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Abstract This report details the lipid composition of nascent
HDL (nHDL) particles formed by the action of the ATP
binding cassette transporter A1 (ABCA1) on apolipoprotein
A-I (apoA-I). nHDL particles of different size (average diam-
eters of ~12, 10, 7.5, and <6 nm) and composition were puri-
fied by size-exclusion chromatography. Electron microscopy
suggested that the nHDL were mostly spheroidal. The pro-
portions of the principal nHDL lipids, free cholesterol,
glycerophosphocholine, and sphingomyelin were similar to
that of lipid rafts, suggesting that the lipid originated from
a raft-like region of the cell. Smaller amounts of glucosylce-
ramides, cholesteryl esters, and other glycerophospholipid
classes were also present. The largest particles, ~12 nm and
10 nm diameter, contained ~43% free cholesterol, 2-3%
cholesteryl ester, and three apoA-I molecules. Using chemical
cross-linking chemistry combined with mass spectrometry,
we found that three molecules of apoA-I in the ~9-14 nm
nHDL adopted a belt-like conformation. The smaller (7.5
nm diameter) spheroidal nHDL particles carried 30% free
cholesterol and two molecules of apoA-I in a twisted, anti-
parallel, double-belt conformation.li Overall, these new
data offer fresh insights into the biogenesis and struc-
tural constraints involved in forming nascent HDL from
ABCA1l.—Sorci-Thomas, M. G., J. S. Owen, B. Fulp, S. Bhat,
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In humans, the plasma concentration of HDLs has been
repeatedly shown to be inversely correlated with the risk of
developing coronary heart disease (1, 2). The concentra-
tions of plasma HDL has been shown to be largely depen-
dent on hepatic ATP-binding cassette transporter Al
(ABCAI) (3-5), which transports and promotes the ef-
flux of glycerophosphocholine (PC), free cholesterol (FC),
and sphingomyelin (SM) to wild-type apolipoprotein A-I
(apoA-I), resulting in the formation of nascent HDLs
(nHDLs). Functional mutations in human ABCA1 cause
Tangier disease (6, 7), which is characterized by very low
levels of plasma HDL apoA-I. Tangier disease is believed to
alter a process termed “reverse cholesterol transport.” Al-
though defects in ABCAI function have been identified by
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decreases in production of plasma HDL, ABCALI dysfunction
can also significantly alter cell signaling by modulating
membrane cholesterol levels, leading to hyperactive im-
mune cells (8-10). Most recently, studies have shown that
ABCALI functions to maintain cellular cholesterol content
within membrane microdomains, such as lipid rafts (8, 11).
Therefore, it is tempting to speculate that transport of
cholesterol from cellular membranes to apoA-I-forming
nHDL particles is foremost a means of maintaining mem-
brane lipid raft integrity and is the first step in the well-
known reverse cholesterol transport pathway.

ABCAl-mediated efflux of cholesterol and PC leading to
the biogenesis of nHDL has been extensively studied in a
wide variety of cell types and systems (12, 13). Although these
studies have yielded a better understanding of ABCAI func-
tion, there remain important questions that require clarifica-
tion. Itis generally agreed that apoA-I binds to ABCA1 and to
high-capacity binding sites on the plasma membrane (14-16),
which in turn stimulate the assembly of lipids into a nHDL
particle. Although previous studies have shown that ABCALI is
not associated with cholesterol/sphingomyelin-rich raft re-
gions (17), the dependence of ABCA1 function on mainte-
nance of microdomain cholesterol composition is clear
(18-21). The following questions still need to be addressed:
(1) Which cellular compartments do the lipids that initially
comprise nHDL particles derive? and (2) How do three mol-
ecules of apoA-I come together and conformationally adapt
on the cell surface to acquire these lipids? The current stud-
ies were undertaken to answer these and other important
questions. We report from our investigations that the largest
spheroidal nHDL particle has an average diameter of ~11 nm,
carries up to 45% of the total particles’ lipid as cholesterol,
and is bound by three apoA-I molecules organized in a belt-
like conformation. We conclude that these studies demon-
strate the importance of nHDL composition and protein
conformation in understanding how ABCA1 effluxes cellular
cholesterol and PC as part of the reverse cholesterol trans-
port pathway and maintenance of the plasma membrane mi-
crodomain cholesterol content.

MATERIALS AND METHODS

Reagents

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
from Avanti Polar Lipids Inc. Bis(sulfosuccinimidyl)suberate, dithio
bis(succinimidylpropionate) (DSP), bis-(N-succinimidy) penta
(ethyleneglycol), and bis-(N-succinimidyl) nona(ethyleneglycol)
were from ThermoFisher. Me,SO and formic acid was from Sigma-
Aldrich. Sequencing grade modified trypsin and restriction enzymes
were from Promega. RapiGest SF™ was from Waters Inc. Sodium
desoxycholate, potassium chloride, optima grade methanol, chloro-
form, acetonitrile, and glacial acetic acid were from Fisher Scientific.
Mark 12 molecular weight standards and Simply Blue™ Safestain
were from Invitrogen. Ultrafree-15 centrifugal and Biomax™ 10K
membranes were from Millipore Corp.. All other solvents and rou-
tine reagents were of the highest available commercial grades.

Cell culture

Human embryonic kidney (HEK) 293 cells expressing ABCA1
were a generous gift from Dr. Michael Hayden, University of British
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Columbia, Canada and supplied by Dr. John Parks (22, 23).
HEK293 Flp-In™ cells from Invitrogen, which do not express
ABCAL1, were used for controls to determine the contribution
of cellular sloughing during 18 to 24 h incubations or artifacts
during concentration and fast protein liquid chromatography
(FPLC) of postcellular media. All cells were maintained in DMEM
containing 4.5 g/l glucose, 50 pg/ml hygromycin, 100 U/ml
penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, and 10%
FBS. Cells were maintained at 37°C in an atmosphere of 5% COs,.
ABCAIl-expressing cells were plated in 100 mm dishes until cells
reached ~90% confluence, washed four times with balanced salt
solution, and incubated for 18-24 h with 10 pg/ml of lipid-free
human 125I—apoA—I in serum-free DMEM. In experiments designed
to analyze cholesterol incorporation, 1 pCi of *H-cholesterol per
ml media was added to the cell monolayer when cells were ~80%
confluent and incubated for 24 h before incubating with unla-
beled apoA-I, as described above.

In experiments to quantify the mass of nHDL lipids or to de-
termine protein structure, 40 to 100 mm plates of confluent cells
were grown. To remove traces of contaminating fetal calf serum
proteins, cells were washed three times with balanced salt solu-
tion, and then 10 ml of serum-free was added and the cells were
incubated for 1 h at 37°C. The media was removed, and another
10 ml of serum-free DMEM was added for second 1 h incubation.
Then 10 ml of fresh DMEM containing 10 pg/ml of lipid-free
human apoA-I was added, and the cells were incubated overnight
at 37°C. The next day the culture media was harvested, dialyzed
against 10 mM ammonium bicarbonate (pH 7.4) at 4°C, and con-
centrated using Amicon Ultra-15 Filter Devices (Millipore). In
parallel experiments, HEK 293 Flp-In™ cells were treated with
lipid-free apoA-I in the same manner as described above, and
essentially no cholesterol and only trace amounts of phospholip-
ids were detected, which were subtracted from composition data.

In companion experiments, bone marrow-derived macro-
phages (BMDMs) were obtained from the femurs and tibias of
chow-fed adult mice. Briefly, bones were cut at one end, and the
marrow was collected by centrifugation into 1.5 ml tubes and
then plated in low-glucose DMEM containing 30% 1929 cell-
conditioned medium (LCM), 20% FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, 100 units/ml penicillin, and 100 pg/ml strepto-
mycin for 7 days until the cells reached confluence. Approxi-
mately 40 dishes of confluent 100 mm dishes of BMDMs were
then used for nHDL production and lipid raft isolation. LCM
was obtained from L.929 cells cultured in RMPI media containing
10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/
ml penicillin, and 100 pg/ml streptomycin, which had been plated
at a density of 5.3 x 10° cells per T-150 flask and grown until con-
fluence. No other additions were made to increase expression of
ABCALI. After incubation for 24 h with 10 pg/ml human apoA-I,
the conditioned media was collected, passed through a 0.2 pm
filter, and stored at —80°C until needed.

Preparation of lipid-free human ApoA-I

ApoA-I was purified from human plasma by sequential ultra-
centrifugation as previously described (24). Mass spectrometry
and 12% SDS-PAGE were used to assess protein purity before use.
Protein concentration was determined using the Lowry assay (25).

Purification of nHDL

Dialyzed, concentrated culture media was adjusted to 1.225 g/ml
with KBr. The d < 1.25 g/ml fraction after centrifugation was
isolated, dialyzed, and then concentrated and fractionated by
FPLC using three Superdex-200 10/3000GL (GE Healthcare)
columns connected in series at a flow rate of 0.3 ml/min. Fractions
were collected, and, for exP§riments using radioactive tracers,
fractions were counted for 20I-apoA—I or *H-cholesterol (Perkin
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Elmer). FPLC Peaks 1-4 were identified from plots of radioac-
tivity versus fraction number using Prism™ (GraphPad Software).
Aliquots from each of the four peak fractions were analyzed by
4-30% nondenaturing gradient gel electrophoresis (NDGGE) to
determine the particle diameter size homogeneity by compari-
son to high-molecular-weight standards (Amersham Biosciences)
using either radioactivity or mass. Radioactive protein bands were
visualized on the gel using a BAS 5000 phosphorimager (Fujifilm).
Protein mass gels was determined by staining with Simply Blue.
FPLC peaks in mass studies were pooled according to regions
identified from radioactive tracer studies: Peak 1 = fractions
#110-125, Peak 2 = fractions #126-139, Peak 3 = fractions #140-157,
and Peak 4 = fractions #158-175. Pooled peaks were dialyzed
against 10 mM ammonium bicarbonate (pH 7.4) at 4°Cin a 6 liter
container that had never been exposed to phosphate detergent.
An aliquot from each pooled peak fraction was assayed for apoA-I
content using ELISA as previously described (26).

Chemical cross-linking

To determine the number of apoA-I molecules per particle,
purified nHDL particles were cross-linked with DSP as previously
reported (27). Cross-linking for structural analysis was conducted
with several different cross-linkers having different arm lengths
as previously reported (24, 28). Cross-linkers were dissolved in
Me,SO and added to the particles at a molar ratio of 100:1 cross-
linker to apoA-I to determine the number of molecules per
particle. For structure determination, the cross-linker to apoA-I
molar ratio was 25:1. After addition of freshly made cross-linker,
the tube was capped and mixed. After 15 min at room tempera-
ture (RT), 50 mM Tris was added to stop the cross-linking reaction.
Aliquots containing 15 pg apoA-I were analyzed by nonreducing
Novex 4-12% Tris-Glycine SDS-PAGE (Invitrogen).

SDS-PAGE and trypsin digestion

Products from chemical cross-linking of nHDL were separated
on 12% SDS-PAGE. Protein bands were excised from the gel,
minced, and repeatedly dehydrated with acetonitrile. Gel pieces
were rehydrated with a cold, freshly prepared solution of 20 ng/pl
trypsin in 10 mM ammonium bicarbonate (pH 7.8), 0.1% (w/v)
RapiGest SF™, and 1 mM CaCl,, as previously described (24, 28).
The final trypsin to apoA-I mass ratio was 1:20. After incubation
on ice for 10 min, the digests were incubated for 18 h at 37°C.

Peptide isolation and liquid chromatography
mass spectrometry

After digestion, gel pieces were covered with 200 pl of extrac-
tion solvent (acetonitrile-formic acid-water, v/v/v, 50:5:45) as
previously reported (24, 28). The supernatant was transferred to
a fresh tube before mass spectrometry. To identify candidate
cross-linked peptides for MS/MS sequencing, survey scans were
performed on each peptide mixture using a Waters quadrupole-
time-of-flight API-US mass spectrometer equipped with a Waters
CapL.C as previously reported (24, 28). Positive ion electrospray
survey scans were recorded in the continuum mode using a scan
window from 300 to 1500 m/z with an accumulation time of 2 s.
The source temperature was 80°C, and the cone and capillary
voltages were 45 V and 3.5 kV, respectively. The experimental m/z
was corrected for the +2 charge state using apoA-I tryptic frag-
ment 7 (m/z=806.8969) and for the +1 charge state using apoA-I
tryptic fragment 12 (m/z = 831.4365). The survey ion scan was
deconvoluted to give a list of +1 charge states that eluted from
the column. This experimental list was sorted against a list of all
possible lysine-to-lysine cross-links for the particular chemical
cross-linker used in an experiment. Product ion MS/MS spectra
were acquired in the continuum mode from 50 to 1800 m/z using a
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data—directed, charge-state selective collision energy and an ac-
cumulation time of 2 s. Sequence analysis was performed with a
fragment ion tolerance of + 0.05 m/z.

Molecular modeling

The molecular modeling of apoA-I bound to recombinant
HDL particles has been described in previous publications using
the coordinates for lipid-free A43-apoA-I (29) that were joined
with 1-43 amino acids of the N-terminal end (24, 28). Unmodi-
fied full-length lipid-free apoA-I has been studied by others and
the results were used to guide the conformation (30-34). We
used the number of apoA-I per particle and particle size as con-
straints for each nHDL. Cross-linked positions on the individual
apoA-I molecules were oriented to their correct distances. To do
this, we used the maximum distance of C,-Lysine-(cross-linker)-
C,-Lysine calculated for each of the cross-linkers: 26.0 A, 26.6 A,
30.7 A, and $6.3A for bis(sulfosuccinimidyl)suberate, DSP, bis-
(N-succinimidy) penta(ethyleneglycol), and bis-(N-succinimidy)
nona(ethyleneglycol), respectively. ApoA-I was bent only at the
proline or glycine-glycine sites between the amphipathic seg-
ments of apoA-I. Tools available in Swiss-PdbViewer OSX version
4.0.4 (http://www.expasy.org/spdbv/) were used to optimize the
conformations, and pdb files were manipulated using PyMOL
version 1.5 (http:/www.pymol.org). Swiss-PdbViewer, PyMOL,
and Visual Molecular Dynamics for Mac OSX, version 1.9 (35)
(www.ks.uiuc.edu/Research/vmd) were used to generate the
molecular figures shown in the manuscript.

Lipid extraction

Lipids were extracted from the dried nHDL Peaks #1-4
according to Bligh and Dyer (36) after adding 4 pg of [3,4-"'C,]
cholesterol as the internal standard for cholesterol analyses (9).
Lipid extracts were evaporated under a stream of argon, dissolved
in 1 ml of chloroform-methanol (1:1), and stored at —80°C until
analyzed. In all cases, parallel experiments were conducted using
control (non-ABCA1 expressing) cells, and those results were
subtracted from the values obtained from ABCAl-expressing cells.

Cholesterol analysis by GC-MS

An aliquot from each of the Peak #1-4 lipid extracts was evapo-
rated under argon, dissolved in toluene, and analyzed on a Finnigan
Trace 2000 mass spectrometer or a Finnigan TSQ Quantum
XLS tandem mass spectrometer interfaced to a Trace gas chro-
matograph (9). A second 50 pl aliquot was saponified at room
temperature for 2 h with methanolic-KOH (similar to a reported
procedure using ethanol), cooled, and then extracted with hexane.

Cholesteryl ester molecular species

An aliquot of the lipid extract was mixed with 95 pl of a metha-
nol solution containing 500 pg/pl cholesterol heptadecanoate
(Nu-Chek Prep) and 1 ng/pl sodium formate. After standing for
30 min, the solution was analyzed by direct infusion at 4.3 nl/min
into a Waters Quattro II tandem mass spectrometer operated in
the positive ion mode. Analysis settings were: collision energy
(MSCE), 3.8kV; cone, 65 V; source temp, 80°C; desolvation nitro-
gen was introduced at 300 1/h and heated to 150°C; nebulizing
nitrogen was set to 10 1/h; collision gas, argon at 1 mTorr. SRM
detected the neutral loss of 368.4 Da over a scan range of m/z
640-740 with a scan time of 0.5 s. The data were quantitated with
a response curve from 0.1 pM to 6.4 pM of each cholesteryl ester
against 0.78 pM internal standard.

Phospholipid analysis
Aliquots of the lipid extract were separated and analyzed by
normal-phase HPLC-tandem mass spectrometry (LC-MS/MS)



using modifications of previously described methods (37). Sam-
ples were dried down in a stream of argon, and the residue was
dissolved in 100 pl of chloroform-methanol (2:1) and 60 pl in-
jected onto a 3.9 x 300 mm Waters pPorasil column (10 pm par-
ticle size). The components were separated by gradient elution:
100% solvent A for 1 min, 100% A to 100% solvent B over 59 min,
hold at 100%3B for 10 min, and then regenerating the column at
100% A for 20 min. Solvent A was composed of hexane-isopropanol-
water-ammonium hydroxide (150:200:5:2, v/v), and solvent B
contained hexane-isopropanol-water-ammonium hydroxide
(150:200:35:2, v/v). A splitting tee directed 7% of the column
effluent to the electrospray source of a Finnigan TSQ Quantum
Discovery Max triple-quadrupole mass spectrometer for monitor-
ing the elution of nonpolar lipids, glycerophospholipid (GP)
classes (38), SM, and hexosylceramides (HexCer). The remain-
ing 95% of the column effluent was collected for quantitative
analysis of the individual lipid fractions. The amount of phospho-
rus in the GP and SM classes was quantified using the method of
Rouser (39). HexCer and triglyceride fractions were collected
and analyzed as described below. The following GP classes were
detected as [M+H]" ions by scanning in positive-ion mode: PE
by the common neutral loss of 141 Da at 25 eV MSCE; PS by the
common neutral loss of 185 Da at 22 eV MSCE; and choline-
containing lipids, PC, lyso-glycerophosphocholine (LPC), and
sphingomyelin (SM), as precursors of m/z 184.1 at 35 eV MSCE.
Scanning in negative-ion mode for [M-H] ions gave glycero-
phosphoinositol (PI) as precursors of m/z241 at 48 eV MSCE and
PA/PG as precursors of m/z 153 at 40 eV MSCE. Data were col-
lected throughout the LC run using the Scan Events function of
the Xcalibur™ 2.0 instrument control software (Thermo-
Fisher). The spray potential was 3400 V in positive-ion mode and
—2800 V in negative-ion mode. The nitrogen sheath gas pressure
was 10 psi. Argon at 0.8 mTorr was used as the collision gas. The
ion transfer capillary temperature was 270°C. Molecular spe-
cies profiles for each GP class were obtained by averaging all the
spectra acquired in the scan filter of interest during the elution
time of the peak of interest. Molecular species were reported as
mole-percent (mol%) of total lipid within each class after isotope
correction and mass-dependent throughput correction.

Sphingomyelin FA distribution

Acyl composition was investigated by treating the SM fractions
eluted from the LC column with methanolic-BF; (Sigma-Aldrich)
and then analyzing the methyl esters by GC/MS (40) using a
Finnigan Trace 2000 mass spectrometer. Heptadecanoic (Nu-Chek
Prep) acid was added as the internal standard.

Hexosylceramide analysis

The hexosylceramide-containing HPLC fraction was evapo-
rated under a stream of nitrogen, redissolved in 100 pl of 100:2
chloroform-acetic acid, and then analyzed by LC-MS/MS using a
modification of the method of Farwanah et al. (41). A 1 x 150 mm
Phenomenex Luna Silica® column containing 3 pm-diameter
particles was eluted at a flow rate of 65 pl/min using the follow-
ing gradient: 100% Solvent A (chloroform-acetic acid, 100:2) for
1 min switching to 100% Solvent B (chloroform-isopropanol-
acetic acid, 80:20:2) over 0.1 min held for 5 min, followed by a
step to 100% Solvent C (isopropanol-methanol-water-acetic acid,
50:50:25:2.5) over 0.1 min, held for 12 min, step to 100% Solvent
B over 0.1 min, held for 20 min, followed by column regeneration
for 20 min with 95% Solvent A plus 5% hexane. The spray poten-
tial was 3700 V, and data were collected in the positive ion mode.
Sheath gas pressure was 25, and the ion transfer capillary tem-
perature was 270°C. Hexosyl-ceramides were detected by scanning
for precursors of m/z 264.2 using argon as the collision gas at
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0.8 mTorr and MSCE = 27 eV. ds-Glucosylceramide (Matreya,
LLC) was added as the internal standard.

Triglyceride analysis

Approximately 100 pmol of trilinolein (Hormel Institute) was
added to each triglyceride fraction before it was evaporated with
a nitrogen stream. The residue was dissolved in 400 pl of 1:1
chloroform-methanol containing 1 ng/pl of sodium formate.
Each sample was infused at 5 pl/min with positive ion mass spec-
tra acquired from m/z 700 to 1,200 by LC-MS/MS. Triglycerides
were quantified by comparison of the sodiated triglyceride peak
intensities to that of the sodiated internal standard. The spray
potential was 3700 V with a capillary offset voltage of —35V. The
sweep gas was on, but no sheath gas was used. The transfer capil-
lary temperature was set to 270°C. A scan time of 0.5 s was used
with spectral accumulation of 1 min.

Electron microscopy

For negative staining of HDL particles, a formvar-coated, 300-
mesh, copper grid was floated on top of a 40 pl drop of sample
for 30 s. The grid was then removed, and excess fluid was gently
wicked away using the edge of a piece of filter paper, carefully
avoiding completely drying out the sample. The grid, with ad-
sorbed particles, was then floated (sample side down) on a 40 pl
drop of 2% aqueous phosphotungstic acid (pH 5.1) for 30 s. The
grid was removed, and excess fluid was wicked away until the
sample was thoroughly dried. Negative stained preparations were
viewed at 80 KeV using an FEI CM-12 transmission electron mi-
croscope. To quantify particle diameters, more than 200 particles
were arbitrarily chosen by placing a grid of lines over a series of
micrographs. Particles transected by a line were measured. The
diameter was taken as the length along the longest axis of the
identified particle. An average of 10 particles were measured
from each field, and three separate samples were investigated for
each condition.

Detergent-free membrane isolation

Subcellular fractions were purified from HEK cells and BMDMs
using the method of Smart et al. (42). Briefly, a plasma mem-
brane fraction was prepared from 16 T-75 flasks of confluent
ABCAl-expressing HEK cells and 40 to 150 mm dishes of conflu-
ent BMDMs. To remove HEK cells, the flasks were trypsinized,
and the cells pooled into two 50 ml Falcon tubes. From this point,
all steps were carried out at 4°C. The cells were washed once with
30 ml PBS, followed by two washes with 30 ml Buffer A (0.25 M
sucrose, 1 mM EDTA, and 20 mM Tricine [pH 7.8]). The cells
were then resuspended in 1 ml Buffer A containing cOmplete
Ultra, Mini, EDTA-free protease inhibitor cocktail according to
the manufacturers recommendations (Roche Applied Science)
and transferred to 2 ml Eppendorf microcentrifuge tubes. In the
case of the BMDMs, the cell monolayer was washed once with 5 ml
PBS and then twice with 5 ml Buffer A. The cells were collected
by scraping using 1 ml Buffer A containing protease inhibitor
cocktail, centrifuged at 1,000 rpm for 10 min, and then resus-
pended in 1 ml Buffer A before being transferred to 2 ml Eppen-
dorf microcentrifuge tubes. Both cell types underwent the same
steps after this point. Cells were homogenized by passing through
a 21G needle at least 20 times and then centrifuged at 5,000 rpm
for 10 min. Postnuclear supernate was removed and placed on
ice. Cell pellets were resuspended in 1 ml Buffer A with protease
inhibitors, homogenized as before, and centrifuged again. Post-
nuclear supernate (2 ml) fractions were combined and layered
on top of 30% Percoll (Sigma-Aldrich) in Buffer A and centri-
fuged for 30 min at 84,000 gin a Beckman Ti60 rotor. The plasma
membrane fraction, a visibly cloudy band ~5.7 cm from the bottom
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of the centrifuge tube, was collected using a Pasteur pipette. Its
volume adjusted to 2 ml with Buffer D (0.25 M sucrose, 1 mM
EDTA, 20 mM Tricine [pH 7.6]). It was sonicated twice for 6 s at
50] and then placed on ice for 2 min. This step was repeated two
more times for a total of six sonication steps. The sonicate was
mixed with 1.84 ml Buffer C (50% OptiPrep (Sigma-Aldrich) in
0.25 M sucrose, 1 mM EDTA, 20 mM Tricine [pH 7.8]) and 0.16
ml Buffer D, bringing its final OptiPrep concentration to 23%
before centrifugation. The sonicated plasma membrane was
transferred to a 15 ml centrifuge tube, 9 ml of a 20% to 10% lin-
ear OptiPrep gradient was overlayered on the sample, and the
sample was centrifuged for 90 min at 52,000 g in a Beckman
SW40 rotor. In preliminary studies, 1 ml samples were collected,
and aliquots were analyzed for transferrin receptor (non-raft)
and flotillin-1 (raft) by Western blotting showing that the raft
fraction was the top 5 ml of the gradient. The top 5 ml of the
gradient was transferred to a new 15 ml centrifuge tube and
mixed with 4 ml Buffer C. The remaining 8 ml was saved in 1 ml
fractions as “non-raft” material. The top 5 ml was overlaid with
1 ml 15% OptiPrep, followed by 0.5 ml 5% OptiPrep (both pre-
pared by mixing Buffer C with Buffer D) then centrifuged for
90 min at 52,000 g in a Beckman SW40 rotor. A visibly cloudy
band was present at the interface between the 15% and 5% Opti-
Prep overlays. This band was collected as the lipid raft fraction.

Cholesterol oxidase assay

A total of 200 mU of recombinant cholesterol oxidase from
Streptomyces sp. (Sigma-Aldrich) was used for each analysis. Analy-
ses were conducted in tubes containing 6 pg of FC from mouse
HDL, nHDL Peak 1 (12-14 nm diameter), nHDL Peak 2 (9-11 nm
diameter), or Peak 3 (7-8 nm diameter) in 1 ml of PBS. For the
zero time point, 250 pl were withdrawn. Samples were incubated
at 37°C, and cholesterol oxidase was added to give 200 mU/ml.
Aliquots (250 pl) were withdrawn at intervals, quenched with 250 pl
of chloroform-methanol 2:1 (v:v), and extracted as described
above. Samples were stored at —20°C. FC was quantified by GC/
MS/MS as described above.

Statistical analyses

Results were compared statistically using the Student’s #test
in Prism™ 4 (GraphPad Software). Two-tailed P values < 0.05
were considered statistically significant.

RESULTS

Nascent HDL particle isolation and characterization

A purification strategy was investigated for nHDL parti-
cles formed from the incubation of lipid-free 125I-apoA—I
and ABCAl-expressing HEK cells in serum-free media for
18—-24 h. After incubation with cqlls, the medium was frac-
tionated using FPLC and the "I-apoA-I nHDL distribu-
tion profile shown in Fig. 1A (filled circles) as percent of
total radioactivity. Also shown is the elution profile of *H-
cholesterol contained in nHDL (Fig. 1A, open circles)
from ABCAl-expressing cells preloaded with *H-cholesterol
and incubated with unlabeled apoA-I. The majority of the
labeled cholesterol was in the first three peaks with very
little, if any, in Peak 4, closely following the radiolabeled
apoA-I profile. In addition, control cells (HEK 293 Flp-In™)
were treated with radiolabeled apoA-I as described for
ABCAl-expressing cells. In control cells, the bulk of the
radiolabeled apoA-I eluted (Fig. 1A, filled squares) in Peak
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4, which corresponds to lipid-free apoA-I. As expected,
there was no radiolabeled cholesterol associated with any
FPLC peak from control cells (Fig. 1A, open squares). In
control cell incubations, a small peak of radiolabeled
apoA-I eluted in Peak 3 (Fig. 1A, filled squares). This small
peak was subjected to cross-linking followed by SDS-PAGE
and was found to represent a small amount of dimeric
apoA-I, containing no detectable lipids, and was present in
the starting radiolabeled apoA-I preparation (data not
shown) (23). Further characterization by 4-30% NDGGE
using standards of known Stokes diameter (Fig. 1A, inset)
showed particles with diameters corresponding to specific
ranges: Peak 1, 12-14 nm, which is a shoulder of Peak 2,
9-11 nm; Peak 3, 7-8 nm; and Peak 4, <6 nm as detected
by 125I-apoA—I (Fig. 1A, inset).

To address concerns related to potential artifacts associ-
ated with nHDL production using our ABCA1 expressing
cell system beyond that demonstrated using control cells
(HEK 293 Flp-In™), we measured nHDL size and com-
position when radiolabeled apoA-I mutant proteins with
known defects in conformational adaptation to lipid bind-
ing were used (supplementary Fig. I). Supplementary
Figure I shows that when dimeric radiolabeled apoA-I
R173C (28) (supplementary Fig. IB, B") or radiolabeled
monomeric apoA-I L159R (43) (supplementary Fig. IC,
C’) were incubated with ABCAl-expressing cells, lesser
amounts of radiolabeled nHDL particles were produced
(supplementary Fig. IB, C) compared with radiolabeled
wild-type apoA-I (supplementary Fig. IA). Note the ~3-
fold axis scale difference in supplementary Fig. IA versus
IB and IC. Molecular diameters, as shown in insets to sup-
plementary Fig. IA-C, were determined by NDGGE of
FPLC fractions after comparison to standards of known
Stokes diameter. Furthermore, when unlabeled mutant
apoA-I proteins were incubated with cells preloaded with
*H-cholesterol, supplementary Fig. IA’~C’ show that, for
the same incubation time, ABCAI transferred significantly
less cholesterol to apoA-I R173C or apoA-I L159R than it
did to wild-type apoA-I, as would be expected based on
studies of these mutant proteins in human plasma (43,
44). In support of these results, previous studies showed
that the amount of nHDL expressed as total nmol of glyc-
erolphosphatidylcholine, total cholesterol, and apoA-I
were significantly reduced when mutant apoA-I was used
for nHDL assembly compared with nHDL formed using
wild-type apoA-I (43). These results confirm the trends ob-
served with radioactive tracer studies and clearly show that
nHDL particle biogenesis by ABCAl-overexpressing HEK
cells reflects properties associated with apoA-I conforma-
tion and lipid cargo assembly. Using information derived
from radioactive tracer studies, we scaled-up this system to
obtain mg amounts of nHDL particles without the use of
radiolabeled apoA-I. Finally, to address concerns that HEK
cell-derived nHDL particles do not constitute a valid model of
physiologically derived nHDL particles, we prepared nHDL
from mouse BMDMs and purified these nHDL using the
same procedures used with our HEK cell system. As previ-
ously demonstrated, nHDL particles from BMDMs show
an nHDL particle diameter distribution that was very similar
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was dialyzed and concentrated, and nHDL particles were purified based on size using FPLC as described in
Materials and Methods. The radioactive content of each fraction was determined and plotted as the percent-
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fractions 110-125, Peak 2 = fractions 126-139, Peak 3 = fractions 140-157, and Peak 4 = fractions 158-175.
B: Analysis of nHDL from ABCAl-expressing cells. In these experiments, ABCAl-expressing cells were incu-
bated with 10 pg/ml of unlabeled apoA-I for 24 h as outlined above and in Materials and Methods. Fractions
were pooled as described in A, and aliquots containing 10 pg of apoA-I mass were analyzed by 4-30% NDGE
using Coomassie Blue G for visualization: Lane 1, pooled Peak 1 nHDL; Lane 2, pooled Peak 2 nHDL; Lane
3, pooled Peak 3 nHDL; Lane 4, pooled Peak 4 nHDL. Lane MW shows the Stoke’s diameter for high mo-
lecular weight standards. C: To determine the number of apoA-I molecules per particle, aliquots of pooled
nHDL fractions were subjected to cross-linking using a 100:1 molar ratio of DSP to apoA-I. Cross-linked
nHDL were separated using nonreducing 4-12% SDS-PAGE. The lanes are as follows: ApoA-I Ladder; Pk1 =
cross-linked Peak 1 nHDL; Pk2 = cross-linked Peak 2 nHDL; Pk3 = cross-linked Peak 3 nHDL; Dimer Mix =
unreduced mixture of Q109C apoA-I homodimer and A176C apoA-I homodimer (24). These figures repre-
sent typical analyses from four independent experiments.
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to that obtained by incubating apoA-I with ABCAI- Fig. 1B shows the particle diameter distribution of nHDL
overexpressing HEK cells and numerous other cell lines (16). fractions from Peaks 1-4 after FPLC. Approximately 10 pg
of apoA-I were run per lane on a 4-30% NDGGE and then

ApoA-I Content of nHDL Particles stained with Coomassie Blue. We next subjected nHDL
To begin our analyses of nascent HDL composition, particles to cross-linking analysis to determine the number of
large-scale experiments were initiated using HEK cells. apoA-I molecules per particle for each of the peak fractions,
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and the results are shown in Fig. 1C. Aliquots were cross-
linked with 100:1 molar ratio of dithiobis (succinimidylpropi-
onate) (DSP) and then separated on a nonreducing
4-12% SDS-PAGE and stained with Simply Blue™. The
first lane in Fig. 1C shows an apoA-I ladder generated by
cross-linking lipid-free apoA-I at high concentration. Lanes
labeled Pkl and Pk2 in Fig. 1C show that trimers of apoA-I
were obtained from cross-linking nHDL with diameters of
12-14 nm and 9-11 nm (Peaks 1 and 2). The lane labeled
Pk3 shows an apoA-I doublet demonstrating that 7.5 nm
nHDL particles (Peak 3) carry two molecules of apoA-I.
The doublet of dimeric apoA-I shows similar electropho-
retic migration as the unreduced mixture of Q109C apoA-I
homodimer and A176C apoA-I homodimer (24). Previous
studies have demonstrated that dimers of apoA-I having
similar sizes display different or aberrant electrophoretic
mobility, which was found to depend on the location of
the cross-link (24). When an aliquot of <6 nm nHDL was
cross-linked, only monomer was detected (data not shown).

Electron microscopy studies of nHDL particles

Nascent HDL shape and size were further evaluated by
negative stain electron microscopy (EM). Fig. 2A-D show
representative images of nHDL from each of the peak
fractions, and Fig. 2A’-D’ show the corresponding histo-
grams of particle sizes for Peaks 1-4. A large fraction of
particles appeared as round en face with a width to length
ratio of >0.87, suggesting a spheroid. To confirm that par-
ticles seen by negative stain EM were indeed spheroidal,
samples were tilted 45 degrees on either side of the zero
tilt, and the change in particle dimensions was recorded.
Analysis was performed on particles that did not show
interference from surrounding particles. If the round
samples represent discoidal particles, the tilt should drama-
tically change the length to width ratio with a distinct
shortening along the dimension parallel to the tilt axis
and no change in the dimension perpendicular to the tilt
axis. On the other hand, if the particles are spheroidal,
there should be little or no change in either dimension
with tilting. We found that tilting made less than 2% change
in the width to length ratio, suggesting that the round par-
ticles viewed by EM were indeed spherical in shape.

We also analyzed the changes in individual particles that
had a length to width ratio greater than 2. If these were
discoidal particles viewed on end, then tilting when the
particles were oriented along the axis of tilt should pro-
duce an increase in width and thus lessen the length to
width ratio. However, we found that tilting the sample
along the long axis did not make much change in the
length to width ratio, but if we tilted perpendicular to the
long axis of the particle there was a shortening of the par-
ticle length. This suggests that the elongated particles were
not true discs but were egg shaped to elongated egg shaped
(i.e., no flat side). In contrast to the single elongate parti-
cles, tilting rouleaux produced changes in the width-length
ratio that would be expected of stacks of discoidal parti-
cles. Thus, overall, most of the particles were spheroidal
rather than oval. Using the above criteria, we find that
~12-14 nm nHDL contained mostly spheroidal particles
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and a few isolated, single discoidal particles but no roule-
aux. The ~9-11 nm nHDL contained many more spheri-
cal particles than discoidal particlesin an 8:1 ratio. Particles
in 7.5 nm nHDL were predominantly spherical with a few
discoidal particles and rouleaux, and <6 nm nHDL parti-
cles appeared to be spheroidal with no appreciable roule-
aux formation.

Major nHDL particle lipids

To investigate the types and amounts of lipids within
nHDL particles, lipids were extracted using the procedure
of Bligh and Dyer (36) and then analyzed by mass spec-
trometry. Table 1 shows the mol% lipid composition while
Table 2 shows the per particle molar lipid composition for
nHDL Peaks 1 through 4. Experiments using Flp-In (non-
ABCAl-expressing cells) were carried out in parallel, and
only traces of lipid were detected in the volume where
Peaks 1-4 would have eluted. However, the small amount
detected was subtracted from data obtained from ABCAIl-
expressing cells (Tables 1 and 2). No microparticles of ma-
terial eluting in the void volume during FPLC separation
were found in any preparations of nHDL. Supplementary
Table I shows the data as molar lipid composition per
apoA-I. The data demonstrate that the total amount of
lipid and the molar ratio of lipid to apoA-I decreased as
the diameter of the nHDL particle decreased. For exam-
ple, the total number of lipids per particle went from ~240
lipid molecules for the largest nHDL (Peak 1 and Peak 2
nHDL were similar in composition) to 26 lipid molecules
in 7.5 nm nHDL but only four lipid molecules in <6 nm
nHDL. These data show that by far the most abundant lip-
ids in the all the nHDL particles are PC, FC, and SM.

Fig. 3A shows the mol% for the three principal classes of
nHDL lipids, total cholesterol (TC), GP, and sphingolipid
(SL) compared with total HEK cell membrane lipids. The
mol% of total SLs was relatively constant for all nHDL. TC
decreased steadily from 14 nm to <6 nm nHDL and was
inversely related to the mol% of GP. The mol% of SLs in
HEK cell membranes was about half that measured in
nHDL Peaks 1-4, whereas the mol% of cholesterol was
similar to that in <6 nm nHDL.

Fig. 3B shows that within the TC fraction approximately
90% was FC; however, there was a significant amount of cho-
lesteryl ester (CE) in the 12-14 nm and 9-11 nm nHDL but
only a trace in the 7.5 nm nHDL. To confirm that the part-
cles contained CE, LC-MS/MS analysis of sodiated samples
showed that the CE contained predominantly fatty acids
(FAs) corresponding to 16:1, 16:0, 18:2, and 18:1, which com-
prised 16, 21, 23, and 26%, respectively, of the total (data not
shown). The CE-FA acyl compositions were similar to those
reported by Schifferer et al. (45) for fibroblast and mac-
rophage nHDL. Because HEK cells do not express lecithin
cholesterol acyl transferase (LCAT) but do express acyl-CoA
cholesterol acyltransferase (ACAT) mRNA (S. Bhat, unpub-
lished data), it seems likely that ACAT may be the source of
the CE. The CE acyl composition in this study (16:0 = 18:2 =
18:1) was similar to that reported for ACAT-1 acyl chain pref-
erences (16:0 = 18:2 = 18:1) (46) but different from that re-
ported for LCAT (18:2 > 16:1 > 18:1 > 16:0) (47).



0.15-
=
o
s
3 0.10-
o
2
w
o
2
T 0.05
[]
x
0.00-
SNOMSNonoNOnonaInONINS NAWanoman
Diameter (nm) ..,
B’ B Disks
015, Spheres oz
g"DJS
o
2
£ = 0.10
g 0.101 s
z =
= & 005 |-|
]
2 i nn”
goosd R O ameiaismsiorentacasiiionin
] SorrnnaTTncos
o Diameter (nm)
0.00-
(=1 o) wn
N'niuicvi-r'éuiuiﬁdrlrinéuiduida'q—"—'ainiadn'v'v'uiléd‘u_i
Diameter (nm) G o, Disks
H]
C’ .. Spheres _
2 0.15
E
- g
& 0.104
g 2
0.104 s
o 2 0.051
2
w
o
FS N ({1 | - T 50 T R T B ] S0565h
= B S
% 0.054 Diameter (nm)
14

NNOOSTFTONOONSOOOINOOTNANMMTIUWNWOO

Diameter (nm)

0.20-
>
' 0.154
c
[}
=]
=3
o
L 0.10
@
=
=
Ll
& 0.051
0.00-
........... 0SSNSO OLSINSINSWY
NN TN OO~ bl TINOO

Diameter (nm)

Fig. 2. Electron microscopy evaluation of nascent HDL. Aliquots of Peaks 1-4 prepared and purified as described in Materials and Meth-
ods were adjusted to 0.1 pg/ml of protein and evaluated by electron microscopy. A-D: Representative images of nHDL. A’-D”: The corre-
sponding histogram distribution of particle diameters in nm. A and A’, Peak 1 nHDL; B and B’, Peak 2 nHDL; C and C’, Peak 3 nHDL; D
and D’, Peak 4 nHDL. Results shown are representative of data obtained from the analysis of particles from three independent
experiments.
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t ApoA-I was measured by ELISA, and the number of apoA-I molecules per particle was determined by cross-linking with DSP followed by separation using nonreducing 2-12% SDS-PAGE. Results

Nascent HDL were analyzed for different lipid classes as described in Materials and Methods. Statistical differences in each column are indicated by different letters at P < 0.05.
shown are the mean + SD of three independent experiments.

* Particle size was calculated by comparison to standards of known diameter and by electron microscopy as described.
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To assess the availability of FC in nHDL particles as com-
pared with spherical plasma HDL, we treated nHDL with
cholesterol oxidase and compared the results to purified
mouse plasma HDL. The results are plotted as percent FC
versus time in supplementary Fig. II. Overall, nHDL FC
was oxidized slightly slower than plasma HDL at 2 min but
then appeared to oxidize slightly faster by 10 min.

Fig. 3C and D show the distribution of GP and SM for
each of the peaks as total moles/particle and mol%, re-
spectively. PC was the predominant GP in all nHDL, with
no significant difference between Peaks 1, 2, and 3. The
<6 nm nHDL showed a significant decrease in the mole
fraction of PC and a significant increase in the percent-
ages of LPC, glycerophosphoserine (PS), glycerophos-
phoethanolamine (PE), and PI. The composition of 7.5
nm nHDL was intermediate between that of 9-14 nm
nHDL (Peaks 1 and 2) and the <6 nm nHDL. SM was the
next most abundant phospholipid in nHDL, with diame-
ters from 12 nm to 7.5 nm. All other GP classes were rela-
tively minor components. HEK cell lipid distribution was
different from that of nHDL (Fig. 3C, D). The predomi-
nant GP in total HEK cell lipids were PC and PE, followed
by PI and PS, with very little LPC.

Lipid enrichment of nHDL particles

To investigate the source of nHDL lipids, we compared
the plasma membrane (PM) and lipid raft composition
from two different cell sources to that of nHDL particles
obtained from its source. To do this, we used previously
described nondetergent methods to isolate plasma mem-
brane lipid rafts from ABCAI overexpressing cells and
mouse BMDMs, and nHDL particles were obtained as pre-
viously described. Fig. 4A shows the TC to PC content for
PM and lipid rafts for both cells types when compared with
that for purified ~9-11 nm diameter nHDL particles
(Peak 2). As expected, HEK and BMDM cell lipid rafts
showed an approximately 2- to 3-fold higher TC/PC ratio
compared with the PM (48, 49). The ~9-11 nm diameter
nHDL particles (Peak 2) from ABCAl-expressing HEK
cells had a higher TC-PC ratio than the PM or lipid raft
fractions. The same diameter particles from BMDM had a
TC-PC ratio higher than the PM but slightly lower than the
lipid raft fraction. The same trends were observed when
SM was measured and compared with the PC content and
are shown as the SM-PC ratio in Fig. 4B. To confirm frac-
tionation, Fig. 4C shows the purity of the lipid raft and
nonraft fractions as determined by Western blot analysis
using antibodies to flotillin-1 and the transferrin receptor,
respectively, as previously described (50).

Sphingomyelin and hexosylceramides

LC-MS/MS analysis for SM showed that there was not a
uniform distribution of FA across the different nHDL di-
ameters. Fig. 5A shows that higher-molecular-weight FA
predominated in the smallest-diameter particles, whereas
lower-molecular-weight species predominated in the larger-
diameter nHDL. The sphingosine portion of all SM
molecular species showed a singly charged ion at m/z=264.27,
suggesting that the sphingosine base for these species was



TABLE 2. Per Particle Molecular Lipid Composition of Nascent HDL Particles

Peak ID, FPLC Fraction # Approx.Diameter* ApoA-I’ (GP+SL) TC Total Lipid PC Other GP SM FC CE GC TG

nm per particle molecules/particle
Peak 1 (#97-116) ~12 3 109 103 212 74 9 22 97 6 4 1
Peak 2 (#117-131) ~10 3 150 115 266 105 12 27 108 7 6 1
Peak 3 (#132-146) ~7.5 2 18 9 26 12 3 3 8 1 1 0
Peak 4 (#147-170) ~6 1 3 1 4 1 2 0 1 0 0 0

Nascent HDL were analyzed for different lipid classes as described in Materials and Methods.

* Particle size was calculated by comparison to standards of known diameter and by electron microscopy as described.

" ApoA-I was measured by ELISA, and the number of apoA-I molecules per particle was determined by cross-linking with DSP followed by
separation using nonreducing 2-12% SDS-PAGE. Results shown are the mean = SD of three independent experiments.

d18:1%* sphingosine (51). A higher degree of unsatura-  was the only detectable product, suggesting that nHDL

tion was associated with an SM species that carried longer- ~ HexCer were exclusively GCer. FA analysis of GCer showed
chain FA (Fig. 5B), usually C22 and C24 FA having one or that the 24 carbon FA 24:1 and 24:0 were the principal FAs
two double bonds. in 7.5 nm to 12 nm nHDL, comprising about 39% of the

To determine whether glucosylceramide (GCer) or ga-  total. The remaining FA were 16:0 at 32% and 22:0 at 23%,
lactosylceramide was the principal component, nHDL ~ and 14:0, 18:0, and 20:0 were 6% of the total. The FA
samples were doped with 16:0 GCer or 16:0 galactosylcer-  distribution was confirmed by GC/MS. For 12 nm to 7.5
amide (52). LC-MS/MS analysis showed that 16:0 GCer nm nHDL, the total amount of GCer was about 5 + 1% of
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Fig. 3. Distribution of major lipid components in nHDL. A: Total lipid (mol%) for each of the three major classes of lipids. Composi-
tional analysis for FPLC Peaks 1-4 showed that the major lipids comprising nHDL particles were cholesterol (hatched columns), GP (open
columns), and SM (filled columns). B: The nmole content of free (open columns) and CE (filled columns) for Peaks 1-4. C: the GP class
distribution for FPLC Peaks 1-4 are expressed as nmol total lipid per particle. D: GP class distribution for FPLC Peaks 1-4 expressed as
mol%. GP accounts for 40-70% of the total nHDL lipids. Analyses were carried out as described in Materials and Methods. For each class,
the GP was separated by HPLC, and individual fractions collected were analyzed for lipid phosphorus. Values represent total cell lipid ex-
tract. Total cholesterol and FC were measured using GC/MS methodology; GP, SM, and GC were analyzed using LC/MS/MS. Values are
from three or more independent experiments. Statistical differences are indicated by different letters at P < 0.05.
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for each cell type. FC and total cholesterol was measured using GC/MS methodology; PC, and SM were ana-

lyzed using LC/MS,/MS.

the total GP and 17 + 4% of the total ceramide. GCer from
ABCAIl-expressing HEK cells had FA distributions of 16:0,
18:0, 22:0, 24:1, and 24:0 with 28, 10, 23, 19, and 20%, re-
spectively. The principal FA in nHDL GCer were similar to
that reported for HEK cells by Lahiri et al. (53) and human
plasma (54). However, the C18 ceramide content of nHDL
was lower than in HEK cells.
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We further characterized the differences in acyl satura-
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dependent instrument response. Results shown are the mean + SD of four independent experiments. Within a specific class, statistically

significant differences are indicated by different letters at P < 0.05.
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enriched in saturated FA compared with HEK cells. The
principal saturated FAs were 14:0 and 16:0, whereas the
principle unsaturated FA was 18:1. The other GP class-
es—PE, PI, and PS—contained a much higher fraction of
unsaturated FA compared with PC. Thus, these results
show that nHDL particles have PC with ~2-fold enrich-
ment in saturated FA compared with total HEK cell lipids.
All nHDL were analyzed for triglyceride (TG) content us-
ing mass spectrometric methods. Only small amounts of
TG were detected (Tables 1 and 2).

Conformation of apoA-I on nHDL particles

nHDL particles were cross-linked at low cross-linker to
protein ratios to minimize alterations in protein confor-
mation due to over cross-linking. This material was sepa-
rated using SDS-PAGE and subjected to in-gel digestion as
previously described (24). Using four lysine-specific chem-
ical cross-linkers, several intermolecular, interpeptide, and
intrapeptide cross-links were identified in nHDL with di-
ameters of 9-11 nm and 7.5 nm nHDL. The overall struc-
tures deduced from these studies are shown in Figs. 6
and 7 for the 7.5 nm and 11 nm nHDL, respectively.
Cross-linked peptides that were used in these analyses are
listed in supplementary Tables III and IV, along with the
Ca-link-Ca distance for the proposed conformations. In-

trapeptide connotes peptides that have cross-links in the
same peptide (e.g., adjacent lysines were linked). Inter-
peptide means that the two cross-linked peptides were
close together within a single apoA-I strand but that there
was an intervening tryptic cut site. Intrapeptide and inter-
peptide cross-linked peptides were distinguished from in-
termolecular cross-linked peptides because they were
found in the monomer fraction. An intermolecular cross-
linked peptide is one that was only found in tryptic digests
of dimeric or trimeric protein bands from SDS-PAGE and
was not present in the digests of monomeric protein. Be-
cause separation of cross-linked apoA-I products is excel-
lent using SDS-PAGE (Fig. 1C), there is little in the way of
cross contamination. The ~7.5 nm nHDL showed two
cross-linked products, one running with the monomeric
apoA-I standard and the second running at the same level
as an apoA-I dimers. Given the low abundance of Peak 1
nHDL (12-14 nm nHDL), we only solved the structure for
the 9-11 nm nHDL, which showed three cross-link prod-
ucts, one running as apoA-I monomer, a second as an
apoA-I dimer (24), and a third that ran with trimeric
apoA-I (Fig. 1C). Each band was excised from the gel
and then subjected to in-gel tryptic digestion using previ-
ously reported procedures (24, 28). A total of 14 cross-
linked peptides were identified for each particle based on

Fig. 6. Conformation of two ApoA-I molecules on 7.5 nm nascent HDL particles. Molecular models of 7-8 nm
nHDL particles (Peak 3) containing 26 molecules of total lipid (Table 2). The lipids include representative
PC, SM, GCer, CE, and FC in the same ratio reported in Table 1. A: Two apoA-I molecules arranged in an
antiparallel orientation. The regions of the two strands are indicated by the residue number. Note that the
configuration of the protein is helical. B: The two strands shown in A, including 26 lipids. C: The particle in
B with the apoA-I displayed as a space-filling surface. Glycerophospholipid is indicated by chains having a
green backbone and white hydrogen atoms, ceramides are in blue, cholesteryl ester is in green, and free

cholesterol is in solid red.
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Fig. 7. Conformation of three ApoA-I molecules on ~9-11 nm nascent HDL particles. Molecular models
of 9-11 nm diameter nHDL particles (Peak 2) containing 266 molecules of total lipid. The lipids include
representative PC, SM, GCer, CE, and FC in the same ratio reported in Table 2. A: Three apoA-I strands in
an antiparallel orientation. The two outer strands are in the same orientation but are antiparallel to the
center strand. Regions of the three strands are indicated by residue numbers. Note that apoA-I assumes a
belt configuration. B: The three strands shown in A wrapped around 239 lipids. C: B with the apoA-I dis-
played as a space-filling surface. Glycerophospholipid is indicated by chains having a green backbone and
white hydrogen atoms, ceramides are in blue, CE in green, and FC in solid red.

predicted m/z with an error of +0.03 Da and MS/MS
sequencing.

Constraints on assessing apoA-I conformation were the
cross-links and the size of the particle. Overall particle di-
mensions were obtained from EM and by comparison to
molecular weight standards on NDGE. Particle volumes
were calculated from the particle composition using vol-
umes for each component reported in the literature. Par-
ticle diameters calculated from the volume suggested that
the particles could be disk like or spherical. EM assessment
showed that the particles were predominantly spheroidal.
Fig. 6 shows the structure proposed for the 7.5 nm particle
that carries two apoA-I molecules and about 26 lipids
(Table 2). Size, volume, and compositional constraints
suggest that these particles have a smaller radius than the
80 A diameter rHDL particles (24). The intermolecular
cross-links suggest that the two apoA-Is were twisted around
one another in a helical fashion, with an antiparallel ori-
entation of the two apoA-I monomers (55).

The lipid-rich, 9 to 11 nm diameter nHDL particle was
also investigated using chemical cross-linking and mass
spectrometry and is shown in Fig. 7. The figure shows the
accommodation of 239 molecules of lipid, the average
composition of Peak 1 and Peak 2, packaged with three
apoA-I monomers. Particle diameter and particle volume
suggest that apoA-I was a belt of antiparallel apoA-I mole-
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cules with overlap of the central regions (helix 5 amino
acids 121-142), an orientation similar to that reported for
9.6 nm diameter rHDL (24). We have used an arrange-
ment with the inner apoA-I molecule antiparallel to the
two outer molecules. Structural features of several reports
on apoA-I structure were incorporated into our analysis

(34, 56-58).

DISCUSSION

nHDL lipids

We have characterized apoA-I containing nHDL parti-
cles purified from ABCAl-expressing HEK cells. The size
distribution as well as the pre3 mobility of these nHDL
particles are similar to particles reported from numerous
other cell lines and sources (12, 16, 23, 59, 60). There
were modest differences among the reports regarding the
amounts of each particle, and we find small differences in
particle distribution and lipid composition between the
different cell types used in this study. Small changes in par-
ticle distribution may reflect differences in apoA-I avail-
ability, ABCAI1 activity, and lipid availability. Overall, our
data support the concept that to maintain cellular membrane
cholesterol levels, ABCAI1 transports and displaces lipids
to apoA-], yielding thermodynamically stable lipid-raft-like



protein complexes, which are rapidly remodeled once re-
leased into plasma. Our results show that the most abun-
dant lipids in the nHDL were PC, FC, and SM, with smaller
contributions from CE and GCer. The other classes of GP
make up a small percentage of the total. This finding is
different from other studies that reported a greater con-
tribution of PE and PI to the nHDL particle (61), similar
to what we found for the total cell extract (Fig. 4C, D).
The reason for these differences is not clear, but the
source of the nHDL particles does not appear to play a
role because both mouse BMDM and HEK cells showed
similar overall lipid compositions, with only acyl chain
composition of the phospholipids being variable (B.
Fulp, unpublished observations). There is some contro-
versy in the literature regarding the overall composition
of nHDL. We find that the percentage distributions for
GP, FC, and SL were similar to several reports that used
different cell expression systems (45, 59, 62—-65) but very
different from other reports (23, 61, 66). Work by Duong
et al. (61, 66) was characterized by the formation of mi-
croparticles that were not detected in these studies, sug-
gesting that Duong et al. were studying a mechanistically
different process. The amount of PC per particle re-
ported here was similar to that of Mulya et al. (23), but
the FC concentration reported in this study was substan-
tially greater.

nHDL cholesterol

Asignificant finding in this report was that ~43% of the
lipid packaged in large nHDL particles was FC. These re-
sults suggest that formation and release of nHDL is a
highly efficient packaging mechanism primarily function-
ing as a means to finely tune cellular membrane choles-
terol content, using apoA-I as an abundant and flexible
means of organizing and solubilizing large amounts of
cholesterol. However, the conformation of apoA-I is criti-
cal for cholesterol transfer and packaging because we have
demonstrated that mutant forms of apoA-I associated with
decreased HDL plasma concentrations (44) yield lower
amounts of nHDL cholesterol (43) compared with those
packaged with wild-type apoA-I (supplementary Fig. I).
The unusually high level of cholesterol enrichment con-
tained in nHDL has previously been reported only for
small plasma HDLs isolated from LCAT-deficient patients
(67, 68). Because HEK cells do not express LCAT, remod-
eling of cholesterol to CE in nHDL particles would not be
anticipated. CE in nHDL was consistent with the known
expression of ACAT in these cells and the distribution of
incorporated FAs.

A subfraction of human plasma HDL, 9.8 nm diameter
HDL,,, thatis reported to carry three or four molecules of
apoA-I, had a total molar lipid content (69, 70) that was
similar to that of the larger-diameter nHDL we report in
this study. What is striking was the similarity in total choles-
terol carried by plasma-derived HDL,y, and the 9-11 nm
nHDL reported here (49% and 43%, respectively). How-
ever, HDL,, is a mature particle carrying most of its cho-
lesterol as CE and not FC (38% and 11% vs. 2.5% and
41%, respectively) (69).

Composition and structure of nascent high density lipoprotein

Besides an abundance of FC in the 9-11 nm nHDL,
they also carried about seven molecules of CE, unlike
HEK cell PM and the lipid raft fraction, which contained
no measurable CE (B. Fulp, unpublished observations).
Small amounts of CE have previously been reported in
fibroblast- and macrophage-derived nHDL (45). Because
cholesteryl esters are much more hydrophobic than cho-
lesterol, it is very likely sequestered in the core of nHDL
particle and may constitute the beginnings of a hydro-
phobic core that yields spheroidal particles (71). Previ-
ous biophysical studies have demonstrated that CE was
soluble in phospholipid up to about 3 mol%, whereas
above that concentration there was phase separation
(72). rHDL particles containing more than six CE have
been routinely classified as spheroidal (73, 74), and small
amounts of cholesteryl ester have been included in dy-
namic computer simulations to generate spheroidal par-
ticles (75). Our EM data (Fig. 3) was consistent with a
spheroidal shape for 9-11 nm diameter ABCAl-derived
nHDL particles.

Conformation of apoA-I on nHDL

To assess the conformation of apoA-I on nHDL, we used
features that were common to other HDL particles that we
previously reported. The intermolecular cross-link Lys;s-
Lys,4 was common to ~7.5 nm nHDL, ~9-11 nm nHDL,
and to 8.0 nm and 9.6 nm rHDL (24, 76, 77). Previous
studies of rHDL suggested that helical regions 4 and 5 of
each protein strand overlap with one another and that the
nHDL cross-link Lys;;g-Lys 4y was consistent with nHDL
having the same protein-to-protein interaction found in
rHDL, otherwise referred to as the “belt-buckle” (24, 76,
77). Other cross-links common to ~9-11 nm nHDL and
9.6 nm rHDL include Lys,y-Lysosg and Lys;gs3-Lysy, sug-
gesting similar conformational constraints for apoA-I on
the two particles and an antiparallel arrangement for the
two apoA-I molecules. However, 7.5 nm nHDL appears to
be unique, having only the central region cross-link in
common, suggesting a conformation that was substantially
different from that of ~9-11 nm nHDL, 8.0 nm rHDL, or
9.6 nm rHDL.

Our analysis of the cross-linking data suggests two very
different conformations for apoA-I associated with parti-
cles of 7.5 nm diameter compared with that for particles
of ~9-11 nm diameter (Figs. 6 and 7, respectively).
nHDL of 7.5 nm diameter were only slightly smaller than
the 8.0 nm diameter rHDL particles made with POPC but
had half of the total lipid molecules (26 vs. 54) (24). The
8.0 nm diameter rHDL were discs with the two apoA-I
molecules encircling the periphery as an antiparallel
belt. The N-terminal end was folded back onto the pro-
tein belt to a greater extent than reported for the 9.6 nm
diameter discs (24). A recent report on the crystal structure
of a truncated apoA-I, A(185-243), suggests that that the
N-terminal region folds back onto the body, to about heli-
cal region 4, of the belt (34). Because the quantity of lipid
in the 7.5 nm diameter nHDL was only half that of 8.0
nm diameter rHDL, the circumference of the belt was,
by necessity, smaller to accommodate contact between
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Particle Diameter ~11 nm ~7.5 nm <6 nm

Lipid-poor Apo A-|
<6nm

~ 10-12nm

iApo A1 )é Phosphatidyl Choline d Sphingomyelin/Glucosylceramide ‘ Cholesterol

Fig. 8. Formation of nHDL Particles by ABCAL. Lipidation of nascent HDL particles by ABCAIL. A: The large jump in total lipid content
per apoA-I between the lipid rich 9-11 nm diameter nHDL and the lipid-poor 7.5 nm diameter nHDL. These data suggest that accessory
or chaperone protein(s) may aid in coordination and opening of lipid-poor apoA-I for assembly of the 3-apoA-I lipid-rich particles. B:
Mechanism for the ABCAl-mediated lipidation of apoA-I. apoA-I binds at the membrane surface, possibly to accessory protein(s), and then
moves to ABCAL. These accessory protein(s) are probably involved in how the apoA-I /ABCAI complex adds a second apoA-I or how lipid-
poor apoA-I is released. ABCALI is not located in lipid rafts (regions of high cholesterol and sphingomyelin content), but these regions
participate as the source of lipids transferred to nHDL. When a second molecule of apoA-I binds, then the two apoA-I/ABCA1 complex
can package small amounts of cholesterol and then be released as the 7.5 nm nHDL particle. However, to package maximal amounts of
cholesterol, a third molecule of apoA-I must be present to adapt to the proper conformation and generate the ~9-11 nm diameter nHDL,
thus allowing ABCAL to coordinate the removal of excess membrane cholesterol and maintain lipid raft integrity.
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apoA-I and lipid. However, to accommodate the smaller
lipid volume, more of the protein folded over itself in a
helix, yielding a particle that was more spherical than
8 nm diameter rHDL. Assuming tight bending of the
apoA-I strands to accommodate lipid the intermolecular
cross-links then tightly lock the protein conformation.

Previous studies of 9.6 nm diameter rHDL carrying 150
molecules of POPC suggested that two antiparallel apoA-I
strands formed a belt around the periphery of a disc of PC,
with N- and C-terminal ends folded back onto the belt of
protein that covered the periphery of the lipid disc (24,
78). Because ~9-11 nm diameter nHDL carried ~266 lip-
ids, 150 of which were GP and SM, we presumed that the
apoA-I conformation and particle structure of nHDL
would be significantly different compared with synthetic
rHDL particles. Consistent with anticipated results, the
particles were spherical, in contrast to the 9.6 nm diameter
rHDL, but cross-link analysis suggested that the three
apoA-I particles carrying apoA-I have a belt-like conforma-
tion similar to that of 9.6 nm rHDL.

Two recent studies have suggested conformational mod-
els for three apoA-I molecules on mature HDL, one de-
scribed as a trefoil (69, 79) and the second a helical dimer
with hairpin, HdHp (80). Silva et al. (79) showed that
there was a similarity between the cross-linking pattern of
2 9.6 nm diameter rHDL disc and a 9.3 nm diameter rHDL
sphere; however, the first carried two molecules of apoA-I,
whereas the second carried three apoA-Is. In a three-strand
belt, interstrand ion pairs that stabilized the two-belt model
could only be partially shared between the other two
strands. This would suggest that the central belt has a con-
formation that is different from the other two strands. This
can be more easily seen by assuming that each “belt” has
two surfaces, L1 and L2. The only arrangements for anti-
parallel belts are then L1L1 or L2L.2.

All but one of the crosslinks listed in supplementary
Table IV fit both the belt and the trefoil model (79); how-
ever, the intermolecular Lysg,-Lysgs cross-link reported
here can only be accommodated by a belt, which led us to
propose a belt instead of a trefoil. A belt conformation for
these nHDL particles does not preclude rearrangement of
apoA-I into a trefoil conformation because the size and
composition changes during maturation into CE-filled
HDL, as occurs in plasma in the presence of LCAT. When
the cross-links reported herein were superimposed on the
helical dimer called the double superhelix (80), five of the
nine cross-links could not be reasonably matched. It is pos-
sible that the hairpin conformation “floating” on the par-
ticle surface may allow for the unmatched cross-links, but
that seems unlikely. The shape, but not the proportions,
of the double superhelix seems to resemble the conforma-
tion of the smaller, 7.5 nm diameter nHDL particle
(Fig. 6) rather than that of apoA-I on larger nHDL (Fig. 7).

Raft-like lipid composition and lipid packaging

Larger nHDL particles had a strikingly high TC-PC ra-
tio, reminiscent of ratios normally found in lipid rafts
rather than the PM (81). FC and SM are suggested to as-
sociate in rafts (82, 83), and studies have shown that high
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mole fractions of FC can be incorporated into bilayer and
monolayer phospholipids (84, 85). Biophysical studies of
miscible mixtures of PC and SM with FC suggested that
there is no preferential affinity of cholesterol for PC or SM
but that a phase separation must occur before preferential
association of FC with SM (86). The FC content of lipid
rafts range from about 24% to 47% of the total lipid or
roughly twice the amount of FC that was in the PM (48, 49,
87). The 9-14 nm diameter nHDLs had a TC/PC ratio,
1.4, that was similar to the average TC/PC ratio, 1.3, of
rafts from both HEK cells and BMDM. These TC/PC
ratios were roughly twice that of the PM, 0.6. The TC-PC
ratio for the smallest particle (0.65) was close to that of the
PM.

Not only were FC levels greater in rafts compared with
the PM, but raft membranes also have higher levels of SM
(48, 87, 88) and contain a higher percentage of saturated
FA (89). The 9-14 nm nHDL had an average SM-PC ratio
of 0.32, similar to the average ratio of 0.35 for the lipid raft
fraction but larger than the average ratio of 0.1 for the PM
and carried more saturated FA. The similarity of the SM-PC
and TC-PC ratios between nHDL and PM raft fractions
and increased levels of saturated FA in larger nHDL sug-
gest that the lipid pool used to populate large nHDL had
a raft-like composition.

Lipidation by ABCALI takes place at the surface of the cell
(13). Lipid compositions measured from the smallest parti-
cle were consistent with the composition of the nonraft re-
gions of the PM. Proportionally much more FC than SM
were transferred to the larger particles, suggesting a lipid
source from a raftlike region. Small, but significant, amounts
of CE were also present in larger nHDL particles. In these
cells, ACAT-1, localized in the rough ER (90), was the most
likely source of CE, suggesting that recycling endosomes,
the primary source of PM lipids, were involved in the trans-
fer of CE from the ER to the PM. Because nHDL do not
carry significant amounts of TG, lipid droplets were not
considered to be a likely source of CE (91, 92).

Because previous studies of nHDL particles from ABCA1-
overexpressing cells contained FC that was easily con-
verted to CE by LCAT (93), the current studies examined
the accessibility of FC at the nHDL surface by treating the
particles with cholesterol oxidase. These studies showed
that the FC was oxidized in a kinetically distinct manner
but was similar to plasma HDL FC (supplementary Fig. II).
Previous studies with cholesterol oxidase had shown that
most of the FC in HDL and LDL (>85-95%) was suscepti-
ble to oxidation (94). The oxidation profile for these par-
ticles showed a biphasic oxidation profile, suggesting that
there might be two separate regions in slow equilibrium
contributing to FC oxidation.

Mechanism of lipidation

nHDL were generated as three relatively homogenous
populations containing one, two, or three molecules of
apoA-l. Lipid per apoA-l increased exponentially (Fig. 8A).
For simplicity, the 10 nm and 12 nm diameter particles
are averaged to ~9-14 nm because their composition
and number of apoA-Is per particle were similar. The total
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lipids per apoA-I monomer were ~9-14 nm nHDL carry-
ing three apoA-I molecules with about 80 lipid molecules
per apoA-I, 7.5 nm nHDL carrying two molecules of
apoA-I with 12 molecules of lipid per apoA-I, and <6 nm
nHDL carrying a single apoA-I and four lipid molecules.
Because isolated nHDL maintained their size on storage,
particle fusion was not a major factor in particle assem-
bly. Previous studies have shown that there was no pre-
cursor-product relationship between the smallest and
largest particle (23); therefore, each particle appears to
have been derived from a separate step in the lipidation
process.

The change in protein conformation going from lip-
id-free apoA-I to lipidated apoA-I suggests that the
opening of lipid-free apoA-I to accept lipid takes place
in a concerted fashion that can be simplified to discrete
steps, each of which entails sequential opening of heli-
cal pairs of the 4-helix bundle (Fig. 8B). Therefore, it is
interesting to speculate on a mechanism that might ex-
plain the continuity of nHDL particle size and composi-
tion regardless of the cell type from which they are
derived. There may be three points in the lipidation
process at which further lipidation is hindered and
nHDL was released from ABCAL. Given that the parti-
cles contain one, two, or three molecules of apoA-I,
these steps appear to involve the sequential addition of
apoA-I molecules during the lipidation process. If the
next apoA-I is unavailable, if it was not properly opened,
or if there is insufficient lipid, the nHDL particle is re-
leased from the ABCAl/apoA-I complex. This process
also suggests the possible assistance of accessory
protein(s) or chaperones that may aid in the assembly
of three apoA-I molecules at the membrane surface as
well as in opening of lipid-poor apoA-Is for assembly of
the larger, more apoA-I lipid-rich particles. In plasma,
the 3-apoA-I nHDL would be rapidly converted to a ma-
ture HDL in which cholesteryl ester would replace most
of the free cholesterol, forming a core and transform-
ing the particle to a true sphere.

Low-temperature Triton X100 extracts do not contain
active ABCA1. However, ABCA1 and mutants with a single
amino acid mutation that prevented ATPase activity were
found to colocalize in the plasma membrane (95), but
further study indicated that the mutant slightly favored
the raft region (21). Landry et al. (20) suggested that
ABCALI disrupts raft membrane microdomains present
on the cell surface. Therefore, we assume that our stud-
ies, along with the work of others, suggest that I) ABCAl
initially binds to raft regions of the plasma membrane
but then remodels these regions by transferring lipids to
apoA-I or 2) that ABCAI in the plasma membrane associ-
ates with the lipid disordered phase adjacent islands of
raft lipids and uses raft lipids to populate nHDL.

The previous hypothesis had suggested that nHDL was
discoidal and probably contained two molecules of apoA-I
per particle. Considerable effort was expended to develop
methods to prepare discoidal particles of defined compo-
sition and size. The maximum cholesterol content re-
ported in these synthetic particles never exceeded about
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14% of total lipid (96). However, the smaller nHDL parti-
cle, having a diameter of 7.5 nm with two apoA-Is per par-
ticle, was spherical like the larger particles. A unique
feature was that FC constituted 30% of the total lipid. Be-
cause none of the nHDL was discoidal, these results sug-
gest that rHDL prepared by cholate dialysis methods do
not duplicate the nHDL endpoint of lipids packaged
through the action of ABCA1 on lipid-free apoA-I (97).

In conclusion, large, cholesterol-rich nHDL particles
are spheroidal and contain three apoA-I molecules. Their
lipid composition has been shown to be similar to that of
the membrane lipid rafts, suggesting that the lipids trans-
ferred to apoA-I may be derived from raft-like regions of
the PM. Because lipid rafts are regions of the plasma mem-
brane that have key roles in receptor signaling and cell
activation, these studies support the idea that ABCA1 func-
tions to coordinate or maintain surface concentrations of
cholesterol in membrane lipid rafts by apoA-I and there-
fore in forming nHDL particles. Overall, the process of
nascent HDL formation represents a mechanism designed
to preserve cellular membrane lipid-raft function by initi-
ating the first step of a process known as reverse choles-
terol transport. Kl

The authors thank Dr. Michael Hayden for the use of the
ABCAI expressing HEK293 cell line.
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