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Abstract ABCAI mediates the efflux of cholesterol and
phospholipids into apoA-I to form HDL, which is important
in the prevention of atherosclerosis. To develop a novel
method for the evaluation of HDL formation, we prepared
an apoA-I-POLARIC by labeling the specific residue of an
apoA-I variant with a hydrophobicity-sensitive fluorescence
probe that detects the environmental change around apoA-I
during HDL formation. apoA-I-POLARIC possesses the in-
tact ABCAl-dependent HDL formation activity and shows
4.0-fold higher fluorescence intensity in HDL particles than in
the lipid-free state. Incubation of apoA-I-POLARIC with
ABCAIl-expressing cells, but not ABCAl-non-expressing
cells, caused a 1.7-fold increase in fluorescence intensity.
Gel filtration analysis demonstrated that the increase in flu-
orescence intensity of apoA-I-POLARIC represents the
amount of apoA-I incorporated into the discoidal HDL par-
ticles rather than the amount of secreted cholesterol. THP-1
macrophage-mediated HDL formation and inhibition of
HDL formation by cyclosporine A could also be measured
using apoA-I-POLARIC. Furthermore, HDL formation-
independent lipid release induced by microparticle forma-
tion or cell death was not detected by apoA-I-POLARIC.E
These results demonstrate that HDL formation by ABCA1l-
expressing cells can be specifically detected by sensing hy-
drophobicity change in apoA-1, thus providing a novel method
for assessing HDL formation and screening of the HDL
formation modulator.—Omura, R., K. Nagao, N. Kobayashi,
K. Ueda, and H. Saito. Direct detection of ABCAl-dependent
HDL formation based on lipidation-induced hydrophobicity
change in apoA-I. J. Lipid Res. 2014. 55: 2423-2431.
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HDL formation is a primary way to eliminate the excess
cholesterol from peripheral tissues and plays a critical role
in the prevention of coronary artery disease (1-3). ABCAl
mediates HDL formation by secreting cellular cholesterol
and phospholipids into an extracellular acceptor, apoA-I
(4-7). Defects in ABCA1 cause Tangier disease, which is
characterized by having a minimal to negligible level of cir-
culating HDL, prominent cholesterol-ester accumulation
in tissue macrophages, and premature atherosclerotic vas-
cular disease (8-10). Recently, it has been reported that the
capacity of serum to mediate cholesterol efflux from macro-
phages by ABCAL is strongly and inversely associated with
both carotid intima-media thickness and the likelihood of
angiographic coronary artery disease, independent of HDL
cholesterol levels (11). Therefore, enhancing HDL forma-
tion is one of the promising mechanistic approaches of
drug therapies for treating and preventing atherosclerosis.

Several methods have been employed in measuring the
rate of HDL formation in ABCAl-expressing cells. Because of
its high sensitivity, the most widely used method is measure-
ment of [SH]ChOICStCTOI release into medium from cells
(12-14). However, this method requires the labeling of cel-
lular cholesterol with a radioisotope and is not suitable for
high-throughput screening assays. To avoid the use of radio-
isotopes, Sankaranarayanan et al. (15) substituted a fluo-
rescent sterol, BODIPY-cholesterol, for the radiolabeled
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cholesterol, and developed a sensitive assay for ABCAl-medi-
ated cholesterol efflux. Although the use of the fluorescent-
labeled sterol provides an efficient measurement of efflux
compared with the use of radiolabeled cholesterol, this
method still requires the labeling of cellular sterol and is spe-
cially designed for the analysis of efflux capacity of serum. To
analyze cholesterol efflux without the need for labeling of
cellular sterol, gasliquid chromatography (16) and colori-
metric enzyme assays (17) have also been utilized to deter-
mine the amount of secreted cholesterol. However, these
methods have lower sensitivities and require lipid extraction
from culture medium prior to the measurement of choles-
terol. Therefore, a convenient and highly sensitive assay is
required for the high-throughput screening of ABCAI mod-
ulators and the evaluation of HDL formation.

To develop a novel method for measurement of HDL
formation by ABCAl-expressing cells, we focused on the
environmental change around apoA-I protein in the HDL
formation process. Human apoA-I (243 amino acid resi-
dues) contains 11- and 22-amino acid repeats that form am-
phipathic o-helices (18). Although lipid-free apoA-l is
exposed to the hydrophilic environment, the hydrophobic
surfaces of the amphipathic a-helices of apoA-I interact
with the hydrophobic part of lipids in the HDL particles
(19). Thus, the hydrophobicity of some residues of apoA-I is
increased by the incorporation into HDL particles. There-
fore, we hypothesized that HDL formation could be mea-
sured by sensing the hydrophobicity change in specific
residues of apoA-I. Previously, we introduced a V53C muta-
tion into human apoA-I and labeled the cysteine residue
with N-(1-pyrene) maleimide, a hydrophobicity-sensitive
fluorescence probe, to monitor the lipid binding behavior
of apoA-I (20). A significant increase in the fluorescence
intensity of pyrene-labeled apoA-I was observed upon bind-
ing to lipids, indicating that the pyrene moiety is embedded
in the hydrophobic environment of apoA-I in the lipid-
bound state. However, pyrene was not suitable for the analy-
sis of HDL formation by ABCAl-expressing cells because it
is excited by UV light, which excites numerous other com-
pounds in culture media, and thus we could not detect the
ABCAl-dependent HDL formation using pyrene-labeled
apoA-I (data not shown). In this study, the cysteine residue
introduced at the position 53 of apoA-I was labeled with
a hydrophobicity-sensitive fluorescence probe, POLARIC-
maleimide, which can be excited by visible light. We dem-
onstrate that HDL formation by ABCAl-expressing cells
can be specifically detected by sensing a hydrophobicity
change in POLARIC-labeled apoA-l, thus providing a novel
method for the evaluation of HDL formation and the
screening of the HDL formation modulator.

MATERIALS AND METHODS

Materials

Human wild-type apoA-I and V53C variant were expressed as
thioredoxin fusion proteins in Escherichia coli strain BL21-DE3
host and then cleaved and purified as previously described (21).
The apoA-I preparations were at least 95% pure, as assessed by
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SDS-PAGE. In all experiments, apoA-I was freshly dialyzed from
4 M guanidine hydrochloride (GdnHCI) solution into the ap-
propriate buffer before use. The mouse anti-ABCA1 monoclonal
antibody KM3110 was generated against the C-terminal 20 amino
acids of ABCA1 (22). POLARIC-maleimide in which POLARIC
is directly connected to maleimide was obtained from Goryo
Chemical (Hokkaido, Japan). The remaining chemicals were
purchased from Sigma-Aldrich (St. Louis, MO), Wako Pure
Chemical Industries (Osaka, Japan), and Nacalai Tesque (Kyoto,

Japan).

Labeling of apoA-I with POLARIC-maleimide and
preparation of discoidal HDL

The apoA-I V53C variant was incubated with 10-fold molar
excess of tris(2-carboxyethyl) phosphine hydrochloride for 1.5 h
to reduce the sulfthydryl group. The 10 mg/ml stock solution
of POLARIC-maleimide in DMSO was added to the final molar
ratio of probe to protein of 2:1 and then the reaction mixture was
stirred overnight at 17°C in the dark. Unreacted POLARIC-
maleimide was removed by extensive dialysis at 4°C in PBS. The
degree of labeling was determined using the extinction coefficient
for POLARIC of 34,000 M~ cm ™" at a wavelength of 480 nm and
ranged from 55 to 70%. Discoidal HDL (dHDL) particles consist-
ing of POPC or 1,2-di-palmitoyl phosphatidylcholine (DPPC)
were prepared by the cholate dialysis method (23). dHDL parti-
cles consisting of 1,2-di-myristoyl phosphatidylcholine (DMPC)
and cholesterol were prepared by solubilization of multilamellar
vesicles (MLVs) (1.2 mg/ml) containing 5 mol% cholesterol with
apoA-I-POLARIC (0.6 mg/ml) at 24.5°C.

Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra were recorded from
185 to 260 nm at 25°C using a Jasco J-600 spectropolarimeter.
The apoA-I solutions in 10 mM Tris buffer (pH 7.4) were sub-
jected to CD measurements in a 2 mm quartz cuvette, and the
results were corrected by subtracting the buffer base line. The
a-helix content was derived from the molar ellipticity at 222 nm
([6]299) using the following equation: percent of a-helix = {(—[0] 999 +
3,000) /(36,000 + 3,000)} x 100 (24).

Fluorescence emission spectrum of apoA-I-POLARIC

The fluorescence emission spectrum of apoA-I-POLARIC
(5 pg/ml) in the lipid-free state or dHDL particles was recorded
from 500 to 700 nm using a 480 nm excitation wavelength by Jasco
FP-6600 fluorescence spectrophotometer at 25°C in PBS, and the
results were corrected by subtracting the buffer base-line.

Cell culture

Baby hamster kidney (BHK) /ABCA1 cells (gift from Dr. John
F. Oram) (25) were grown in a humidified incubator (5% CO,)
at 37°C in DMEM supplemented with 10% heat-inactivated FBS.
THP-1 monocytes were cultured in RPMI-1640 medium supple-
mented with 10% FBS at 37°C in 5% CO..

Detection of ABCAl-dependent HDL formation by
apoA-I-POLARIC

BHK/ABCAI cells were subcultured in 24-well plates at a den-
sity of 5 x 10* cells in DMEM containing 10% FBS. After a 24 h
incubation, the cells were treated with or without 10 nM mifepris-
tone in DMEM containing 0.02% BSA for 20 h. The cells were
washed twice with PBS and incubated with apoA-I-POLARIC
(0.625-5 pg/ml) in HBSS containing 0.02% BSA for 6 h. After
centrifugation of the medium, the fluorescence intensity of the
medium was measured using a TECAN infinite M200 microplate



reader (excitation at 480 nm, emission at 575 nm). THP-1 mono-
cytes were treated with 200 ng/ml phorbol 12-myristate 13-acetate
for 2 days to facilitate differentiation into macrophages. The
adherent macrophages were incubated with 10 uM TO901317 to
induce ABCALI expression for 24 h. Cells were washed twice with
PBS and incubated with HBSS containing apoA-I-POLARIC
(2.5 ng/ml) and 0.02% BSA for 6 h. The fluorescence intensity
of the medium was determined as described above.

Cellular lipid release assay

Cells were incubated with apoA-I in DMEM or HBSS containing
0.02% BSA for 6 h. The cholesterol content in the medium was
determined using a fluorescence enzyme assay (26) after lipid ex-
traction from the medium (17).

Production of monoclonal anti-apoA-I antibody

A female BALB/c mouse (8 weeks of age; Japan SLC) was
immunized biweekly (a total of four times) with the wild-type
apoA-I. The antigen (50 pg) was subcutaneously injected at mul-
tiple sites on the back with an emulsion of Freund’s complete
(for primary immunization) or incomplete adjuvant (for booster
immunizations) (DIFCO) and sterile saline (1:1; 0.2 ml). Then,
the mouse received intraperitoneal and intrasplenic injections of
the antigen (each 50 pg) dissolved in sterile saline (0.5 ml and
0.2 ml, respectively). After 3 days, splenocytes (1.3 x 10° cells)
were obtained from this mouse, which were fused with P3/NS1/
1-Ag4-1 myeloma cells (2.6 x 107 cells) using 40% polyethylene
glycol 4000 in sterile PBS containing 10% (v/v) DMSO and a
0.001% poly-L-arginine-HCl solution (1 ml). The fused cells were
cultured in HAT medium supplemented with 10% Briclone
(Archport) under 5% COy/95% air at 37°C for approximately
10 days. Hybridomas secreting anti-apoA-I antibodies were as-
sessed by ELISA using microplates on which wild-type apoA-I
(conjugated with BSA) had been coated, expanded in HT me-
dium, and then cloned by limiting dilution. A monoclonal anti-
apoA-I antibody, which was secreted in culture medium from one
of these hybridoma clones (clone#19-17), was used as indicator
in the Western blotting assay.

Western blot analysis

Cells were washed with PBS and lysed in lysis buffer [20 mM
Tris-Cl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and
1% sodium deoxycholate] containing a protease inhibitor cock-
tail (Calbiochem, La Jolla, CA) (27). Samples were electropho-
resed on SDS-polyacrylamide gels, blotted, and probed with the
indicated antibodies. Western blots were analyzed using a Fujif-
ilm LAS-4000 mini imaging system.

Characterization of HDL particles by gel filtration

Conditioned medium was concentrated using an Amicon ul-
tracel-10K centrifugal filter (Millipore). Concentrated medium
was fractionated by gel filtration chromatography on a Superdex
200 column calibrated by the proteins of known diameter (par-
ticle diameter range, 6.1-17.0 nm), and 1.25 ml fractions were
collected (28). Fluorescence intensity and the amount of choles-
terol in each fraction were analyzed as described above and nor-
malized using BSA. The amount of apoA-I in every two fractions
was determined by Western blot analysis.

Depletion of extracellular Ca”* and Mg®*

Cells were incubated with or without 0.1 mg/ml CaCl, and 0.1
mg/ml MgCl,6H,0 in PBS containing 1 mg/ml glucose, 0.02%
BSA, and 2.5 pug/ml apoA-I-POLARIC for 6 h.

Statistical analysis

Values are presented as means + SD. The statistical signifi-
cance of differences between the mean values was analyzed using
the nonpaired #test. Multiple comparisons were performed us-
ing Bonferroni’s test following ANOVA. P < 0.05 was considered
statistically significant.

RESULTS

Effect of POLARIC labeling on the structure and
function of apoA-I

The apoA-I V53C variant was labeled with POLARIC-
maleimide (supplementary Fig. I) to prepare a novel HDL
formation detection probe, “apoA-I-POLARIC”. To ana-
lyze the effect of labeling with POLARIC on the secondary
structure of apoA-I, the lipid-free structure was analyzed by
far-UV CD spectroscopy (supplementary Fig. II). apoA-I-
POLARIC exhibited a CD spectrum typical of an a-helical
structure (a-helical content of 42%) and comparable to a
wild-type apoA-I (21). Next, the effect of labeling with PO-
LARIC on HDL formation by ABCAl-expressing cells was
examined using a fluorescence enzyme assay (Fig. 1A). As
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Fig. 1. Labeling of apoA-I-V53C variant by POLARIC-maleimide.
A: Effect of POLARICabeling on ABCAl-dependent cholesterol
efflux. BHK/ABCALI cells were treated with (filled bars) or without
(open bars) 10 nM mifepristone for 20 h and incubated with indi-
cated acceptors (5 wg/ml) for 6 h. Cholesterol content in the me-
dium was determined using a fluorescence enzyme assay. B:
Fluorescence emission spectra of apoA-I-POLARIC in the lipid-free
state (dotted line) or dHDL particles (solid line). Protein concen-
trations were 5 pug/ml.
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previously reported, cholesterol efflux from BHK/ABCA1
cells in which human ABCALI is expressed under the con-
trol of mifepristone-induced promoter was dependent on
both the induction of ABCAI and the addition of apoA-I
(25, 29). The amount of cholesterol secreted from ABCA1-
expressing cells (mifepristone-treated cells) was indistin-
guishable between wild-type apoA-I and apoA-I-POLARIC,
and no cholesterol efflux into apoA-I-POLARIC was observed
in ABCAl-non-expressing cells (DMSO-treated cells).
These results demonstrate that labeling with POLARIC
affects neither the structure nor the function of apoA-I.

Increase in fluorescence of apoA-I-POLARIC by
incorporation into dHDL

To evaluate the ability of apoA-I-POLARIC in the detec-
tion of HDL formation, apoA-I-POLARIC was incorpo-
rated into the dHDL particles by the cholate dialysis
method. Structural properties of dHDL particles contain-
ing apoA-I-POLARIC were evaluated by CD spectroscopy
(supplementary Fig. II) and gel filtration chromatography
(supplementary Fig. IIT). a-Helical content (78%) and di-
ameter (10.2 nm) of dHDL particles containing apoA-I-
POLARIC were comparable to the reported values for
wild-type apoA-I (30), indicating that POLARIC labeling
has no effect on the structure and function of apoA-L
Figure 1B shows typical fluorescence emission spectra
of apoA-I-POLARIC in the lipid-free state and dHDL par-
ticles. The incorporation into dHDL caused a 4.0-fold in-
crease in fluorescence intensity of apoA-I-POLARIC,
suggesting that the POLARIC moiety was transferred
into a more hydrophobic environment in dHDL com-
pared with that in the lipid-free state. These results dem-
onstrate that HDL formation in vitro can be detected
through an increase in the fluorescence intensity of apoA-I-
POLARIC.

The fluorescence intensity of apoA-I-POLARIC linearly
increased with increasing the concentrations of apoA-I-
POLARIC both in dHDL particles and in the lipid-free
state within the concentration range used in the HDL for-
mation assay (data not shown). However, at higher con-
centrations (>100 wg/ml), the fluorescence intensity of
apoA-I-POLARIC did not increase linearly (supplemen-
tary Fig. IV). Because lipid-free apoA-I self-associates to
form dimers, tetramers, and octamers at high concentra-
tion (>100 pg/ml) (31, 32), it is likely that the decreased
fluorescence intensity at high concentration is due to self-
quenching of POLARIC.

Detection of HDL formation by apoA-I-POLARIC in
ABCAIl-expressing cells

Next, we examined whether HDL formation by ABCAI-
expressing cells is also measurable by apoA-I-POLARIC.
BHK/ABCALI cells were incubated with an increasing
amount of apoA-I-POLARIC for 6 h, and fluorescence
intensity of the medium was analyzed. The fluores-
cence intensity of the medium did not change in ABCAI-
non-expressing cells (Fig. 2A), reflecting the ABCAIl
dependence in cholesterol efflux into apoA-I (Fig. 1A). On
the other hand, fluorescence intensity increased in all
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Fig. 2. Detection of HDL formation by apoA-I-)POLARIC in BHK/
ABCALI cells. BHK/ABCALI cells were treated with or without 10 nM
mifepristone for 20 h and incubated with the indicated concentra-
tions of apoA-I-.POLARIC for 6 h. A: Fluorescence intensity of the
medium was determined. No cells (open diamonds), DMSO-treated
cells (open circles), mifepristone-treated cells (closed circles). B:
Cholesterol efflux from DMSO-treated cells (open circles) and mife-
pristone-treated cells (closed circles) was determined. Increase in
fluorescence intensity of apoA-J-POLARIC was calculated by sub-
tracting the value of no-cells from that of DMSO-treated cells (open
squares) or that of mifepristone-treated cells (closed squares).

apoA-I-POLARIC concentrations in ABCAl-expressing
cells, and a 74% increase was observed using 2.5 wg/ml of
apoA-I-POLARIC compared with ABCAl-non-expressing
cells. Because a change in the amount of apoA-I-POLARIC
in culture medium affects the fluorescence intensity of
apoA-I-POLARIC, we measured the amount of apoA-I-
POLARIC before and after 6 h of incubation with BHK/
ABCAI cells. As shown in supplementary Fig. V, the
amount of apoA-I-POLARIC was not decreased by 6 h of
incubation with BHK/ABCAI1 cells. Furthermore, the
ABCAIl-dependent increase in fluorescence intensity was
well-fitted with the amount of cholesterol secreted into
apoA-I-.POLARIC (Fig. 2B), indicating that the fluores-
cence change in apoA-I-POLARIC reflects HDL forma-
tion by ABCAT.

HDL formation-dependent increase in apoA-I-POLARIC
fluorescence

To confirm that the increase in apoA-I-.POLARIC fluo-
rescence in ABCAl-expressing cells reflects the HDL for-
mation, HDL particles were separated from the conditioned
medium by gel filtration chromatography (Fig. 3). In
ABCAl-non-expressing cells, most of the fluorescence of
apoA-I-POLARIC was observed in the lipid-free fraction,
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Fig. 3. Separation of HDL particles by gel filtration. BHK/
ABCAL cells were treated without (A) or with (B, C) 10 nM mife-
pristone for 20 h and incubated with 5 p.g/ml apoA-I-POLARIC for
6 h. Concentrated medium was separated by gel filtration chroma-
tography [Superdex 200 column (16/60 PG)] as described in the
Materials and Methods. Fluorescence intensity (solid line) and
cholesterol content (dotted line) in each fraction were determined
(A-C). apoA-I protein in fractions 55-78 was detected with anti-
apoA-I antibody (upper panel), and the amount of apoA-I (bars)
was analyzed using a Fujifilm LAS-4000 mini imaging system (C).
V, 8.3 nm; ¥, 10.0 nm; WB, Western blot.

and cholesterol was not detected in any fraction (Fig. 3A).
Incubation of apoA-I-POLARIC with ABCAl-expressing
cells led to the formation of two populations of nascent
HDL particles (8.3 and 10.0 nm diameter) (Fig. 3B), as
previously reported for wild-type apoA-I (33). Despite the
similar cholesterol content in each HDL population, a
stronger fluorescence intensity was observed in smaller

HDL particles. Because it has been reported that the larger
HDL particles are highly cholesterol-enriched relative to
the smaller HDL particles (34), it is highly likely that the
increase in fluorescence intensity of the apoA-I-POLARIC
represents the amount of apoA-I protein incorporated
into HDL particles rather than the amount of secreted
cholesterol. Supporting our interpretation, the amount of
apoA-I in the dHDL fraction was well-correlated with the
fluorescence intensity of apoA-I-POLARIC (Fig. 3C). Fur-
thermore, the fluorescence intensity in the lipid-free
apoA-I fraction was lower in ABCAl-expressing cells (Fig.
3B) than in ABCAl-non-expressing cells (Fig. 3A). These
results establish that the increase in the fluorescence in-
tensity in ABCAl-expressing cells represents the forma-
tion of HDL particles.

It has been reported that ABCA1 mediates the forma-
tion of microparticles that are larger than HDL and are
not involved in HDL formation (35, 36). As previously re-
ported, cholesterol-containing particles were observed in
the conditioned medium from ABCAl-expressing cells
around the void volume of the Superdex 200 column (Fig.
3B). These particles had no detectable apoA-I protein
(supplementary Fig. VI) and apoA-I-POLARIC fluorescence
(Fig. 3B), suggesting that the increase in the fluorescence
of apoA-I-POLARIC does not represent microparticle for-
mation, which does not contribute to HDL formation.
These results show that measuring an increase in the fluo-
rescence of apoA-I-POLARIC is a more direct method to
detect ABCAl-mediated HDL formation than conven-
tional methods.

Effect of size and lipid composition of dHDL on
apoA-I-POLARIC fluorescence

The effect of the size and lipid composition of dHDL
on the fluorescence intensity of apoA-I-POLARIC was
analyzed using DMPC/cholesterol dHDL particles pre-
pared by solubilization of DMPC/cholesterol MLVs with
apoA-I-POLARIC. As previously reported (37), solubiliza-
tion of DMPC/cholesterol MLVs produced two popula-
tions of dHDL particles (11.0 nm and 13.6 nm diameter)
(supplementary Fig. VITIA). The ratio of fluorescence in-
tensity to the amount of apoA-I-POLARIC in each dHDL
population was comparable between the two populations
of dHDL particles, demonstrating that the fluorescence
intensity of apoA-I-POLARIC in the HDL fraction repre-
sents the amount of apoA-I protein incorporated into
HDL particles. Furthermore, the ratio of fluorescence
intensity to the amount of apoA-I-POLARIC in the dHDL
fractions was 4.2-fold higher than that in lipid-free apoA-I
(supplementary Fig. VIIA). As shown in supplementary
Fig. VIIB, apoA-I-POLARIC also showed 4.0-fold higher
fluorescence intensity in dHDL particles consisting of
DPPC than in the lipid-free state. These increases in the
ratio of fluorescence intensity to the amount of apoA-I-
POLARIC (supplementary Fig. VII) were comparable to
those by incorporation into POPC dHDL (4.0-fold in-
crease) (Fig. 1B), demonstrating that the lipid composi-
tion of HDL particles had no effect on the fluorescence
intensity of apoA-I-POLARIC.

Measurement of HDL formation by fluorescent apoA-I
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Detection of HDL formation in THP-1 macrophages by
apoA-I-POLARIC

To confirm that apoA-I-POLARIC can detect the HDL
formation by endogenously expressed ABCAI, THP-1 macro-
phages were examined. Western blot analysis showed that
ABCALI was substantially expressed in THP-1 macrophages
cultured under normal conditions, and its expression in-
creased 2-fold by the treatment with TO901317, a liver X
receptor (LXR) agonist (Fig. 4A). Reflecting the expres-
sion levels of ABCAI, the increase in the fluorescence in-
tensity of apoA-I-POLARIC (Fig. 4C), as well as cholesterol
efflux (Fig. 4B), was higher in TO901317-treated cells
than in control cells. Therefore, apoA-I-POLARIC is suited
for the detection of HDL formation both by exogenously
and endogenously expressed ABCAl. Because apoE ex-
pression is induced by the activation of LXR (38), the find-
ing that the increase in cholesterol efflux (Fig. 4B) was
larger than the increase in apoA-I-POLARIC fluorescence
(Fig. 4C) in LXR-activated cells may have been due to the
increased amount of lipid acceptors in the medium.

Application of apoA-I-POLARIC to the evaluation
of HDL formation modulator

To confirm whether apoA-I-POLARIC is suitable for
the evaluation of ABCA1 modulators, an ABCA1 inhibitor
(cyclosporine A) was applied (39). Previously, we reported
that apoA-I-dependent [SH]cholesterol efflux from BHK/
ABCALI cells is efficiently inhibited by cyclosporine A (ICj,
of 7.6 M) (40). As shown in Fig. 5, despite no effect in
ABCAIl-non-expressing cells, the ABCAl-dependent in-
crease in fluorescence intensity of apoA-I-POLARIC was
abolished by cyclosporine A in a concentration-dependent
manner (30 and 81% inhibition by 5 uM and 10 puM cyclo-
sporine A, respectively; estimated ICy, = 6.5 wM), demon-
strating the capability of apoA-I-POLARIC in the evaluation
of the ABCA1 modulator.

The release of lipids unrelated to HDL formation
occurs in some culture conditions (e.g., cell death) and
hinders the screening of HDL formation modulators. Be-
cause apoA-I-POLARIC detects the environmental change
around apoA-I and not cholesterol content, we expected
that the exact HDL formation would be measurable by
apoA-I-POLARIC even in such a culture condition. Depletion
of Ca® and Mg” from the incubation medium induced
cell death, and a substantial amount of cholesterol was re-
leased from cells even in the absence of ABCA1 (Fig. 6A).
In contrast to the amount of cholesterol, no increase in
fluorescence of apoA-I-POLARIC was observed in ABCA1-
non-expressing cells cultured in the Ca”- and Mg2+-free
condition (Fig. 6B), suggesting that apoA-I-POLARIC
distinguishes the HDL formation-dependent and -inde-
pendent cholesterol release. Due to decreased cellular
viability, ABCAl-dependent HDL formation detected by
apoA-I-POLARIC decreased by depletion of extracellu-
lar Ca®* and Mg2+ (Fig. 6B). These results demonstrate
that the increase in the fluorescence intensity of apoA-
I-POLARIC is specific to HDL formation, and apoA-I-
POLARIC is useful for the evaluation of HDL formation
modulator.
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Fig. 4. Detection of HDL formation by apoA-I-POLARIC in
THP-1 macrophages. A: THP-1 macrophages were treated with
10 pM TO901317 for 24 h to induce the expression of ABCAL. Cell
lysates (10 ug) were separated by 7% polyacrylamide gel electropho-
resis, and ABCALI and vinculin (loading control) were detected using
the indicated antibodies. The amount of ABCAl was normalized
against vinculin. B, C: THP-1 macrophages were treated with (filled
bars) or without (open bars) 10 puM TO901317 for 24 h and incubated
with or without apoA-I-.POLARIC (2.5 wg/ml) for 6 h. Cholesterol
content in the medium (B) and fluorescence intensity of the me-
dium (C) were determined (n = 3). ***P<0.001; WB, Western blot.

DISCUSSION

In this study, we developed a novel method for the anal-
ysis of HDL formation by ABCAl-expressing cells. This ap-
proach is based on the environmental change around
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Fig. 5. Inhibition of HDL formation by cyclosporine A. BHK/
ABCALI cells were treated with (filled bars) or without (open bars)
10 nM mifepristone for 20 h and incubated with 2.5 ug/ml apoA-I-
POLARIC in the presence of the indicated concentrations of cyclo-
sporine A for 6 h. Fluorescence intensity of the medium was
determined. CsA, cyclosporine A. ##P < 0.01; ***P< 0.001; n.s., not
significant.

apoA-I molecules, but not the increase of cholesterol con-
tent in the culture medium. Because the hydrophobicity
of some regions of apoA-I is increased by incorporation
into HDL particles (19), we hypothesized that ABCAl-
dependent HDL formation could be measured by sensing
the hydrophobicity change in specific residues of apoA-I.
To detect this environmental change, a novel HDL forma-
tion probe, apoA-I-POLARIC, was prepared by labeling an
apoA-I V53C variant with a hydrophobicity-sensitive fluo-
rescence probe, POLARIC-maleimide. We evaluated the
ability of apoA-I-POLARIC in detecting ABCAl-dependent
HDL formation compared with the conventional method
and demonstrated that apoA-I-POLARIC is a valuable tool
for the analysis of HDL formation.

We initially evaluated the effects of POLARIC labeling
on the structure and function of apoA-I. CD analysis
showed that the a-helical content of apoA-I-POLARIC is
comparable to that of wild-type apoA-I in both the lipid-
free state and dHDL particles (supplementary Fig. II) (21,
30), demonstrating POLARIC labeling had no effects on
the structure of apoA-l. In the cholesterol efflux assay,
similar amounts of cholesterol were secreted into the wild-
type apoA-I and apoA-I-)POLARIC in an ABCAl-dependent
manner (Fig. 1A). Furthermore, the apoA-I-POLARIC
concentration dependence of cholesterol efflux (K, 1.8 +
0.6 pg/ml) was consistent with the reported property of
wild-type apoA-I (Fig. 2B) (7, 28). Therefore, labeling with
POLARIC-maleimide affected neither the structure nor
the function of apoA-I, and apoA-I-.POLARIC possessed
the intact ABCAl-dependent HDL formation activity.

Taking advantage of the no-cysteine residue in human
apoA-I, we introduced a V53C mutation into the apoA-I
and site-specifically labeled the cysteine residue with
POLARIC-maleimide to prepare apoA-I-POLARIC. In the
proposed dHDL structure model (41), hydrophobic sur-
faces of amphipathic helices are exposed to lipids consti-
tuting the HDL particles. Based on the helical wheel
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Fig. 6. Effect of cell death on the detection of HDL formation by
apoA-I-POLARIC. BHK/ABCAI1 cells were treated with (filled
bars) or without (open bars) 10 nM mifepristone for 20 h and in-
cubated with 2.5 pg/ml apoA-I-POLARIC in the presence or ab-
sence of 0.1 mg/ml CaCly, and 0.1 mg/ml MgCl,6H,O for 6 h.
Cholesterol content in the medium (A) and fluorescence intensity
of the medium (B) were determined. **P< 0.01; ***P< 0.001; n.s.,
not significant.

projection, the 53rd residue of apoA-I is predicted to be
located in the hydrophobic surface of the amphipathic he-
lix [helix 1 (18)]. Although itis difficult to define the posi-
tion of the 53rd residue of apoA-Iin the lipid-free structure
due to the limitation of structural information, the 53rd
residue of apoA-I is shown to reside in a nonhelical region
in the lipid-free state (42). Thus, it is likely that the intro-
duced POLARIC moiety in the 53rd residue of apoA-I is
embedded in the more hydrophobic environment in HDL
particles, and the hydrophobicity-sensitive fluorescence
of apoA-I-POLARIC is increased by its incorporation into
the HDL particles. Recently, Wang et al. (43) created the
apoA-I lipidation indicator by labeling the free amines of
human apoA-I with the lipid-sensitive dye 7-nitrobenz-
2-oxa-1,3-diazole (NBD) and observed an ABCAl-dependent
lipidation by NBD fluorescence. Because human apoA-I
contains 21 lysine residues, the fluorescence of NBD Ila-
beled on free amines of apoA-I represents the average
hydrophobicity of several lysine residues and N-terminal
amino group. Furthermore, due to the localization of
lysine residues of apoA-I in the hydrophilic surfaces of
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the amphipathic helices, hydrophobicity changes around
the lysine residues may be smaller than those in the 53rd
residue of apoA-l. Therefore, site-specific labeling of the
apoA-I V53C variant with POLARIC-maleimide is a ratio-
nal approach to the detection of HDL formation by sens-
ing hydrophobicity change in apoA-I. As expected, the
fluorescence intensity of apoA-I-POLARIC in dHDL par-
ticles was four times higher than that in the lipid-free
state (Fig. 1B). Furthermore, the fluorescence inten-
sity of apoA-I-POLARIC increased with incubation with
ABCAl-expressing cells (Figs. 2A, 4C). These results
demonstrate that HDL formation in vitro and in ABCA1-
expressing cells can be detected by fluorescence change in
apoA-I-POLARIC.

It has been reported that dHDL particles produced by
ABCALI have different sizes and compositions, and the larger
dHDL particles are highly cholesterol-enriched relative to
the smaller ones (34). It was also reported that the choles-
terol loading of macrophages leads to the formation of
larger dHDL particles, which were highly enriched in cho-
lesterol (36). Furthermore, the number of apoA-I proteins
involved in each dHDL particle varies among different
sizes of dHDL (33, 44). Therefore, the amount of secreted
cholesterol into the medium is not linearly correlated with
the number of formed dHDL particles and the amount of
apoA-I incorporated into dHDL. Because the conversion
of lipid-free apoA-I to dHDL is the first and essential step
of formation of circulating HDL and completely depends on
the function of ABCAI, the evaluation of the lipidation of
apoA-I by ABCAl-expressing cells is important for the un-
derstanding of the HDL formation process. As shown in
Fig. 3C, the fluorescence intensity of apoA-I-POLARIC
in the dHDL fraction is well-correlated with the amount
of apoA-I rather than the amount of secreted cholesterol.
Furthermore, the ratio of fluorescence intensity to the
amount of apoA-I-POLARIC was comparable between dif-
ferent populations of dHDL particles (supplementary Fig.
VIIA). Therefore, it is highly likely that the fluorescence
intensity change in apoA-I-POLARIC represents the HDL
formation activity of ABCAl-expressing cells more directly
than the measurement of secreted cholesterol. Therefore,
the convenient measurement of apoA-I lipidation by apoA-I-
POLARIC may provide a novel metric for the evaluation
of the initial step of HDL formation.

The conventional methods for the measurement of
HDL formation require the labeling of cellular cholesterol
or the extraction of cholesterol from medium. On the
other hand, our novel method simply involves the incuba-
tion of cells with apoA-I-POLARIC and the measurement
of the fluorescence intensity of the medium. This simple
protocol provides an extremely accurate measurement
(Figs. 2, 4). To confirm whether apoA-I-POLARIC was
suitable for the evaluation of an ABCAl modulator, the
effect of cyclosporine A, a well-known ABCAI inhibitor,
on HDL formation was evaluated by apoA-I-POLARIC
(Fig. 5). Cyclosporine A treatment inhibited the ABCA1-
dependent increase in fluorescence intensity of apoA-I-
POLARIC in a concentration-dependent manner, whereas
no effect was observed in ABCAl-non-expressing cells. We
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also demonstrated that HDL formation-independent lipid
release induced by microparticle formation (Fig. 3) or cell
death (Fig. 6) was not detected by apoA-I-POLARIC.
Furthermore, HDL formation by endogenously expressing
ABCAI in THP-1 macrophages could be measured using
apoA-I-POLARIC (Fig. 4). Although this method is not ap-
plicable to determination of the lipid efflux capacity of
serum, these results demonstrate that apoA-I-POLARIC al-
lows the specific detection of HDL formation by ABCA1
and is suitable for the high-throughput screening assay of
ABCAI-dependent HDL formation modulators.

In conclusion, we have developed a novel method for
the detection of HDL formation using the hydrophobicity-
sensitive probe POLARIC. Efficacy and accuracy of this
method were validated by dHDL formation assay in vitro
and in ABCAl-expressing cells, and we showed that the
increase in the fluorescence of apoA-I-POLARIC specifi-
cally represents ABCAl-dependent HDL formation. The
advantage of this method is the simple protocol that does
not require the labeling of cellular sterol and the extrac-
tion of lipids from culture medium. Furthermore, the
fluorescence change in apoA-I-POLARIC represents the
amount of apoA-I protein incorporated into HDL parti-
cles, whereas conventional methods measure the amount
of secreted cholesterol into the medium. Our method pro-
vides a novel tool for the screening of HDL formation
modulators and the study of the mechanism behind HDL
formation B

The authors are indebted to Dr. Michael C. Phillips (The
Children’s Hospital of Philadelphia) for his valuable comments.
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