terminal domain with the mouse
counterpart to give H1-189M186-240 reduces
formation of the 8nm HDL particle; a population
of larger particles with a peak diameter of 11nm is
formed. As can be seen from Fig. 7B, this particle
size distribution is similar to that created by WT
apoA-I(M). Fig. 7B also demonstrates that the
human C-terminal domain is required for efficient
formation of the 8nm HDL particle population
because, like WT apoA-I(H), the apoA-I hybrid
M1-186-H190-243 forms well resolved 8 and
10nm particles. The hydrodynamic diameters of
the predominant nascent HDL species (from gel
filtration profiles in Fig. 5 and 7) formed when the
apoA-I variants with different domains are
incubated with BHK cells are summarized in
Table 2. The effects of apoA-I domain structure on
nascent HDL particle size are not dependent upon
cell type because the same phenomena were
observed with J774 cells (data not shown).
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being replaced by two HDL subclasses with
diameters of ~ 8.5 and 10.5nm (23).
More extensive characterization of the
influence of apoA-I domain structure on nascent
HDL particle size distribution was conducted with
BHK cells expressing human ABCA1 because FC
efflux and HDL particle production is greater with
these cells compared to J774 cells (Table 1). In
agreement with results in Fig. 4 for J774 cells, the
data in Fig. 5A, D for WT apoA-I(H) and WT
apoA-1(M), respectively, show that in the BHK
cell system the former protein forms two major
subclasses of HDL particles (diameters of 8 and
10nm) (in agreement with a prior report with these
BHK cells (41)) whereas the latter protein forms a
single population of ~11nm diameter. For both
apoA-I(H) and apoA-1(M), removal of the Cterminal domain to give the isolated N-terminal
helix bundle domain leads to a single peak of
larger HDL (Fig. 5A, D). In the case of apoA-I(H),
deletion of the C-terminal domain prevents
formation of the smaller 8nm subpopulation of
HDL particles. Interestingly, the isolated human
C-terminal domain (190-243(H)) forms only the
10nm population. Thus, both domains in apoA1(H) are needed for two subpopulations of HDL
particles to be created. The data in Fig. 5B, C
show that structural alterations in either the N- or
C-terminal domains can modulate nascent HDL
particle size. Thus, either deletion of the Cterminal helix (residues 223-243) (cf. (16)) or
disruption of helix formation by proline insertion
(L230P, L230PL233PY236P) prevents formation
of two discrete populations of HDL particles and
causes a single more disperse and larger
population centered at ~13nm to be formed (Fig.
5B). Disruption of the helix bundle domain
(deletion mutants Δ123-166, Δ44-126) also
induces alterations in HDL particle size
distribution; in this case, the principal effect is
reduction in the formation of the 8nm particles
with 9-10nm particles predominating (Fig. 5C).
Overall, these results demonstrate that native
human N- and C-terminal domains are needed for
formation of the 8 and 10nm HDL subpopulations.
The differences in structures of both domains in
apoA-I(M) compared to apoA-I(H) (24) are
sufficient to eliminate formation of the two
populations, and permit only the larger particle
size distribution.

of MLV containing SM leads to the formation of
relatively large discoidal HDL particles (cf. Fig.
8C, D to Fig. 8A, B). Importantly, the effects of
apoA-I domain structure variation on the relative
sizes of HDL particles formed by spontaneous
solubilization of egg PC/porcine brain SM MLV
are similar to the effects seen with the
DMPC/cholesterol system. Thus, the contributions
of apoA-I tertiary domain structure to HDL
particle size are apparently similar, regardless of
the precise composition of the PL MLV being
solubilized.
DISCUSSION
In the three-step reaction by which apoA-I and
ABCA1 promote the efflux of cellular lipid and
create nascent HDL particles, the last step
involving the solubilization by apoA-I of plasma
membrane PL and FC is apparently rate-limiting
(15). This microsolubilization process requires
insertion of apoA-I amphipathic helices between
the plasma membrane PL molecules and bilayer
fragmentation to create discoidal HDL particles
(15,36).
A more complete mechanistic
understanding of these effects requires knowledge
of the influence of apoA-I tertiary structure
domain properties on the rates of PL and FC
efflux, and on the assembly of nascent HDL
particles. The present investigation
provides
insight into the influences of N-terminal helix
bundle stability and C-terminal domain
hydrophobicity on ABCA1-mediated cellular lipid
efflux and HDL particle biogenesis.
FC Efflux
Figure 9 shows that for the human and
mouse apoA-I variants studied there is a strong
correlation (r2 = 0.80) between their effects on the
kinetics of cellular FC efflux via ABCA1 and
solubilization of DMPC/cholesterol vesicles. The
fact that alterations in apoA-I domain properties
have similar effects on the two processes supports
the idea that the rate-limiting event in the ABCA1
reaction is the final step of solubilization of
plasma membrane PL and FC to create discoidal
nascent HDL particles (15). Since the isolated Cterminal domain of apoA-I (H) (190-243)(H))
promotes significant efflux from BHK cells
whereas the equivalent mouse apoA-I domain
(187-240(M)) is inactive (Table 1 and Fig. 2), it is
clear that the helix content and polarity of this
domain are important; the C-terminal domain of
6
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ApoA-I domain structure and sizes of HDL
particles created by solubilization of PL
Since ABCA1-mediated formation of
HDL particles involves solubilization of plasma
membrane lipids by apoA-I (15), we examined the
concept of whether or not apoA-I structural
domains have similar effects on the size
distribution of HDL particles formed when apoA-I
solubilizes either DMPC/cholesterol or egg
PC/porcine brain SM bilayers in the absence of
ABCA1.
Under the conditions employed, the DMPC/5
mol % cholesterol complexes formed by WT
apoA-I(H) migrate as a doublet (diameter
~10.4nm) and a separate band corresponding to a
diameter of ~13nm (Fig. 8A, Lane 2). Lanes 3 and
4 in the same gel show that, as with ABCA1mediated formation of HDL particles (Fig. 5A),
the smaller ~10.4nm particles do not form and
larger particles (diameter ~16-18 nm) are created
when the isolated N- and C-terminal domains of
apoA-I(H) solubilize DMPC. Consistent with the
ABCA1 case (Fig. 4A, B and Fig. 5 A, D),
compared to apoA-I(H), mouse apoA-I creates a
broader range of particles that is skewed towards a
diameter of ~17nm (cf. Lane 2 in Fig. 8A and
Lane 1 in Fig. 8B). The isolated N-terminal
domains of human and mouse apoA-I both form a
relatively homogenous population of particles
migrating between the 12.1-17.0 nm standards
(Fig. 8A, Lane 3 and Fig. 8B, Lane 2). Exchange
of the mouse C-terminal domain into apoA-I(H) to
give H1-189M187-240 favors formation of large
apoA-I/DMPC particles (Fig. 8A, Lane 5), which
is similar to the shift in equivalent gel filtration
profiles obtained with BHK cell-conditioned
medium (Fig. 7A). However, unlike the case of the
nascent HDL particles created by interaction with
ABCA1 (Fig. 7B), insertion of the human Cterminal domain into apoA-I(M) to give M1186H190-243 (Fig. 8B, Lane 3), while favoring
formation of smaller HDL particles (diameter
~9nm), does not give an HDL particle distribution
like that of WT apoA-I(H) (Fig. 8A, Lane 2).
To confirm that the above effects of apoA-I
structure on the sizes of HDL particles created by
the solubilization of MLV are not peculiar to the
DMPC system, similar experiments were
conducted with MLV of egg PC/porcine brain SM
and the results are shown in Fig. 8 C, D. In
agreement with prior work (33,42), solubilization
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human/mouse hybrid apoA-I molecules. Thus,
insertion of the polar mouse C-terminal domain
into apoA-I (H) to give apoA-I H1-189 M187-240
reduces efflux (the relative catalytic efficiency
with BHK cells decreases by a factor of four due
to an increase in Km – Table 1). In marked
contrast, insertion of the hydrophobic human Cterminal domain into apoA-I (M) to yield apoA-I
M1-186 H190-243 decreases the Km and increases
the relative catalytic efficiency from 0.7 to 1.7.
The behavior of this hybrid apoA-I molecule
shows that the combination of an unstable helix
bundle and a hydrophobic C-terminal domain
elevates functionality.
Overall, the studies of the contributions of
apoA-I domain properties to FC efflux via
ABCA1 suggest that the efficacy of WT apoA-I
(H) can be improved by engineering into the
molecule some destabilization of the helix bundle
together with increased hydrophobicity of the Cterminal domain. The contributions of the two
domains are enhanced when they are covalently
linked in an intact apoA-I molecule rather than
being present separately.
Nascent HDL Particle Distribution
Analysis of the nascent HDL particles
existing after the apoA-I variants are incubated
with BHK cells (Table 2) indicates that the two
populations of 8 and 10nm particles are formed
only in the presence of a full-length apoA-I
molecule containing the hydrophobic human Cterminal domain (i.e. WT apoA-I(H) or apoA-I
M 1-186 H190-243). Removal of the C-terminal
domain from apoA-I leads to formation of larger
HDL particles that elute from the Superdex 200
gel filtration column as a single peak. Similarly,
removal of the C-terminal domain from apoA-I
(H) prevents formation of smaller particles when
PL MLV are solubilized (Fig. 8A and C), and
insertion of this domain into apoA-I(M) gives rise
to smaller HDL particles (cf. lane 3 to lane 1 in
Fig. 8B and 8D). In sum, these results show that
the various apoA-I structural domains exert similar
effects on the sizes of the HDL particles whether
they are created either by the ABCA1 reaction or
by direct PL MLV solubilization. These findings
are consistent with the PL bilayer solubilization
step being the point in the ABCA1-mediated
reaction where the sizes of the nascent HDL
particles are determined.

apoA-I (H) is known to be more helical and
contain more hydrophobic amino acid residues
than the equivalent domain in apoA-I (M) (24).
The important contribution of the hydrophobicity
and lipid-solubilizing capability of the C-terminal
domain to the functionality of WT apoA-I (H) is
further demonstrated by the fact that its deletion to
give apoA-I 1-189(H) reduces the relative catalytic
efficiency of efflux by 60% (Table 1). In support
of the key role played by C-terminal domain
hydrophobicity, elimination of the polar (and nonlipid binding) C-terminal domain of WT mouse
apoA-I does not lead to a reduction of FC efflux;
in fact the relative catalytic efficiency of FC efflux
is more than doubled (Table 1). The properties of
the apoA-I N-terminal helix bundle domain are
also significant for FC efflux because the relative
catalytic efficiency of apoA-I 1-186 (M) is four
times greater than that of apoA-I 1-189 (H) (Table
1). The major difference between the N-terminal
domains of human and mouse apoA-I is the lower
stability of the helix bundle in the latter protein;
the amino acid sequences in this domain are 70%
identical (43) but the helix content is lower in the
mouse helix bundle and the mid-point of thermal
denaturation is 41oC as compared to 51oC for the
human helix bundle domain (24). A reduction in
helix bundle stability is expected to enhance FC
efflux because the rate of lipid solubilization is
increased due to the greater time-average exposure
of hydrophobic surface area facilitating
penetration of amphipathic helices into the PL
bilayer (44).
In the intact WT apoA-I molecules,
interplay between the properties of the N- and Cterminal domains modulates overall functionality
in FC efflux. Thus, WT apoA-I (H) is effective
because the contribution from the hydrophobic Cterminal domain overrides the poor ability of the
relatively stable N-terminal helix bundle domain
to solubilize lipids (thereby decreasing the Km
relative to the value for apoA-I 1-189(H), Table
1). In contrast, the polar C-terminal domain in
apoA-I (M) hinders the high ability of the unstable
helix bundle domain to solubilize lipids and
promote FC efflux (as reflected in the higher Km
(Table 1) for WT apoA-I (M) compared to apoA-I
1-186 (M)). The interplay between the
contributions of the N- and C-terminal domains to
the functionality of the intact apoA-I molecule is
further exemplified by the results for the

apoA-I molecules to be attained. If this condition
is accompanied by deeper penetration of more
amphipathic helices into the PL bilayer (36) then,
when
the
bilayer
becomes
sufficiently
destabilized, fragmentation into smaller segments
may also be possible (44-45).
In conclusion, it is apparent that the
tertiary structure of apoA-I influences (1) the
kinetics of ABCA1-mediated efflux of cellular PL
and FC, and (2) HDL heterogeneity by modulating
the size distribution of the nascent particles
created. The presence of the hydrophobic Cterminal domain in apoA-I(H) favors formation of
smaller nascent HDL particles relative to the
particles created by apoA-I(M) . This particular
property of the human C-terminal domain may be
significant for HDL function because the antiatherogenic properties of HDL are apparently
influenced by particle size (8-9).
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How do the properties of the apoA-I Nand C-terminal domains modulate the lipid
solubilization process and alter HDL particle size
distribution? Apparently, kinetic effects are not a
factor because there is no correlation between the
rate of FC efflux from BHK cells to the apoA-I
variants (Table 1) and the sizes of the resultant
nascent HDL particle (Table 2). As an example of
this lack of a kinetic effect, the helix bundle
domain of the mouse protein, apoA-I 1-186(M)
reacts rapidly to form larger HDL particles while
the human counterpart, apoA-I 1-189(H), also
forms larger particles but reacts relatively slowly.
As mentioned above, in the systems studied here
the hydrophobic human C-terminal domain is
required for formation of the population of small
8nm nascent HDL particles.
A possible
explanation for this effect is that the high affinity
of this domain for the surface of a PL bilayer
vesicle causes a high surface concentration of
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J774 macrophages were labeled with [3H] - cholesterol (3Ci/ml) and treated with cpt-cAMP to
upregulate mouse ABCA1 expression. Cholesterol efflux was then initiated by the addition of apoA-I (020 g/ml). After 4h incubation, the medium was removed, filtered and the [3H] - radioactivity determined.
The fractional cholesterol efflux is plotted as a function of apo A-I concentration, and fitted to the
Michaelis-Menten equation. Data points represent FC efflux to WT human apo A-I (■), 1-189 (H) (●),
190-243 (H) (), (Panel A) and WT mouse apo A-I (▲), 1-186 (M) (x) and 187-240 (M) () (Panel B).
Figure 2: Effect of apoA-I tertiary structure domains on cholesterol efflux from BHK cells: BHK
cells were labeled with [3H] - cholesterol and treated with mifepristone to upregulate human ABCA1
expression. Cholesterol efflux was then initiated by the addition of apoA-I (0-20 g/ml). After 4h
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incubation, the medium was removed, filtered and the [3H] - radioactivity determined. The fractional
cholesterol efflux is plotted as a function of apo A-I concentration, and fitted to the Michaelis-Menten
equation. Data points represent FC efflux to WT human apo A-I (■), 1-189 (H) (●), 190-243 (H) ()
(Panel A), mouse apo A-I (▲), 1-186 (M) (x) and 187-240 (M) () (Panel B).
Figure 3: Cholesterol efflux from J774 and BHK cells to human/mouse hybrid apo A-I molecules:
The curves for WT human (dotted line) and mouse (dot-dash line) apo A-I in Panels A and B are replotted
from Fig. 1 and 2 for ease of comparison. Data points represent FC efflux to H1-189M187-240 () and
M1-186H190-243 ().

Figure 5: Gel filtration elution profiles of medium collected after incubation of BHK cells with
human or mouse apo A-I: BHK cells expressing human ABCA1 were labeled with [3H] - cholesterol
and efflux was initiated by the addition of 10g/ml of apo A-I. A.WT human apo A-I (), 1-189 (H) (●),
190-243 (H) (+). B. 1-222 (H) (♦), L230P (H) (), L230PL233PY236P (H) (). C. 123-166 (H) (■),
44-126 (H) (). D. WT mouse apoA-I (x) and 1-186 (M) (○). The media were analyzed as described in
the legend to Fig. 4. To avoid peak overlap in Panel A, the Y-axis unit for 190-243 (H) was cpm/0.5ml.
Figure 6: Blots stained with anti-apoA-I of native polyacrylamide gradient (4-12%) gels comparing
the size distributions of the nascent HDL particles formed in the extracellular medium by
incubation of apoA-I variants with ABCA1-expressing BHK cells: Lane 1, WT apoA-I (H) (Fig. 5A).
Lane 2, 1-189 (H) (Fig. 5A). Lane 3, WT apoA-I (M) (Fig. 5D). Lane 4, 1-186 (M) (Fig. 5D). The
migration positions of standard proteins of known hydrodynamic diameters are indicated in the two
panels.
Figure 7: Gel filtration elution profiles of medium collected after incubation of BHK cells with
human/mouse apo A-I domain-swap hybrids: BHK cells expressing human ABCA1 were labeled with
[3H] - cholesterol and efflux was initiated by the addition of 10g/ml of apo A-I. A. WT human apo A-I
(○) and H1-189M187-240 (▲). B. mouse apo A-I () and M1-186H190-243 (■). The media were
analyzed as described in the legend to Fig. 4.
Figure 8: Native polyacrylamide gradient gels stained with Coomassie Brilliant Blue comparing
the sizes of discoidal complexes formed by incubation of PL MLV with apoA-I variants: Panel A (412% gel). Human apoA-I and DMPC/5 mol % cholesterol MLV. Lane 1, standard proteins of known
hydrodynamic diameters. Lane 2, WT apoA-I (H). Lane 3, 1-189 (H). Lane 4, 190-243 (H). Lane 5, H1189M187-240. Panel B (4-12% gel). Mouse apoA-I and DMPC/5 mol % cholesterol MLV. Lane 1, WT
apoA-I (M). Lane 2, 1-186(M) Lane 3, M1-186H190-243. Panel C (4-20% gel). Human apoA-I and 1/9
w/w egg PC/ porcine brain SM MLV. The designations for Lanes 1-5 are the same as in Panel A. Panel D
(4-20% gel). Mouse apoA-I and 1/9 w/w egg PC/porcine brain SM MLV. The designations for Lanes 1-3
are the same as in Panel B.
Fig. 9: Correlation between the effectiveness of apoA-I tertiary structure domains in participating
in ABCA1-mediated cellular cholesterol efflux and in solubilizing DMPC MLV. The values of
relative catalytic efficiency (Vmax/Km) for cellular cholesterol efflux to apoA-I variants are for BHK cells
and are taken from Table 1. The relative catalytic efficiencies for solubilization of DMPC MLV by the
same apoA-I variants are computed from Vmax and Km values tabulated in ref (24).
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Figure 4: Gel filtration elution profiles of medium collected after incubation of J774 macrophages
with 14C-labeled apolipoprotein: J774 macrophages were labeled with [3H] - cholesterol and these
labeled cells were incubated with 0.3mM of cpt-cAMP overnight. Efflux was initiated by the addition of
10g/ml of either [14C]-WT human apo A-I (Panel A) or mouse apo A-I (Panel B). After 6h incubation,
aliquots of the media were collected, filtered, and [3H] – labeled lipoprotein particles from cells treated
with WT human () and mouse (□) apo A-I were separated by gel filtration chromatography on a
calibrated Superdex 200 column. Fractions were collected and radioactivity was determined by liquid
scintillation counting.

Table 1 Kinetic parameters for cholesterol efflux to apoA-I from J774/BHK cells
FC efflux (J774 cells)

FC efflux (BHK cells)

Relative
Vmaxa

Km
(µg apo/ml)

Relative
catalytic
efficiencyb

Relative
Vmaxc

Km
(µg apo/ml)

Relative
catalytic
efficiencyd

WT apoA-I
(H)

1.0

5.7 ± 0.2
(n=15)

1.0

1.0

6.7 ± 0.4
(n=12)

1.0

1-189 (H)

1.8 ± 0.06
(n=6)

31.8 ± 1.7
(n=6)

0.3

1.8 ± 0.3
(n=3)

28.5 ± 6.1
(n=3)

0.4

190-243 (H)

0.8 ± 0.04
(n=6)

11 ± 1.2
(n=6)

0.4

1.4 ± 0.2
(n=3)

20.4 ± 4.0
(n=3)

0.45

WT apoA-I
(M)

2.5 ± 0.04
(n=15)

24 ± 0.6
(n=15)

0.6

1.5 ± 0.1
(n=3)

14.7 ± 2.0
(n=3)

0.7

H1-189
M187-240

1.8 ± 0.05
(n=3)
1.6 ±0.1
(n=3)

2.3± 0.2
(n=3)
9.6 ± 1.3
(n=3)

1.4 ± 0.1
(n=3)
1.3 ± 0.1
(n=3)

5.7 ± 1.0
(n=3)
34.3 ± 2.3
(n=3)

M1-186
H190-243

1.3 ± 0.06
(n=3)

3.5 ± 0.5
(n=3)

1.5 ± 0.1
(n=3)

6.06 ± 1.0
(n=3)

1-186 (M)

4.4
0.9
2.1

1.6
0.25
1.7

a

The cellular cholesterol released from J774 cells to 20 g/ml of WT human apo A-I was 9 ± 3 %/4 h
(n=21) (mean ± SD), and all Vmax values are normalized to this value.

b

The catalytic efficiency (Vmax/Km) for WT human apo A-I- mediated efflux from J774 cells was1.6 ±
0.5 % FC efflux (4h) -1 (µg apo/ml)-1 (mean ± SD) and all catalytic efficiencies are normalized to
this value.

c.

The cellular cholesterol released from BHK cells to 20 µg/ml of WT human apoA-I was 28 ± 4%/4h
(n=12) and all of Vmax values are normalized to this value.

d.

The catalytic efficiency (Vmax/Km) for WT human apoA-I-mediated efflux from BHK cells was 4.2 ±
0.6 % FC efflux (4h)-1 (µg apo/ml)-1 and all catalytic efficiencies are normalized to this value.
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Apolipoprotein

Table 2 Sizes of nascent HDL particles formed by ABCA1-expressing BHK cells incubated with
different apo A-I domains
Human apo A-I
Apolipoprotein

Peak diameters of
particles formed
(nm)
a

Mouse apo A-I

Res
1-243

Res
1-189

Res 190243

Res
1-240

Res
1-186

8

-

-

-

-

Domain swaps

Res
187-240

Human 1189
Mouse
187-240

Mouse
1-186
Human
190243

-

8

12

10

a
10

14

10

11

12.5

No HDL formed
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