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Abstract The first step in reverse cholesterol transport is a
process by which lipid-free or lipid-poor apoA-1 removes
cholesterol from cells through the action of ATP binding
cassette transporter Al at the plasma membrane. However
the structure and composition of lipid-free or -poor apoA-1
in plasma remains obscure. We previously obtained a mono-
clonal antibody (MADb) that specifically recognizes apoA-1 in
pref1-HDL, the smallest apoA-l-containing particle in
plasma, which we used to establish a pref31-HDL ELISA.
Here, we purified pre31-HDL from fresh normal plasma
using said antibody, and analyzed the composition and
structure. ApoA-1 was detected, but neither phospholipid
nor cholesterol were detected in the purified pre31-HDL.
Only globular, not discoidal, particles were observed by
electron microscopy. In nondenaturing PAGE, no difference
in the mobility was observed between the purified pref31-
HDL and original plasma pref31-HDL, or between the
preB1-HDL and lipid-free apoA-1 prepared by delipidating
HDL. In sandwich ELISA using two anti-pre31-HDL MAbs,
reactivity with intact plasma prep1-HDL was observed in
ELISA using two MAbs with distinct epitopes but no reactiv-
ity was observed in ELISA using a single MAb, and the same
phenomenon was observed with monomolecular lipid-free
apoA-1.HE These results suggest that plasma pref31-HDL is
lipid-free monomolecular apoA-1.—Miyazaki, O., J. Ogihara,
I. Fukamachi, and T. Kasumi. Evidence for the presence
of lipid-free monomolecular apolipoprotein A-1 in plasma.
J- Lipid Res. 2014. 55: 214-225.
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HDL plays a central role in reverse cholesterol transport
of excessively accumulated cholesterol from peripheral tis-
sues to the liver (1-3). The first and most important step in
reverse cholesterol transport is a reaction in which lipid-free
apoA-1, composed of only a single apoA-1, or lipid-poor
apoA-1, composed of a single apoA-1 and a small amount of
phospholipid, accepts unesterified cholesterol from cells
through ATP binding cassette transporter Al (ABCA1) on
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the plasma membrane to form a discoidal nascent HDL
composed of two molecules of apoA-1, phospholipid, and
unesterified cholesterol (4, 5). However, the presence or
absence of lipid-free- or -poor apoA-1 in plasma and its com-
position and structure remain obscure (5).

PreB1-HDL is an apoA-1-containing particle known as
the initial plasma acceptor of cellular cholesterol (1, 6-8).
Although prep1-HDL accounts for only 1-5% of total
apoA-1 in plasma, it is considered to play an important
role in cholesterol efflux because efflux capacity is remark-
ably reduced by adding anti-pre31-HDL-specific antibody
to plasma or depleting pref1-HDL from plasma in choles-
terol efflux experiments where plasma is added to culture
cells (9, 10). Plasma pre1-HDL can be separated by non-
denaturing two-dimensional gel electrophoresis (2D electro-
phoresis). Plasma pref1-HDL migrates to the pref3 position
in agarose gel electrophoresis for the first dimension, and
to the position of the smallest particle among plasma
apoA-l-containing particles in nondenaturing PAGE for
the second dimension (6, 11). Pre@1-HDL is known to be
present in the plasma of Tangier disease patients as the
only apoA-l-containing particle (12, 13). Tangier disease
is a disorder in which cholesterol efflux to apoA-1 is ren-
dered defective by mutations in the ABCA1 gene (14-16).
In fibroblasts obtained from Tangier patients, cholesterol
and phospholipid efflux to lipid-free apoA-1 is completely
defective, and HDL is not formed (17). Hence plasma
preB1-HDL may be lipid-free or -poor apoA-1, the sub-
strate (precursor) for ABCAl-mediated cholesterol efflux.
However some reports claim that prefl1-HDL contains
cholesterol (8, 18, 19), is composed of two molecules of
apoA-1 (5), and is a discoidal particle (2, 3).

The reason the composition and structure of pref1-
HDL are still obscure may be that adequate pre@1-HDL
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for analysis cannot be easily purified from plasma. The
concentration of plasma pref1-HDL is much lower than
that of other HDL subfractions, and pref1-HDL is very
unstable in plasma (20). We previously obtained a mono-
clonal antibody (MAb) 55201 (MADbb55201) that specifi-
cally recognizes apoA-1 in pref1-HDL and developed an
ELISA for easily measuring plasma prep1-HDL concentra-
tions using the MAb (21). Recently a variety of research
results on pre1-HDL using the ELISA were reported, in
particular the relationships between plasma pre@1-HDL
concentrations and coronary artery disease and medica-
tions have been noted (22-26).

The aim of the present study is to clarify the composi-
tion and structure of plasma pre1-HDL. The MAb55201
we obtained reacts with apoA-1 in plasma preB1-HDL and
delipidated apoA-1 (lipid-free apoA-1), and does not react
with apoA-1 in other HDL sub-fractions (21). We first puri-
fied pre1-HDL from fresh plasma of healthy subjects with
affinity chromatography using MAb55201, and with gel fil-
tration chromatography to analyze the protein and lipid
composition and to examine its shape under electron mi-
croscopy. We then analyzed intact plasma pre@1-HDL and
lipid-free apoA-1 by nondenaturing PAGE, nondenaturing
2D electrophoresis, and size-exclusion chromatography,
and examined whether the concentration of lipid-free
apoA-1 added to pre@l-HDL-depleted plasma decreases
in an LCAT-dependent conversion into a-HDL, which is
a phenomenon unique to plasma pre1-HDL, for com-
parison of intact plasma pref31-HDL and lipid-free apoA-1.
In addition, we obtained another anti-pre@1-HDL MAb
(MADbb5205), which recognizes a different epitope on
apoA-1 from that of MAb55201, and investigated whether
the apoA-1 in preB1-HDL is a monomer or dimer by an
immunochemical procedure using the anti-pre@1-HDL
antibodies.

MATERIALS AND METHODS

Materials

Blood was obtained on the day experiments were performed
from healthy volunteers (employees of Sekisui Medical Co., Ltd.)
having a normal plasma lipid profile (total cholesterol, <220 mg/
dl; triglyceride, <150 mg/dl; and HDL-cholesterol, >40 mg/dl).
Written informed consent was obtained from all volunteers. The
subjects fasted overnight, and venous blood was drawn into
vacuum blood collection tubes containing EDTA-2Na (Terumo
Corporation, Tokyo, Japan). The blood samples were immedi-
ately chilled in ice water for 30 min and centrifuged at 2°C, 3,000
rpm for 30 min to separate the plasma. Lipid-free apoA-1 was pre-
pared by delipidating the HDL fraction (1.063 g/ml<d <1.21 g/ml)
and subsequent purification as described previously (21). Lipid-
free apoA-1 is known to self-associate to form dimers and larger
multimers, depending on various conditions that include apoA-1
concentration and ionic strength in the solution (27). The puri-
fied lipid-free apoA-1 was dialyzed against PBS [0.15 mol/I NaCl,
20 mmol/] phosphate buffer (pH 7.2)] to a concentration of
0.1 mg/ml or lower, and stored at —80°C to avoid self-association
before use. Twenty-five peptides of apoA-1 were purchased from
Protein Purity Ltd. (Gunma, Japan). The molecular mass of each

peptide was confirmed to be the same as the theoretical molecu-
lar mass by MALDI-MS, and the purity was confirmed to be more
than 95% by HPLC. Cyanogen bromide (CNBr) fragments of
apoA-1 were prepared using the procedure reported by Morrison
et al. (28) as follows. Lipid-free apoA-1 (0.1 mg) dialyzed with
purified water was lyophilized and dissolved in 0.2 ml of 70%
trifluoroacetic acid (TFA). CNBr dissolved in 0.2 ml of 70% TFA
to a concentration of 1 mg/ml was added to the apoA-1 solution;
the bottle was suffused with nitrogen gas and sealed, followed by
incubation at room temperature for 24 h in the dark. After incu-
bation, 3 ml of purified water was added and lyophilized. Each
fragment was identified by molecular mass using SDS-PAGE and
N-terminal amino acid analysis. MAb55201 was obtained by our
group as described previously (21). The mouse anti-influenza
A MAb obtained by our group was used as the control IgG.
MADb55201 or the control IgG-bound sepharose column was pre-
pared by using CNBr-activated Sepharose 4B (GE Healthcare) in
accordance with the procedure recommended by the manufac-
turer. Polyacrylamide slab gels used for nondenaturing PAGE or
SDS-PAGE, and the protein transfer kits used for Western blot-
ting were purchased from Cosmo Bio Co., Ltd. (Tokyo). DTNB
used for the LCAT-dependent conversion experiment was pur-
chased from Sigma-Aldrich, and dissolved with the phosphate
buffer [0.1 mol/l KH,PO,Na,HPO, (pH 7.4)] just prior to use,
followed by addition to plasma or preB1-HDIL-depleted plasma
to a final concentration of 2 mmol/l. Goat anti-apoA-1 poly-
clonal antibody (PAb) and goat anti-apoA-2 PAb were prepared
as described previously (21). Biotin-labeled antibodies were pre-
pared with EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scien-
tific, Inc.).

Purification of plasma pref31-HDL

Plasma (40 ml) was passed through the control IgG-bound
Sepharose column (5 ml) to remove fractions nonspecifically
binding to mouse IgG or the Sepharose beads. The eluent (40 ml)
was then passed through the MAb55201-bound Sepharose col-
umn (2 ml) to bind pref1-HDL. The unbound fraction was used
as the pre 1-HDL-depleted plasma for the experiments described
later. After washing the MAb55201-bound Sepharose column
with 30 ml of PBS, the adsorbed fraction was eluted with 10 ml of
0.1 mol/I glycine-HCI buffer (pH 2.0) containing 0.15 mol/l
NaCl, and collected in 1 ml fractions. The absorbance at 280 nm
of each fraction was measured, and the fractions (Fr. 4-6) having
absorbance of more than 0.4 were immediately pooled and
applied to a Superdex200 16/60 column (GE Healthcare) for
further separation by gel filtration chromatography. The chro-
matography was run with 0.15 mol/1 NaCl solution at a flow rate
of 1.0 ml/min and the eluent was collected in 1.0 ml fractions by
a fraction collector. The preB1-HDL concentration of each frac-
tion was determined by ELISA using MAb55201 (pre@1-HDL-
ELISA) (21). Those fractions containing a high concentration of
preB1-HDL were then collected. The purification process was
performed four times, once each for the plasma samples ob-
tained from the four healthy subjects, and all operations were
performed at 4°C. The purity of pref1-HDL in the purified sam-
ple was confirmed by nondenaturing 2D electrophoresis, and the
concentration of prefl1-HDL was determined by preB1-HDL-
ELISA. In order to examine the possibility that MAb55201 bound
to Sepharose beads may strip apoA-1 from HDL, we carried out
affinity chromatography under the same conditions at 1,/10 scale
of the above using HDL (1.063 g/ml < d < 1.21 g/ml) prepared
by ultracentrifugation instead of plasma. Two milliliters of HDL
(140 pg/ml of cholesterol) was applied to a MAb55201-bound
Sepharose column (0.2 ml). After washing the column with 3 ml
of PBS, the adsorbed fraction was eluted with 1 ml of glycine-HCI
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buffer (pH 2.0). The eluted fraction was neutralized by adding
0.05 ml of 2 mol/1 Tris-HCI buffer (pH 8.0), followed by analysis
by nondenaturing PAGE.

Nondenaturing 2D electrophoresis

Purified prep1-HDL (4 ul) or plasma (2 pl) was added to a
0.75% agarose gel in 50 mmol/1 Barbital buffer (pH 8.6) prepared
on gel-bond film with a thickness of 1 mm, and run at 540 V for
60 min at 4°C. Strips of agarose gel were cut out, set on 10-20%
polyacrylamide gradient slab gels, and run at 75 V for 24 h at 4°C
in 90 mmol/1 Tris, 80 mmol/Il boric acid, and 3 mmol/1 EDTA
(pH 8.3). The separated HDL subfractions in the polyacrylamide
gel were transferred onto poly vinylidene difluoride (PVDF) mem-
branes using a semidry electroblotter, and then analyzed by West-
ern blot using goat anti-apoA-1 PAb, HRP-conjugated rabbit
anti-goat IgG antibody (DAKO), and diaminobenzidine.

Electron microscopy

Purified pre1-HDL solution was dropped on a 400 mesh grid
coated with carbon film for dispersion. The adsorbed specimen
was soaked with 2% uranyl acetate at 4°C for 10 s for negative
staining and examined in a transmission electron microscope,
JEM-1200EX (JEOL Ltd., Tokyo, Japan).

Protein analysis

The protein content was determined with a Micro BCA kit
(Thermo). The protein composition was investigated by SDS-
PAGE and mass spectrometric analysis as follows. The purified
fraction (0.22 ug) diluted in a sample buffer containing SDS
and 2-mercaptoethanol was boiled and electrophoresed on a
15% polyacrylamide gel. Mass spectrometric analysis and the pre-
treatment were performed as described previously (29). Briefly,
protein in the gel was detected by MS-compatible silver staining.
The stained band was cut out and put into a 1.5 ml tube. Cysteine
disulfide bonds were reduced with DTT and alkylated with iodo-
acetamide. In-gel digestion with trypsin was performed at 37°C
overnight, followed by extracting the peptides with 50% ace-
tonitrile containing 5% TFA. The extracts were dried and redis-
solved in 0.1% formic acid, followed by LC/MS/MS analysis.
LC/MS/MS analysis was carried out in a LCQ Deca XP ion trap
mass spectrometer (ThermoFinnigan, USA) equipped with a
nano-LC electrospray ionization source (AMR, Japan), interfaced
on-line with a capillary HPLC system (Paradigm MS4; Michrom
BioResources, USA). MS/MS data were analyzed using SEQUEST,
a computer program that allows the correlation of experimental
data with theoretical spectra generated from known protein se-
quences, to be compared against the latest version of the public
nonredundant protein database of the National Center for Bio-
technology Information.

Lipid analysis
The amounts of choline-containing phospholipids, choles-

terol, and triglyceride were determined by enzymatic methods
using commercial reagents (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) as follows. Each standard, diluted with saline
(0.15 mol/1 NaCl) and purified pref1-HDL (0.2 ml), were added
to the appropriate enzyme solution (0.2 ml) in glass tubes and
incubated at 37°C for 5 min. Absorbance at 600 nm was mea-
sured by a spectrophotometer, UV-2400PC (Shimadzu Corpora-
tion, Kyoto, Japan). In order to validate each lipid assay, limit of
detection (LOD) and limit of quantification (LOQ) were calcu-
lated using the following equations, in accordance with the ap-
propriate ICH guideline (30).

LOD=330/S

LOQ=100/S
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where o and S represent standard deviations of blank absor-
bance (n =10) and slopes of calibration curves, respectively.

Nondenaturing PAGE

Plasma and prep1-HDL-depleted plasma were diluted 10-fold
with sample buffer containing 31% sucrose, 0.06% EDTA, and
0.01% Bromophenol blue; and purified pref1-HDL and lipid-
free apoA-1 were diluted with the sample buffer to a concentra-
tion of 10 wg/ml. The unbound fraction and the eluted fraction
in affinity chromatography using HDL were each diluted 2-fold
with the sample buffer. Each sample was applied to a 15-25%
polyacrylamide gradient slab gel with 5 pl/well and electrophore-
sed at 75V for 24 h at 4°C. Then Western blot analysis was per-
formed in the same manner as described above for nondenaturing
2D electrophoresis. A high molecular mass calibration kit for na-
tive electrophoresis (GE Healthcare) was used as the molecular
size marker.

Size-exclusion chromatography

Plasma, preB1-HDL-depleted plasma, and lipid-free apoA-1
added to preBl-HDIL-depleted plasma were individually sepa-
rated using size-exclusion chromatography in accordance with
the methods of Nanjee and Brinton (31). Fifty microliters of each
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Fig. 1. Analysis of purified prefl-HDL. A: Nondenaturing 2D
electrophoresis; plasma (left panel), purified pref1-HDL (right
panel). B: Electron microscopy. C: SDS-PAGE.



sample was applied to a Superdex 200 HR 10/30 column con-
nected in series to a Superdex 75 HR 10/30 column and separated
in a 50 mmol/1 Tris-HCI buffer (pH 7.4), containing 150 mmol/
1 NaCl, 1 g/1 sodium EDTA, and 1 g/1 NaNj at a flow rate of
0.25 ml/min. After discarding 12.5 ml of the eluent, 40 fractions
of 0.5 ml each were collected. The concentrations of pref1-HDL
and lipid-free apoA-1 in all fractions were determined by pref1-
HDL-ELISA (21). The apoA-1 concentrations of fractions sepa-
rated from plasma were determined by sandwich ELISA using
goat anti-apoA-1 PAb as described previously (21).

LCAT-dependent conversion experiment

Plasma and lipid-free apoA-1 added to pref1-HDL-depleted
plasma (0.5 ml) were individually incubated at 37°C with or with-
out DTNB. A portion of each sample was taken at intervals and
diluted 11-fold with a stabilization buffer (20) containing 50%
sucrose. The diluted samples were immediately stored at —80°C,
and later the concentrations of preB1-HDL and lipid-free apoA-1
were determined by pref1-HDIL-ELISA (21).

Preparation of new anti-apoA-1 MAbs

A hybridoma cell line producing MAb55205 was developed
in the same manner as described previously for MAb55201 (21).
Briefly, after immunization of a Balb/c mouse with lipid-free
apoA-1, the mouse was euthanized, and the spleen cells were
fused with murine myeloma cells according to the method of
Kohler and Milstein (32). Screening of hybridoma cells was per-
formed using two kinds of ELISA with biotin-labeled goat anti-
apoA-1 or apoA-2 PAb. Hybridomas were selected that produced
antibodies showing reactivity in ELISA using anti-apoA-1 PAb,
but not in ELISA using anti-apoA-2 PAb. A hybridoma cell line
producing anti-apoA-1 MAb 14208 (MAb14208) was prepared
as follows. After immunization and cell fusion were performed as
described above, a hybridoma cell producing an antibody that
reacted strongly with apoA-1 in apoA-lI-immobilized ELISA was
selected. The selected hybridomas were cloned by limited dilu-
tion and then injected into the peritoneal region of mice to har-
vest ascites, followed by purification of IgG from the ascites using
protein A-Sepharose.

Specificity of anti-apoA-1 MAbs

The specificity of the newly developed antibodies (MAb55205
and MADb14208) was assessed based on their reactivity to plasma
proteins, LpA-1 (lipoprotein containing apoA-1 but not apoA-2),
LpA-1:A-2 (lipoprotein containing both apoA-1 and apoA-2), and
plasma gel filtration fractions, as described previously (21). Reac-
tivity to plasma proteins was investigated by Western blotting us-
ing plasma proteins separated by SDS-PAGE. Reactivity to LpA-1
and LpA-1:A-2 was investigated by sandwich ELISA using plasma

TABLE 1.

diluted 2,121-fold as the antigen, and goat anti-apoA-1 or anti-
apoA-2 PAD as the biotin-labeled antibody in each plate. Reactivity
to plasma gel filtration fractions was investigated by sandwich
ELISA using HRP-labeled goat anti-apoA-1 PAb with plasma frac-
tions separated on a fast protein liquid chromatography system
(GE Healthcare) composed of two TSK gel G3000SW columns
(7.5 mm x 60 cm), a TSK gel G3000SW column (7.5 mm x 30 cm)
(Tosoh, Japan), and a Superdex 200HR1030 column (10 mm x 30
cm).

Epitope of anti-apoA-1 MAbs

To determine the epitope of each antibody, first, reactivity to
25 kinds of apo-Al peptide was investigated in the following pep-
tide-competitive ELISA. Lipid-free apoA-1 (50 wl/well), diluted
to 0.5 pg/ml with PBS, was added to an ELISA plate, followed by
incubation at 4°C overnight. After washing and blocking the
plate, various concentrations of each peptide were added (25 ul/
well). Then each MAb (25 pl/well), diluted to 200 ng/ml, was
added, followed by incubation at room temperature for 1 h. After
washing, HRP-labeled goat anti-mouse IgG antibody (50 pl/well)
was added, followed by incubation at room temperature for 1 h.
After washing, the substrate solution (50 pl/well) containing
ophenylenediamine and Hy;O, was added, followed by incubation
at room temperature for 10 min. After stopping the enzymatic
reaction by adding 1.5N HySO, (50 pl/well), the absorbance at
492 nm was measured by a plate reader. Next, reactivity of each
MADb to CNBr fragments of apoA-1 was investigated by Western
blot analysis. After separating apoA-1 CNBr fragments (5 pg) by
SDS-PAGE, the separated fragments in the polyacrylamide gel
were transferred onto a PVDF membrane. The fragments on the
membrane were first reacted with each MAb and then reacted
with HRP-conjugated goat anti-mouse IgG antibody, followed by
detection of bands by diaminobenzidine. We then carried out an
antibody-competitive ELISA to examine whether the epitope of
MADb55205 is different from that of MAb55201. Various concen-
trations of each MAb (25 nl/well) were added (25 pl/well) to a
plate coated with lipid-free apoA-1, as described above in the
peptide-competitive ELISA test. Then biotin-labeled MAb55201
(1 pg/ml) was added (25 pl/well), followed by incubation at
room temperature for 1 h. After washing, HRP-labeled streptavi-
din was added (50 wl/well), followed by incubation at room tem-
perature for 0.5 h. After a further washing, the enzymatic reaction
was carried out as in the peptide-competitive ELISA.

Sandwich ELISA using anti-apoA-1 MAbs

To investigate the number of apoA-1 molecules per particle
of plasma prep1-HDL, sandwich ELISA using MAb55201 and
MAb55205 was performed, with sandwich ELISA using only
MADb14208 serving as control. Each MAb (50 pl/well), diluted to

Composition of purified pref1-HDL

Concentration (g/ml)

Mass Ratio (protein:lipid)

Molar Ratio (apoA-1:lipid)*

Protein 22.5 + 3.5"
Phospholipid <0.0899"
Cholesterol <0.0694"
Triglyceride <0.339"

1:<0.11

100:<0.40
100:<0.31 1:<0.23
100:<1.5 1:<0.48

“Mean = SD (n=4).

"The absorbance of each sample was 0.0031, 0.0033, 0.0043, and 0.0033, respectively (mean of duplicates). All

values were less than LOD (0.0899 wg/ml).

‘The absorbance of each sample was 0.0022, 0.0020, 0.0024, and 0.0023, respectively (mean of duplicates). All

values were less than LOD (0.0694 wg/ml).

The absorbance of each sample was 0.0023, 0.0044, 0.0022, and 0.0036, respectively (mean of duplicates). All

values were less than LOD (0.339 pg/ml).

“Values are calculated on the basis of the following molecular weights: apoA-1, 28,331 Da; phospholipid, 774 Da;

cholesterol, 387 Da; and triglyceride, 886 Da.
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5 pg/ml with PBS, was added to an ELISA plate, followed by
incubation at 4°C overnight. After washing the plate with PBS,
blocking solution was added, followed by incubation at room
temperature for 1 h. This was then removed and various concen-
trations of lipid-free apoA-1 or plasma (50 wl/well) were added
to the plate, followed by incubation at room temperature for 1 h.
After washing, each biotin-labeled MAb (50 wl/well), diluted to
1 pg/ml, was added and incubated for 1 h. After washing, HRP-
labeled streptavidin (50 wl/well) was added and incubated for
30 min. After washing, the HRP reaction was performed as de-
scribed above in the peptide-competitive ELISA test. The block-
ing and dilution steps in the sandwich ELISA were performed
using 1% BSA-PBS containing no detergent in order to preserve
the three-dimensional structure of the lipoprotein, and the wash-
ing steps after the antigen reaction were performed using 0.1%
BSA-PBS.

RESULTS

Purification and analysis of plasma pref31-HDL

We purified preB1-HDL from each plasma sample of
the four healthy volunteers. The concentration and the
amount of pre@1-HDL in the purified fractions were 19.0 +
1.7 pg/ml (mean + SD, n = 4) and 152 + 13.4 pg (mean =+
SD, n = 4), respectively. In nondenaturing 2D electropho-
resis, only pre1-HDL spots were detected in the purified
fraction (Fig. 1A). In electron microscopy, only globular,
not discoidal, particles were observed (Fig. 1B). In SDS-
PAGE, only a band with a molecular mass of 28 kDa was
detected (Fig. 1C). In LC/MS/MS analysis of the band,
apoA-1 was detected, but other proteins, including apoM,
were not detected (supplementary Table I). The protein
concentration in the purified fraction was 22.5 + 3.5 pug/ml
(mean = SD, n = 4), while any lipids, including phospho-
lipids, cholesterol, and triglyceride, were not detected at
all (Table 1). The LOD of the lipid assays for phospholipids,
cholesterol, and triglyceride were 89.9 ng/ml, 69.4 ng/ml,
and 339 ng/ml, respectively (Fig. 2).

Comparison of pref31-HDL and lipid-free apoA-1

In order to compare pref31-HDL with lipid-free apoA-1,
nondenaturing PAGE, nondenaturing 2D-electrophoresis,
size-exclusion chromatography, and an LCAT-dependent
conversion experiment were carried out. In nondenatur-
ing PAGE, the particle sizes (diameter) of purified pref1-
HDL, lipid-free apoA-1, intact plasma preB1-HDL, and
lipid-free apoA-1 added to prefl-HDL-depleted plasma
showed no significant variation, all being 6.0 + 0.1 nm
(mean + SD, n = 3) (Fig. 3A). A 6.0 nm band was not de-
tected in the fractions separated by the affinity chromatog-
raphy using HDL prepared by ultracentrifugation (Fig. 3A,
lanes 8 and 9). In nondenaturing 2D electrophoresis, in-
tact plasma prep1-HDL was detected at the same position
as lipid-free apoA-1 added to pre1-HDL-depleted plasma
(Fig. 3B). In size-exclusion chromatography, intact plasma
preB1-HDL and lipid-free apoA-1 were both eluted in the
same number fraction (Fr. 24) (Fig. 3C). In the LCAT-
dependent conversion experiment, the concentration of
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lipid-free apoA-1, added to prefl-HDL-depleted plasma,
decreased in a time-dependent manner when incubated at
37°C, while this decrease was not observed in the presence of
DTNB. Moreover, the shift in the lipid-free apoA-1 concen-
tration approximately corresponded to thatin the pref1-HDL
concentration when the plasma was incubated (Fig. 3D).

Specificity of anti-apoA-1 MAbs

In Western blotting analysis, MAb55205 and MAb14208
specifically reacted with apoA-1 having a molecular mass
of 28 kDa (data not shown). In sandwich ELISA using bio-
tin-labeled goatanti-apoA-1 oranti-apoA-2 PAb, MAb55205,
like MADb55201, showed reactivity in ELISA using anti-
apoA-1 PAb but not anti-apoA-2 PAb; whereas MAb14208
showed reactivity in ELISA using either anti-apoA-1 PAb
or anti-apoA-2 PAb (Fig. 4A). With regard to the plasma
gel filtration fractions, MAb55205, like MAb55201, showed
reactivity only to those fractions with a molecular mass
of less than 67 kDa containing preB1-HDL; whereas
MAb14208 showed reactivity not only for that fraction but
also for other fractions containing HDL of higher molecu-
lar mass (Fig. 4B). These findings indicate that MAb55205,
like MAb55201, specifically recognizes apoA-1 associated
with pref1-HDL; whereas MAb14208 reacts with apoA-1
associated with all plasma HDL fractions.

Epitope of anti-apoA-1 MAbs
In peptide-competitive ELISA, MAb14208 reacted with
only a peptide of aa97-116 in 25 peptides of apoA-1,
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whereas MAb55201 and MAb55205 did not react with any
peptides (Table 2). In Western blot analysis using apoA-1
CNBr fragments, MAb55201 reacted slightly with F4,
but did not react with F2-4 and F3-4. MAb55205 reacted
weakly with F2-4 and clearly with F1-3 and F3-4, but did not
react with F3 (Fig. 5A). In antibody-competitive ELISA,
MAb55205 did not inhibit the reactivity of biotin-labeled
MADbb55201 for apoA-1, while unlabeled MAb55201 did
(Fig. 5B). These findings indicate that the epitope of
MADb14208 is included in aa97-116 and that MAb55205
and MADb55201 recognize different epitopes on apoA-1,
though each epitope was not identified.

Sandwich ELISA using anti-apoA-1 MAbs

Reactivity was not observed for either lipid-free apoA-1
or plasma prefl-HDL in sandwich ELISA using only
MAb55201 or only MAb55205 as the immobilized and la-
beled antibody, although it was observed for both lipid-
free apoA-1 and plasma pref1-HDL in sandwich ELISA
using a combination of MAb55201 and MAb55205 (Fig. 6A,
B, D, E). On the other hand, in sandwich ELISA using
MAb14208 as both the immobilized and labeled antibody,
reactivity was not observed for lipid-free apoA-1, but was
seen for plasma HDL (Fig. 6C, F). We performed this ex-
periment two more times using plasma obtained from two
other healthy volunteers and obtained the same results
(data not shown). These results suggest that there is only
one epitope recognized by each MAb in a particle of
plasma prep1-HDL, i.e., plasma preB1-HDL is composed
of one molecule of apoA-1, as is lipid-free apoA-1.

DISCUSSION

In the present study, we investigated the composition
and structure of plasma pre1-HDL. With respect to the
composition of pref1-HDL, several different results have
been reported (8, 18, 19, 31). Castro and Fielding (8) ana-
lyzed a small amount of pre@1-HDL extracted from poly-
acrylamide gel after separating plasma by nondenaturing
2D electrophoresis, and reported that pref1-HDL was
composed of apoA-1, phospholipids, and unesterified cho-
lesterol. Their reportis the basis of the view that pref1-HDL
is composed of apoA-1, phospholipids, and unesterified
cholesterol. Nanjee and Brinton (31) separated a very
small apoA-l-containing particle having a size of 5.8-6.3
nm (diameter) from plasma by using two kinds of analyti-
cal columns for size-exclusion chromatography. The par-
ticle is speculated to be the same as pre1-HDL because its
content in plasma is 2-15% of total apoA-1, its particle size
is the smallest among plasma apoA-1-containing particles,
it has pre3 mobility in agarose gel electrophoresis, and its
concentration markedly falls when plasma is incubated at
37°C for 2 h. It has been shown that the particle is com-
posed only of apoA-1 and phospholipids in a molar ratio
of one to two. In the present study, we tried to obtain a large
amount of pure pref1-HDL, sufficient to analyze its com-
position by affinity chromatography using a MAb55201-
bound column and subsequent preparative gel filtration



TABLE 2. Reactivity of each MAb to apoA-1 peptides defined by competitive ELISA

IC50 (pmol/1)

Peptide Sequence 55201 55205 14208
aal-20 D E P P Q S P w D R V K D L A T V Y V. D >100 >100 >100
aal3-32 D L A T V Y v D V L K D S G R D Y V S Q >100  >100 >100
aa25-44 S G R D Y V S Q F E G S A L G K Q L N L >100  >100 >100
aa37-56 A L G K Q L N L K L L D N W D S v T S T >100  >100 >100
2a49-68 N W D S v T S T F S K L R E Q L G P v T >100  >100 >100
2a61-80 R E Q L G P v T Q E F W D N L E K E T E >100  >100 >100
aa73-92 D N L E K E T E G L R Q E M S K D L E E >100  >100 >100
2a85-104 E M S K D L E E vV K A K V Q P Y 1 D D F >100  >100 >100
2a97-116 \% Q P Y I D D F Q K K W Q E E M E L Y R >100  >100 7.9

2al09-128 Q E E M E L Y R Q K V E P L R A E L Q E >100  >100 >100
aal21-140 P L R A E L Q E G A R Q K L H E L Q E K >100 >100 >100
aal29-143 G A R Q K L H E L Q E K I S P >100  >100 >100
aal34-153 L H E L Q E K I S P L G E E M R D R A R >100  >100 >100
aal44-158 L G E E M R D R A R A H V D A >100  >100 >100
aal49-168 R D R A R A H V D A L R T H L A P Y S D >100 >100 >100
aal59-173 L R T H L A P Y S D E L R Q R >100  >100 >100
aal64-183 A P Y S D E L R Q R L A A R L E A L K E >100  >100 >100
aal74-188 L A A R L E A L K E N G G A R >100  >100 >100
2al79-198 E A L K E N G G A R L A E Y H A K A T E >100  >100 >100
2al89-203 L A E Y H A K A T E H L S T L >100  >100 >100
aal94-213 A K A T E H L S T L S E K A K P A L E D >100 >100 >100
2aa204-218 S E K A K P A L E D L R Q G L >100  >100 >100
aa209-228 P A L E D L R Q G L L P vV L E S F K Vv S >100  >100 >100
2a219-235 L p A% L E S F K Vv S F L S A L E E >100  >100 >100
aa224-243 S F K Vv S F L S A L E E Y T K K L N T Q >100 >100 >100

IC50, Concentration of competitive peptide required to cause 50%
of 100 wmol/1.

chromatography using 40 ml of fresh normal plasma. As a
result, we succeeded in purifying 139-169 ng of prepl-
HDL from each plasma sample. We first investigated the
protein composition of the purified prefl-HDL, and
found that only apoA-1 was detected. Wolfrum, Poy, and
Stoffel (33) have reported that apoM is required for pref3-
HDL formation and is a component of pre-HDL. How-
ever, apoM was not detected in the purified pre@1-HDL in
the present study (supplementary Table I). The apoM-
containing pref-HDL previously reported might have in-
cluded the larger pre-HDLs, pre32-HDL, or pre3-HDL,
which could account for the different results in the two
studies. In line with our results, low or undetectable levels
of apoM in prep-HDL have been reported in other studies
(34, 35). We next investigated the lipid composition of the
purified pref1-HDL, and found that no lipid was detected
(Table 1). We determined the LOD of each lipid assay to
examine the possibility that sensitivity may have been in-
sufficient. The results showed that the LOD values are,
relative to the amount of protein, 0.40, 0.31, and 1.5% for
phospholipids, cholesterol, and triglyceride, respectively.
In molar ratios, these are 0.11 mol of phospholipids, 0.23
mol of cholesterol, and 0.48 mol of triglyceride to 1 mol of
apoA-1. In other words, even if lipid is contained in the
purified pref1-HDL, the amount is less than one molecule
to one molecule of apoA-1. The enzymatic method we
used to measure phospholipids cannot detect choline-
free phospholipids such as phosphatidyl ethanolamine,
although it can detect choline-containing phospholipids
including phosphatidyl choline, sphingomyelin, and lyso-
phosphatidyl choline, comprising about 95% of plasma
phospholipids (36). Therefore, although we cannot assert

inhibition; >100, inhibition was not detected even at peptide concentrations

that no phospholipids are present at all in the purified
preB1-HDL, we can affirm that at least phosphatidyl cho-
line and sphingomyelin, previously reported (1) to be con-
stituents of pref1-HDL, are not present. We compared the
purified pref1-HDL with intact plasma pre@1-HDL by
nondenaturing PAGE, to examine the possibility that lip-
ids were dissociated from apoA-1 in preB1-HDL during
the purification. Our results showed no difference in mo-
bility in nondenaturing PAGE between the purified pref1-
HDL and intact plasma preB1-HDL (Fig. 3A). It has been
reported that the particle size in nondenaturing PAGE re-
markably increases when a small amount of lipid binds to
lipid-free apoA-1 (37, 38). Conversely, the possibility that
lipids were dissociated from apoA-1 in pref1-HDL during
the purification process is extremely low because the par-
ticle size of pref1-HDL remained unchanged. We also
performed the affinity chromatography under the same
conditions using HDL prepared by ultracentrifugation,
which does not contain lipid-free apoA-1 and/or pref1-HDL,
and confirmed that neither lipid-free apoA-1 nor pref31-
HDL were stripped from HDL by the action of MAb55201
bound to Sepharose beads during the chromatography
process (Fig. 3A). These findings suggest that plasma
prepB1-HDL does not contain lipids at all or, if it does, the
amount is extremely small.

With respect to the structure, pre1-HDL is postulated
to be discoidal in many articles (2, 3, 39, 40). However
there is no report to directly prove that plasma pre@1-HDL
has a discoidal shape (6). Discoidal HDL, having a pref3
electrophoretic mobility, is known to be synthesized in
vitro as a model particle of plasma pre@-HDL. The particle
forms a structure which is called the double belt model
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that characteristically contains two molecules of apoA-1
per particle (39, 41). In the present study, we did not find
any discoidal particle, but found only globular particles in
the purified prefl-HDL through electron microscopy
(Fig. 1B). In addition, we found that apoA-1 in pre@1-HDL
is one molecule per particle through an immunochemical
procedure using anti-pre31-HDL MAbs (Fig. 6). The view
that pref1-HDL has a discoidal shape may be based on the
fact that prefl-HDL exists in lymph at a relatively high
concentration (42) and some HDL in lymph has a discoi-
dal shape (43). However the density of discoidal HDL in
lymph is reported to be 1.063-1.21 g/ml (43), whereas the
density of plasma preB1-HDL is reported to be higher
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than 1.21 g/ml (11). This fact suggests that the discoidal
HDL in lymph is different from plasma pref1-HDL.
Regarding the number of apoA-1 molecules per particle of
prep1-HDL, there are two hypotheses, one suggesting that
there are two molecules and the other proposing one mol-
ecule (7). The hypothesis of two molecules is speculation
based on the molecular mass determined by nondenatur-
ing PAGE and size-exclusion chromatography (5, 31). In
the present study, the molecular masses of plasma pref31-
HDL determined by nondenaturing PAGE and size-exclu-
sion chromatography are 60 kDa (Fig. 3A) and 50 kDa
(Fig. 3C), respectively. It is well known that molecular mass
determined by nondenaturing PAGE and size-exclusion
chromatography is affected by the electrical charge and
shape of the particle. Formisano, Brewer, and Osborne
(27) reported the molecular mass of the apoA-1 mono-
mer, determined to be 28 kDa by sedimentation equilib-
rium, to be 50 kDa in size-exclusion chromatography.
Because the frictional ratio of apoA-1 has been reported to
be 1.4 (44), it may be difficult to determine the exact mo-
lecular mass of the apoA-1 monomer or dimer by size ex-
clusion chromatography or nondenaturing PAGE. On the
other hand, the hypothesis of one molecule is based on
the results of a cross-linking study (37, 45, 46). Nakamura
et al. (45) reported that only the apoA-1 monomer was
detected when plasma pref31-HDL separated by nondena-
turing PAGE was cross-linked in polyacrylamide gel, fol-
lowed by SDS-PAGE. Our result, based on immunochemical
analysis, is consistent with their report (Fig. 6).

We compared intact plasma pre31-HDL with monomo-
lecular lipid-free apoA-1 obtained by delipidating plasma
HDL and subsequent purification, due to the fact that
plasma prep1-HDL appeared to be monomolecular lipid-
free apoA-1. We demonstrated that no difference is to be
found in their mobility in nondenaturing PAGE and non-
denaturing 2D electrophoresis (Fig. 3A, B) and in their
elution volume in size-exclusion chromatography (Fig. 3C).
We also compared lipid-free apoA-1 with plasma pref1-
HDL in a LCAT-dependent conversion experiment. It is
known that when plasma is incubated at 37°C, the concen-
tration of plasma preB1-HDL decreases and this decrease
is blocked by the presence of DTNB (10, 21, 45, 47).
Although the mechanism has not yet been clarified, the
phenomenon seems to be a LCAT-dependent effect be-
cause it has been reported that the same effect is shown
when anti-LCAT antibody is used instead of DTNB (47),
and that plasma LCAT activity is positively correlated with
the decreased level of plasma prefl-HDL in the experi-
ment (25). In the present study, lipid-free apoA-1 added to
prepB1l-HDL-depleted plasma showed the same variation in
concentration as plasma pre@1-HDL in a LCAT-dependent
manner (Fig. 3-D). These results suggest that plasma
prep1-HDL is monomolecular lipid-free apoA-1.

Plasma prep1-HDL is known to play an important role
in cholesterol efflux, but it is still controversial whether
preB1-HDL is the substrate or the first product of the
ABCAl-mediated cholesterol efflux (1, 2, 5-7). Castro and
Fielding (8) reported that cell-derived cholesterol is first
detected at the position of pre1-HDL in nondenaturing
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2D electrophoresis when fibroblasts loaded with *H-la-
beled cholesterol are incubated with plasma. The result
seems to demonstrate that pref1-HDL is the first product
of cholesterol efflux by apoA-1. In recent years it has been
reported that “pre@1-HDL-like” lipid-poor apoA-1 or na-
scent HDL is formed when lipid-free apoA-1 retrieves
phospholipids and cholesterol from cells mediated by
ABCALI in experiments using various culture cells (38, 46,
48, 49). However, the particle sizes of those pref1-HDL-
like particles determined by nondenaturing PAGE are all
larger than albumin with a diameter of 7.1 nm, and are

clearly different from plasma pre@31-HDL, which is a par-
ticle smaller than albumin. On the other hand, it is known
that the cholesterol efflux from fibroblasts to plasma
markedly declines when prefl-HDL is depleted from
plasma (10), or when antibodies specifically recognizing
preB1-HDL are added to plasma (9). The results seem to
demonstrate preB1-HDL itself retrieves cholesterol, i.e.,
preB1-HDL is the substrate of the cholesterol efflux. It is
also reported that pref1-HDL-specific cholesterol efflux
remarkably declines when fibroblasts are pretreated with
protease, while it is not influenced by protease when blood
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cells not expressing ABCA1 are used instead of fibroblasts
(10). The result implies that pref1-HDL retrieves cellular
cholesterol mediated by some protein on cell membranes,
probably ABCAI. Moreover, it is known that pre@1-HDL
exists in the plasma of patients with Tangier disease in
which ABCAl-mediated cholesterol efflux is defective
(12, 13). This fact strongly suggests that pre1-HDL is the
substrate, not the product, of the ABCAl-mediated choles-
terol efflux. Our present data, suggesting plasma pref31-
HDL is lipid-free apoA-1, seems to make the view clearer.

With reference to the source of the lipid-free apoA-1 in
blood, three mechanisms are considered. One is direct se-
cretion from the liver and intestine. ApoA-1, produced from
liver and intestine cells, accepts phospholipids and cho-
lesterol from cells in these organs through ABCA1 on the
plasma membrane to form nascent HDL, and the nascent
HDL is then released to the circulating blood (2, 7, 38).
However a portion of the apoA-1 may be directly released
into the circulating blood without lipidation mediated by
ABCALl. The other mechanisms are dissociation from ma-
ture spherical HDL and dissociation from triglyceride-rich
lipoproteins. It is known that a prefl-HDL-like apoA-1-
containing small particle dissociates from mature spherical
HDL during HDL remodeling by phospholipid transfer
protein, cholesteryl ester transfer protein, hepatic triglycer-
ide lipase, secretory phospholipase A2, and serum amyloid
A (3,5). Itis also reported that pre1-HDL dissociates from
triglyceride-rich lipoproteins, including VLDL, during hy-
drolysis by lipoprotein lipase (50). It may prove useful in the
future to investigate which of these is the main mechanism
by which lipid-free apoA-1 in the blood is generated and
how the amount of lipid-free apoA-1 generated by each
mechanism changes in a variety of diseases and conditions.

Lipid-free apoA-1 is stated to be the substrate of the
ABCAIl-mediated cholesterol efflux in many review articles
(2-4,7,51). However, clear evidence that lipid-free apoA-1
exists in plasma has not been reported (5). In the present
study, we analyzed pref1-HDL purified from plasma and
intact plasma pre1-HDL, and defined plasma pre31-HDL
as monomolecular lipid-free apoA-1. Our findings indicate
that lipid-free apoA-1 circulates in blood where it serves to
promote reverse cholesterol transport by mediating cho-
lesterol efflux from cells. B
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