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ABSTRACT: The initial plasma acceptor of unesterified cholesterol and phospholipids from peripheral cells
has been identified as pfemigrating, lipid-free, or lipid-poor apolipoprotein (apo) A-l (pfeapoA-I).

Pre$ apoA-I is formed when plasma factors, such as cholesteryl ester transfer protein (CETP), remodel
high-density lipoproteins (HDL). The aim of this study is to determine how phospholipids influeng¢e pre-
apoA-| formation during the CETP-mediated remodeling of HDL. Reconstituted HDL (rHDL) containing
either 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC), 1-palmitoyl-2-linoleoyl phosphatidylcholine
(PLPC), 1-palmitoyl-2-arachidonyl phosphatidylcholine (PAPC), or 1-palmitoyl-2-docosahexanoyl phos-
phatidylcholine (PDPC) as the only phospholipid were prepared. The rHDL were comparable in size and
core lipid/protein molar ratio and contained only cholesteryl esters in their core and apoA-I as the sole
apolipoprotein. The (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL were respectively
incubated for 8-24 h with CETP and microemulsions containing triolein and either POPC, PLPC, PAPC,
or PDPC. The rate at which the rHDL were depleted of core lipids and remodeled to small particles
varied widely with (POPC)rHDL< (PLPC)rHDL < (PDPC)rHDL~ (PAPC)rHDL. Pres apoA-l was

not formed in the (POPC)rHDL incubations. RteapoA-l was apparent by 24 h in the (PLPC)rHDL
incubations and by 12 h in the (PAPC)rHDL and (PDPC)rHDL incubations. The enhanced formation of
pre3 apoA-l in the (PAPC)rHDL and (PDPC)rHDL incubations reflected the increased core lipid depletion
of the particles combined with the destabilization and progressive exclusion of apoA-I from the particle
surface. In conclusion, these results show that phospholipids play a key role in the CETP-mediated
remodeling of rHDL and pré¢ apoA-I formation.

Several mechanisms contribute to the cardioprotective ripheral cells to pres migrating lipid-poor or lipid-free
properties of high-density lipoproteins (HDLY hese include  apolipoprotein (apo) A-l (pré apoA-1) @). This process
the antioxidant properties of HDL1), the ability of HDL to depends on the presence of the ATP-binding cassette
inhibit cytokine-induced endothelial cell adhesion molecule transporter protein, ABCAL, in the cell membragg (While
expression Z), and the role of HDL in the potentially the mechanism of the ABCA1-mediated efflux of UC and
antiatherogenic pathway of reverse cholesterol transpprt ( phospholipids to prg apoA-I is the subject of intense

Reverse cholesterol transport involves the removal of investigation, the origins of pr8-apoA-I, and how their
cholesterol from cells and its transport to the liver for formation is regulated, is poorly understood.
excretion. The first step in this pathway is the efflux of

P A-| f d when HDL deled b
unesterified cholesterol (UC) and phospholipids from pe- e/ apoA-l are formed when are remoceled by

plasma factors such as cholesteryl ester transfer protein
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phosphatidylcholine (PAPC), and 1-palmitoyl-2-docosahex- discoidal (POPC)rHDL into spherical (POPC)rHDL, the
anoyl phosphatidylcholine (PDPC) comprising 12.9%, 34.4%, conversion of an equivalent amount of discoidal (PLPC)-
9.1%, and 3.6%, respectively, of the total HDL P3}. One rHDL into spherical (PLPC)rHDL required 10.0 mL of the
consequence of this heterogeneity is that, irrespective of same preparation of LCAT. For the (PAPC)rHDL, 21.7 mL
whether HDL are isolated from human plasma on the basis of the same LCAT was needed to convert disks into spheres,
of size, charge, or apolipoprotein composition, particles while 42.2 mL of LCAT was required to prepare spherical
containing mixtures of phospholipids are always obtained. (PDPC)rHDL.

To overcome this problem, a new approach for preparing  Preparation of Microemulsiondvicroemulsions contain-
spherical reconstituted HDL (rHDL) with a single type of ing triolein (TO) and either POPC, PLPC, PAPC, or PDPC
PC was developed specifically for this study. The rHDL were prepared by sonicatiotd). The same approach was
contained apoA-l as the only apolipoprotein, cholesteryl also used to prepare microemulsions with cholesteryl oleate
esters (CE) as the only core lipid, and either POPC, PLPC, (CO) and either POPC, PLPC, PAPC, or PDPC.

PAPC, or PDPC as the only phospholipid. When these Preparation of CO-Enriched Spherical rHDISpherical
preparations were respectively incubated with CETP and (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL (final CE
microemulsions containing triolein (TO) and either POPC, concentration 0.1 mM/L) were incubated at 3Z for 1 h
PLPC, PAPC, or PDPC, it was evident that phospholipids with CETP (2.7 units/mL) and microemulsions, respectively,
play a key role in the CETP-mediated remodeling of rHDL containing CO and either PLPC, PAPC, or PDPC (final CO

and prep apoA-| formation. concentration 4.0 mM/L). Control incubations were carried
out in the absence of CETP. When the incubations were
EXPERIMENTAL PROCEDURES complete, the rHDL were isolated by ultracentrifugation (1.07

< d < 1.21 g/mL) and dialyzed against TBS.

Determination of rHDL CE Compositio&pherical rHDL
CE composition was determined by HPLC with ki¥m
detection 17). In brief, the rHDL were extracted with
methanol/hexane, and the organic phase was separated, dried,
and then resuspended in methanol/tert.butyl alcohol (1/1,
activities_ranging from 21.2 to 39.0 units/mL were prepared Yn/\cﬁw clj':f;ld(s:EW ;lzgnfi(faigzr:ttezdlobr):rr:%\;e;:apgc?ri%aTiZI)_r? W?.tl;:d
as descnbgdl@). ) o ) authentic standards (Sigma).
~ Preparation of Spherical rHDLDiscoidal rHDL contain- Spectroscopic Studiesntrinsic fluorescence emission
ing UC, apoA-l, and either POPC, PLPC, PAPC, or PDPC gnecira of the rHDL were obtained as describ&g).(The
(initial PC/UC/apoA-I molar ratio 110:5:1) were prepared .qncentration of GdnHCI required to unfold apoA-I by 50%
by .cholate dialysis¥4) and .dialyzed against Tris-buffered a5 determined by incubating the rHDL at 2 for 24 h
saline (TBS) (10 mM Tris, 150 mM NaCl), pH 7.4, \ith 0-8.0 M GdnHCI and plotting the wavelength of
containing 50 xM diethylenetriamine pentaacetic acid, maximum fluorescence versus the concentration of GAnHCI
0.006% (w/v) and 1M butylated hydroxytoluene. Chelex  (12) The kinetics of unfolding of apoA-I was determined
100 resin (Bio-Rad, Hercules, CA) (2 g/L) was added to the by measuring the wavelength of maximum fluorescence of
TBS to prevent inadvertent oxidation. rHDL incubated at 25C for 0—24 h with 3.5 M GdnHCI.

Discoidal rHDL were converted into spherical rHDL by pC acyl chain packing order was determined as the steady-

incubation with LCAT, and UC in ethanol. In a typical state fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene-
incubation, discoidal (POPC)rHDL (final UC concentration |abeled rHDL at 5°C intervals from 5 to 45C (12). All

Preparation of ApoA-I, Lecithin:Cholesterol Acyltrans-
ferase (LCAT) and CETRApoA-I was purified from human
plasma as described @, 11). Preparations of LCAT with
activities ranging from 1 to 2.4mol CE/mL LCAT/h were
isolated as described and concentrated 10-fold by ultrafil-
tration (Amicon, Danvers, MA)12). CETP preparations with

0.2 mM/L), BSA (final concentration 40 mg/mLji-mer-  spectroscopic data represent the mearsd of triplicate
captoethanol (final concentration 4 mM/L), and LCAT (2.6 determinations.

mL of a preparation that esterified Jutnol CE/mL LCAT/ Mass spectra were acquired with an API-100 ion spray
h) were incubated at 37C for 30 min. The volume of the  mass spectrometer (PE/Sciex) using an ion source voltage
incubation mixture was 10.1 mL. equal to 5000 V and an orifice voltage of 70 V. Data were

At 30 min, 0.052 mL of 24.6 mM/L UC in ethanol and collected at 0.1 amu resolution over a mass/charge) (
an additional 0.65 mL of LCAT were added to the incubation range of 106-1000.
mixture. Extra BSA ang8-mercaptoethanol were also added  Surface Plasmon Resonance Analy#isBiacore 2000
so that their respective concentrations were maintained atbiosensor (Pharmacia) was used to measure the association
40 mg/mL and 4 mM/L. The additions of UC, LCAT, BSA, rate constant (ka) of each rHDL for six unique apoA-I-
and g-mercaptoethanol were repeated at 30 min intervals specific monoclonal antibodies. Maximum amounts of rabbit
until 7 h had elapsed. The incubation was continued without antimouse Fc (RAM-Fc) were immobilized on all four
further additions for a total of 24 h. The final volume of the flowcells of a CM5 chip using amine couplind§). Each
incubation mixture was 23.4 mL. The spherical (POPC)rHDL rHDL (analyte) was then bound by the captured antibodies.
were isolated by ultracentrifugation (1.67d < 1.21 g/mL) Following covalent attachment of the RAMFc, purified
and dialyzed against TBS. Activity of LCAT was not antibodies were injected individually at 90 ug/mL
detected in the isolated rHDL. protein to give approximately 400 response units.

The amount of LCAT required to prepare spherical tHDL  Data were collected at a high rate (10 Hz). Data evaluation
varied according to the discoidal rHDL PC composition. This began by synchronizing the injection times and zeroing each
reflects variations in the substrate specificity of LCAIB). sensorgram to baseline. For each antibody and rHDL
While a total of 11.8 mL of LCAT was needed to convert combination, a set of sensorgrams was evaluated with a 1:1
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PC/UC/CE/apoA-I
(mol/mol)

lL_J——(POPC)rHDL 31.9/1.1/23.4/1.0

L(PLPC)PHDL 31.1/2.1/24.0/1.0

/\ﬁ(PAPC)rHDL 22.8/3.6/23.3/1.0
(PDPC)rHDL

9.3 8.5
Stokes’ Diameter (nm)

Pixel Intensity

L

18.0/2.2/22.9/1.0

Ficure 1: Physical properties of spherical (POPC)rHDL, (PLPC)-
rHDL, (PAPC)rHDL, and (PDPC)rHDL. The rHDL were subjected

to nondenaturing polyacrylamide gradient gel electrophoresis. Scanzalone their PC/apoA-I molar ratios increased as a conse-

of Coomassie-stained gels are shown. Diameters were determine
by reference to high molecular weight standards of known diameter.
Stoichiometries were calculated from the concentrations of indi-
vidual constituents.

(Langmuir) associationk(observed) model. Th&, was
obtained from the slope of the plot &f observed versus
analyte concentration.

Other TechniquesSpherical rHDL surface charge and size

Rye et al.

choline was not detected in any of the rHDL by mass
spectroscopy (not shown).

The rHDL CE composition was determined by HPLC. The
(POPC)rHDL contained only CO. The (PLPC)rHDL con-
tained 14.4% cholesteryl palmitate and 85.6% cholesteryl
linoleate. The (PAPC)rHDL contained 8.2% cholesteryl
palmitate and 91.8% cholesteryl arachidonate. The (PDPC)-
rHDL contained 7.6% cholesteryl palmitate and 92.4%
cholesteryl docosahexanoate.

Remodeling of rHDL by CETP (Table Eigures 2 and
3). The rHDL were incubated for-024 h with CETP and
PC/TO microemulsions. To ensure that their PC composition
did not change, the (POPC)rHDL, (PLPC)rHDL, (PAPC)-
rHDL, and (PDPC)rHDL were respectively incubated with
microemulsions containing either POPC, PLPC, PAPC, or
PDPC.

When the rHDL were incubated with the microemulsions

guence of spontaneous transfers of PC from the microemul-
sions to the rHDL (Table 1). When CETP was present in
the incubations, there was a time-dependent decrease in the
rHDL CE/apoA-I molar ratios (Table 1 and Figure 2, closed
circles) and a concomitant increase in the TO/apoA-I molar
ratios (Table 1 and Figure 2, open circles). At 24 h, CE was
the predominant (POPC)rHDL core lipid. The (PLPC)rHDL
was depleted of CE at 24 h, while the (PAPC)rHDL and

were respectively determined by agarose gel electrophoresispppc)rHDL were depleted of CE at 12 h.

and nondenaturing 3/40% polyacrylamide gradient gel elec-

trophoresis 13). 2-D gel electrophoresis (agarose gel elec-
trophoresis followed by nondenaturing polyacrylamide gra-
dient gel electrophoresis) was carried out as describ@d (
For immunoblotting the rHDL were electrophoretically

The rHDL (CE+ TO)/apoA-I molar ratios were calculated
from the data in Table 1, normalized to 100%Tat= 0 h
and plotted as a function of time (Figure 2, insets). At 24 h
the (POPC)rHDL and (PLPC)rHDL core lipids had decreased
by 15% and 62%, respectively, compared to a 79% reduction

transferred to nitrocellulose membranes, and apoA-l was for the (PAPC)rHDL and (PDPC)rHDL. As similar amounts
detected by enhanced chemiluminescence (Amersham Lifeot triglein were transferred from the microemulsions to the

Sciences, Inc)8).

rHDL, the variations in core lipid depletion reflect different

A Cobas Fara automated analyzer (Roche Diagnostics,amounts of cholesteryl esters transferred from rHDL to the

Switzerland) was used for all chemical analyses. ApoA-l microemulsions. The mechanism underlying the CETP-
concentrations were determined as described using BSA aspediated reduction in rHDL core lipid content has been

a standard Z0). Enzymatic kits (Boehringer Mannheim,

GmbH, Germany) were used to measure PC, UC, and total

cholesterol concentrations. All concentrations were deter-
mined in triplicate. The number of apoA-I molecules/rHDL
was determined by cross linkin@1).

Statistical AnalysisThe data analysis package in Microsoft
Excel 2000 was used for statistical analyses. fFtest for

addressed in previous work from this laboratoig)(

Changes in rHDL size were assessed by nondenaturing
gradient gel electrophoresis (Figure 3a). Profiles A and B
respectively show rHDL'’s that were either maintained at 4
°C or incubated at 37C for 24 h with microemulsions alone.
Profiles C-G respectively show the rHDL after incubation
with microemulsions and CETP for 1, 3, 6, 12, and 24 h.

two-tailed distribution and two-sample unequal variance |ncypation with the microemulsions alone did not affect
(heteroscedastic) was used to determine significant differ- popcyrHDL or (PLPC)rHDL size. When CETP was
ences. ANOVA: Two-factor with repeated measures was jncluded in the incubations, approximately 38% of the

used to assess differences between data sets. Significancg>opc)rHDL and 70% of the (PLPC)rHDL were remodeled

was set ap < 0.05.

RESULTS
Physical Properties of Spherical rHDL (Figure).1As

to small particles by 24 h.

The (PAPC)rHDL and (PDPC)rHDL increased in size
when they were incubated with the microemulsions alone.
This reflects the spontaneous transfer of phospholipids from

judged by nondenaturing gradient gel electrophoresis, thethe PAPC/TO and PDPC/TO microemulsions to the rHDL.

(POPC)rHDL and (PLPC)rHDL were 9.3 nm in diameter
(Figure 1). The respective diameters of the (PAPC)rHDL
and (PDPC)rHDL were 9.0 and 8.5 nm. CE/apoA-I molar
ratios ranged from 22.9/1.0 for (PDPC)rHDL to 24.0/1.0 for
(PLPC)rHDL. PC/apoA-I molar ratios varied from 18.0/1.0
for (PDPC)rHDL to 31.9/1.0 for (POPC)rHDL. As judged

by covalent cross linking, all of the rHDL contained three
apoA-lI molecules/particle (not shown). Lysophosphatidyl-

When CETP was present in the incubations, approximately
65% of the (PAPC)rHDL and 78% of the (PDPC)rHDL were
remodeled to small particles by 24 h.

To determine if the loss of core lipids and reduction in
particle size caused apoA-I to dissociate from the rHDL, the
incubation mixtures were subjected to nondenaturing gradient
gel electrophoresis and immunoblotted for apoA-1 (Figure
3b). The rHDL that were either maintained at°€ or
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Table 1: Stoichiometry of rHDL after Incubation with CETP and PC/TO Microemul8ions

incubation stoichiometry (mol/mol)
rHDL additions conditions PC uc CE TG apoA-I|
POPC (POPC) microemulsion,CETP 4°C, 24 h 31.9:0.9 1.1+ 0.1 23.4+:0.5 0.0 1.0
(POPC) microemulsion; CETP 37°C,24h 39.1+1.0 1.7+ 0.4 26.64+ 0.9 0.0 1.0
(POPC) microemulsiont-CETP 37°C,1h 39.7£ 0.5 1.8+ 0.4 26.14+:0.9 1.3+ 0.3 1.0
(POPC) microemulsiontCETP 37°C,3h 40.1+ 1.3 1.5+ 0.1 23.7+0.3 2.9+ 0.1 1.0
(POPC) microemulsiont-CETP 37°C,6h 41.6+0.7 1.6£0.1 19.4+ 0.4 5.3+:0.5 1.0
(POPC) microemulsiontCETP 37°C,12h 43.8-0.4 1.8+ 0.1 17.7£ 0.5 8.3+ 0.4 1.0
(POPC) microemulsiont-CETP 37°C, 24 h 48.9+-1.6 1.8+ 0.4 13.8£ 0.0 8.8+:0.4 1.0
PLPC (PLPC) microemulsion; CETP 4°C, 24 h 31.1+:0.5 2.1+ 0.1 21.0+2.1 0.0 1.0
(PLPC) microemulsion;-CETP 37°C, 24 h 34.2+1.1 2.5+ 0.2 20.3+1.1 0.0 1.0
(PLPC) microemulsion CETP 37°C,1h 31.3£0.8 2.8+ 0.1 13.8+£1.8 1.0+ 0.2 1.0
(PLPC) microemulsionyCETP 37°C,3h 31.2+0.8 2.6+ 0.1 13.44+1.2 1.1+ 0.2 1.0
(PLPC) microemulsiory-CETP 37°C,6h 32.4+ 0.3 0.0 12.3: 0.3 2.94+0.6 1.0
(PLPC) microemulsionyCETP 37°C,12h 354+ 1.0 3.6+£0.1 4.1+1.2 5.0+ 0.3 1.0
(PLPC) microemulsiory-CETP 37°C, 24 h 35.5:0.3 2.84+0.1 1.2+ 05 6.24+-0.4 1.0
PAPC (PAPC) microemulsion; CETP 4°C, 24 h 22.8-0.4 3.6+ 0.2 245+ 1.7 0.0 1.0
(PAPC) microemulsion;-CETP 37°C, 24 h 34.740.6 3.3+:0.2 233+ 15 0.0 1.0
(PAPC) microemulsiony-CETP 37°C,1h 31.7+1.1 3.6+£0.4 5.9+ 2.0 7.0+£0.3 1.0
(PAPC) microemulsion-CETP 37°C,3h 35.3:0.2 6.3+:0.2 554+1.3 5.64+0.4 1.0
(PAPC) microemulsionr+CETP 37°C,6h 38.0+ 1.7 3.8+0.1 3.3+ 0.9 7.6+ 0.5 1.0
(PAPC) microemulsion-CETP 37°C,12h 41.14-0.6 42404 0.7+:0.4 7.84+:0.4 1.0
(PAPC) microemulsion-CETP 37°C, 24 h 41.9£ 0.9 0.0 0.6+ 0.3 4.9+ 0.8 1.0
PDPC (PDPC) microemulsior;CETP 4°C, 24 h 18.0: 0.3 2.24+0.1 22.9+:0.0 0.0 1.0
(PDPC) microemulsion;-CETP 37°C, 24 h 32.3:0.5 2.7+ 0.1 20.8+ 0.8 0.0 1.0
(PDPC) microemulsionrt-CETP 37°C,1h 31.5£1.3 2.54+0.1 6.6+ 1.1 4540.3 1.0
(PDPC) microemulsiontCETP 37°C,3h 35.4+ 0.8 3.0+ 0.0 1.8+ 0.6 6.1+ 0.2 1.0
(PDPC) microemulsiont-CETP 37°C,6h 35.1+£1.0 2.94+0.1 1.4+ 0.4 6.3+ 0.2 1.0
(PDPC) microemulsiont+CETP 37°C,12h 35.14+1.7 4.0+ 0.2 0.0 4.5+ 0.4 1.0
(PDPC) microemulsiont-CETP 37°C, 24 h 33.5:0.2 4.0+0.2 0.2+:0.1 3.3:05 1.0

aThe rHDL were mixed with PC/TO microemulsions and incubated

in the presence or absence of CETP as described in the legend to Figure 2.

The composition (mea#: s.d.,n = 3) of the rHDL at each time point is shown.

incubated at 37C for 24 h with the microemulsions alone
are respectively shown in Tracks A and B. Tracks@show
rHDL that were incubated with microemulsions and CETP
for 1, 3, 6, 12, and 24 h. Lipid-free apoA-Il is shown in Track
H. ApoA-I did not dissociate from the (POPC)rHDL. ApoA-I
dissociated from the (PLPC)rHDL by 24 h and from the
(PAPC)rHDL and (PDPC)rHDL by 12 h.

The mass of préapoA-I formed when the (PLPC)rHDL,
(PAPC)rHDL, and (PDPC)rHDL were incubated for 24 h
with CETP and their respective microemulsions was esti-
mated by scanning the immunoblots in Figure 3b and
calculating the areas under the curves. PrapoA-l ac-
counted for 24%, 38%, and 35% of the total apoA-I in the
(PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL incubations,
respectively.

To determine if the dissociated apoA-l was comparable
in size and charge to pygapoA-I, the rHDL that had been
incubated with microemulsions and CETP for 24 h were
subjected to 2-D gel electrophoresis (Figure 3c, Panel A).
A sample of lipid-free apoA-I was also applied to the gradient
gels (Figure 3c, Panel B). The apoA-I that dissociated from
the (PLPC)rHDL, (PAPC)rHDL and (PDPC)rHDL (arrows)
comigrated with lipid-free apoA-I on the gradient gel. This
confirms its identity as prg-apoA-I. Preg apoA-l was not
detected in the (POPC)rHDL sample.

As noted above, the rHDL CE acyl esters varied in length

enriched (PLPC)rHDL contained 87.5% CO and 12.5%
cholesteryl linoleate. The CO-enriched (PAPC)rHDL con-
tained 89.3% CO and 10.7% cholesteryl arachidonate, while
the CO-enriched (PDPC)rHDL contained 89.4% CO and
10.6% cholesteryl docosahexanoate.

When the CO-enriched rHDL were incubated with CETP
and PC/TO microemulsions, core lipid transfers, changes in
particle size and the dissociation of apoA-lI were indistin-
guishable from what is shown in Figures 2 and 3 for the
unmodified rHDL.

Mechanism of Prg+ ApoA-l Formation (Figures 4 and
5). As judged by agarose gel electrophoresis, the surface
charge of the (POPC)rHDL and (PLPC)rHDL was compa-
rable to that of plasma HDL<0.54um st V! cm). The
respective surface charges of (PAPC)rHDL and (PDPC)-
rHDL were—0.67 and-0.64um s* V! cm. This suggested
that the conformation of apoA-I was not the same in all the
rHDL preparations.

This possibility was investigated further by determining
the intrinsic wavelengths of maximum fluorescence of the
samples. The respective values for the (POPC)rHDL, (PLPC)-
rHDL, and (PAPC)rHDL were 333.%4 0.8, 334.3+ 0.3,
and 335.5+ 0.5 nm. The value for (PDPC)rHDL, 3368
0.8 nm, was comparable to that of lipid-free apoA-I (336.1
4+ 1.0 nm). This indicated that the apoA-l Trp residues
become more exposed to the agueous environment with

and unsaturation. To make sure that these differences didincreasing rHDL PC acyl chain length and unsaturation.

not impact on the particle remodeling or pfeapoA-I
formation, the (PLPC)rHDL, (PAPC)rHDL, and (PDPC)-
rHDL were enriched with CO. Enrichment with CO had no

Increased exposure of apoA-I Trp residues with increasing
length and unsaturation of PC acyl chains has also been
reported for discoidal rHDLZ2).

effect on rHDL size and was not associated with a nett loss  This could be explained by the more unsaturated PC acyl

of core lipids (not shown). As judged by HPLC, the CO-

chains becoming increasingly disordered and progressively
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(POPC)rHDL

2100 mn\a\n
8 s
P
[ &)

(PLPC)rHDL for (PLPC)rHDL, and (PAPC)rHDL and 3.8 0.1 M
10 GdnHCI for (POPC)rHDL. This indicated that the stability
of apoA-l decreased as the spherical rHDL B&2 acyl
0 chains became increasingly disordered. This is consistent
| e PR with what been reported for the apoA-I in discoidal (POPC)-
Time (h) Time (h) rHDL, (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL2Q).
Surface plasmon resonance was used to identify the
regions of apoA-1 in which the conformation varied (Figure
5). Six unique epitopes between the N- and the C- terminal
regions of apoA-l were examined. The immediate N-terminal
epitope of apoA-I (aa residues-19) had a higher affinity
for its antibody on (PDPC)rHDL compared with the other
rHDL. By contrast, compared with all other rHDL, the three
C-terminal epitopes of (PDPC)rHDL, defined by aa residues
178-200, aa residues 18210, and the immediate C-
terminal epitope comprising residues 22042, had signifi-
04 cantly lower affinities for their respective antibodies. This
0_10 2 | 0_10 2 suggested that the N-terminal region of apoA-I in (PDPC)-
Time () Time () rHDL is more exposed than the C-terminal region of apoA-I
in (POPC)rHDL and is consistent with the fluorescence
10 107 spectroscopic data. Interestingly, the affinity of two adjoining
regions of apoA-I (epitopes 96111 and 115126) changed
in opposite directions. The largest differences between
0 (POPC)HDL, (PLPC)rHDL, and (PAPC)rHDL were at
0 mTimeZ&]h) 0 l'li‘ime (ﬂ]) 3 epitope 115-126, which represents a proline-punctuated
pB-turn between adjoiningt-helices. These results indicate
Ficure 2: Remodeling of rHDL by CETP: Core lipid transfers. that rHDL PC acyl chain composition affects the conforma-

PC/TO microemulsions and rHDL were incubated in the presence .. : . .
or absence of CETP. The final concentrations of rHDL CE and tion of multiple domains along the entire length of the apoA-|

microemulsion TO were 0.1 and 4.0 mM/L, respectively. The Molecule.

samples without CETP were either maintained &C4r incubated

at 37 °C for 24 h. Samples containing CETP (final activity 2.7 DISCUSSION

units/mL) were incubated at 37C for 1, 3, 6, 12, or 24 h. The

final volume was 2 mL. After incubation the rHDL were isolated Reverse cholesterol transport is a potentially anti-athero-

by ultracentrifugation (1.0% d < 1.21 g/mL). CE/apoA-1@) and genic process whereby UC and phospholipids are removed

$8§‘7‘§°:X[|%ng'rzrtigagtozairﬁ tisrt‘]g"‘":)'ir:;“sets show the (€E 5 cells and transported by HDL to the liver for excretion
P point. (3). The initial step in this process is the efflux of UC and

phospholipids from cell membranes that express the ATP-

binding cassette transporter, ABCAL, to gtemigrating,

lipid-poor, or lipid-free apoA-l 4, 5). While the role of

ABCAL in UC and phospholipid efflux has been studied
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excluding the apoA-I from the rHDL surface. This, in turn,
could reduce the stability of the apoA-1 and facilitate its
dissociation from the rHDL. The first of these possibilities
was investigated by labeling the rHDL with 1,6-diphenyl- . ; o
1,3,5-hexatriene and monitoring PC acyl chain packing order extensively, the regulation of pgg-apoA-l formation is
by steady-state fluorescence polarization. These resultspoquy understoc.)d.. ] )
established that the polarization of (POPC)rHBI(PLPC)- Lipid-free or lipid-poor pres apoA-I dissociates from
rHDL > (PAPC)rHDL > (PDPC)rHDL (not shown). The spherical HDL thqt are being remodeled by plasma factors
same hierarchy has been reported for discoidal rHp#).(  Such as phospholipid transfer protein and CE®F7). The
As judged by ANOVA, the differences between the spherical Present study establishes that prexpoA-l is generated
(PAPC)rHDL and the spherical (PDPC)rHDL were signifi- during thg C.:ETP—medlla.lted remodellng of rHDL and that the
cant at the level op < 0.01. The other differences were phosphol|p|d composition of the particles plays a key role
significant at the level op < 0.001. This confirms that the ~ in these processes.
packing order of spherical rHDL PC acyl chains decreases To carry out this study, it was important to use HDL that
as their unsaturation increases. were comparable in size and lipid/protein ratio but varied
To determine if the stability of apoA-I also decreased, the Systematically in phospholipid composition. This was achieved
rHDL were incubated for €24 h with 3.5 M GdnHCI by developing a new approach for preparing spherical rHDL.
(Figure 4). The rate of unfolding of apoA-I varied widely, These preparations proved to be excellent models for
with (PDPC)rHDL (closed diamondsy (PAPC)rHDL investigating pre5 apoA-I formation. They also gave a new
(closed circlesy (PLPC)rHDL (closed trianglesy (POPC)-  insight into the CETP-mediated remodeling of HDL by
rHDL (closed squares). The unfolding of a control sample showing that there is a high degree of cooperativity between
of lipid-free apoA-l is also shown (open circles). The the transfers that deplete the HDL of core lipids, the reduction
concentration of GdnHCI required to unfold apoA-I by 50% in HDL size and the dissociation of apoA-I.
was also determined. Lipid-free apoA-l was unfolded by 50%  As the spherical rHDL CE acyl esters varied in length
in the presence of 0.2 0.1 M GdnHCI, compared to 1.5 and unsaturation, it was important to establish that these
0.1 M for the apoA-1 in (PDPC)rHDL, 2.6 0.1 M GdnHCI differences did not affect either the remodeling of the
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Ficure 3: Remodeling of rHDL by CETP: Size changes and papoA-| formation. The rHDL and microemulsions were incubated with

CETP as described for Figure 2. (a) Ultracentrifugally isolated rHDL were subjected to nondenaturing gradient gel electrophoresis. (b)
Unprocessed incubation mixtures were electrophoresed on nondenaturing gradient gels, transferred to nitrocellulose membranes, and
immunoblotted for apoA-l. Tracks A and B show rHDL's that were either maintained°& dr incubated at 37C for 24 h with the
microemulsions. Tracks C, D, E, F, and G respectively show rHDL incubated for 1, 3, 6, 12, and 24 h with microemulsions and CETP.
Track H contains lipid-free apoA-I. (c) The rHDL and microemulsions were incubated for 24 h with CETP, subjected to 2-D gel electrophoresis
and immunoblotted for apoA-I (panel A). Migration of the rHDL on the agarose gel is shown at the top of panel A. Panel B shows a sample

of lipid-free apoA-I that was subjected to nondenaturing gradient gel electrophoresis only.

particles or pre3 apoA-1 formation. This was achieved by It is also consistent with the stability of the apoA-l in
enriching the (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL (POPC)rHDL being enhanced relative to the apoA-I in the
with CO. When the CO-enriched rHDL were incubated with other rHDL preparations. The result in Figure 4, which shows
CETP and the corresponding microemulsions, the remodelingthat the unfolding of apoA-1 in (POPC)rHDL is slow relative
of the rHDL and pre3 apoA-| formation were indistinguish-  to the apoA-I in the other rHDL preparations, is consistent
able from what was found for the original, unmodified rHDL. with this observation. This is probably due to the more
It was therefore concluded that the length and unsaturationordered packing of the (POPC)rHDL phospholipid acyl
of cholesterol acyl esters does not impact on these processeshains enabling apoA-I to penetrate deeper into the rHDL
The observation that core lipid transfers between rHDL and surface.
microemulsions increased with increasing length and unsat- ope of the most interesting findings to emerge from this
uration of rHDL cholesterol acyl esters (Figure 2) is also sty is that preg apoA-I formation increases with increasing
consistent with this conclusion. If cholesterol acyl ester length and unsaturation of the rHDL P22 acyl chains.
composition influenced the CETP-mediated remodeling of \yhijle this result can be explained entirely in terms of
rHDL, core lipid transfers should decrease, not increase, with enhanced core lipid depletion of the particles, several lines
increasing acyl ester length and unsaturation. of evidence suggest that it may also reflect the increasingly
The result showing that preé-apoA-l was not formed  disordered rHDL PC acyl chains progressively destabilizing
during the CETP-mediated remodeling of (POPC)rHDL, apoA-I by excluding it from the particle surface. This finding
despite the appearance of small particles in the incubation,is of considerable physiological significance. The phospho-
was unexpected. This suggested that core lipid depletion mustipids in plasma HDL vary according to dietary fat intake
exceed a threshold level before dissociation of apoA-l occurs. (23) and following interactions with phospholipid transfer
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FIGURE 4. Unfolding of apoA-l. Spherical (POPC)rHDLE], BOG ELEARGT €0G)  * orcT rurciirarci (orc Tt Tint vabL DL

(PLPC)rHDL (a), (PAPC)rHDL @), (PDPC)rHDL @), and lipid-

free apoA-l1 O) were incubated for ©24 h with 3.5 M GdnHCI.
Wavelengths of maximum fluorescence were normalized to 333.7
nm atT = 0 h.

Ficure 5: Binding of apoA-I-specific monoclonal antibodies to
rHDL. Association rate constants (ka) (affinity) of six unique apoA-
I-specific antibodies for (POPC)rHDL, (PLPC)rHDL, (PAPC)-
rHDL, and (PDPC)rHDL were measured by surface plasmon
. . . resonance analysis. The apoA-l epitope defined by each antibody
protein and CETPT7, 24). HDL also acquire phospholipids s identified by the amino acid residues of the mature protein.
from chylomicrons that are undergoing lipolysis by lipopro-
tein lipase. The present results indicate that prapoA-| phospholipids play a pivotal role in regulating plasma HDL
formation may vary according to the acyl chain composition |evels and that they are important determinants of the initial
of the phospholipids that are incorporated into HDL by these step of reverse cholesterol transport.
processes.
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