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Abstract Interactions of apolipoprotein A-I (apoA-I) with
cell membranes appear to be important in the initial steps
of reverse cholesterol transport. The objective of this work
was to examine the effect of three distinct conformations
of apoA-I (lipid-free and in 78 Å or 96 Å reconstituted high
density lipoproteins, rHDL) on its ability to bind to, and ab-
stract lipids from, palmitoyl oleoyl phosphatidylcholine
membrane vesicles (small unilamellar vesicles, SUV, and
giant unilamellar vesicles, GUV). The molecular interactions
were observed by two-photon fluorescence microscopy, and
the binding parameters were quantified by gel-permeation
chromatography or isothermal titration microcalorimetry.
Rearrangement of apoA-I-containing particles after expo-
sure to SUVs was examined by native gel electrophoresis.
The results indicate that lipid-free apoA-I binds reversibly,
with high affinity, to the vesicles but does not abstract a sig-
nificant amount of lipid nor perturb the vesicle structure.
The 96 Å rHDL, where all the amphipathic helices of apoA-I
are saturated with lipid within the particles, do not bind to
vesicles or perturb their structure. In contrast, the 78 Å
rHDL have a region of apoA-I, corresponding to a few am-
phipathic helical segments, which is available for external
or internal phospholipid binding. These particles bind to
vesicles with measurable affinity (lower than lipid-free
apoA-I), abstract lipids from the membranes, and form par-
ticles of larger diameters, including 96 Å rHDL.  We con-
clude that the conformation of apoA-I regulates its binding
affinity for phospholipid membranes and its ability to ab-
stract lipids from the membranes.

 

—Tricerri, M. A., S. A.
Sanchez, C. Arnulphi, D. M. Durbin, E. Gratton, and A. Jonas.
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Extensive epidemiological research and recent experi-
mental studies with transgenic animals support an im-

 

portant role of HDL and their major protein compo-
nent, apolipoprotein A-I (apoA-I), in the protection
against coronary heart disease (CHD) (1–3). A key mech-
anism in the prevention of atherosclerosis by HDL is its
ability to remove cholesterol and phospholipids from
cells, initiating the reverse cholesterol transport (RCT)
process, by which cholesterol is carried from the periph-
eral tissues to the liver for excretion and further metabo-
lism (4, 5). ApoA-I determines and regulates the func-
tions of HDL in several ways: 

 

1

 

) as activator of the LCAT
reaction in plasma (6), 

 

2

 

) as acceptor of cellular choles-
terol and phospholipids from cells (7, 8), and 

 

3

 

) as a car-
rier of the LCAT-derived cholesteryl esters to the liver by
its interaction with the SR-BI receptor (9). The HDL
fraction in human plasma is highly heterogeneous, with
particles differing in composition, size, density, and
shape (10). There is increasing evidence that apoA-I can
adopt many distinct conformations, and that its ability
to rearrange in response to changes in HDL lipids due to
the action of plasma factors, play a key role in modulat-
ing the functions of the different HDL subpopulations
(11, 12). Because of their participation in reverse choles-
terol transport, attention has turned to nascent subspecies
of HDL containing apoA-I as its sole protein moiety.
These HDL with pre

 

b

 

 migration on agarose gels were
isolated from lymph (13) and plasma (14), and sepa-

 

Abbreviations: Alexa 488, Alexa Fluor 488 carboxylic acid, succin-
imidyl ester, di lithium salt; apoA-I, apolipoprotein A-I; 

 

«

 

, molar extinc-
tion coefficient; 

 

3

 

H-DPPC, L-

 

a

 

-dipalmitoyl, [2-palmitoyl-9,10-

 

3

 

H(N)]
phosphatidylcholine; GndHCl, guanidine hydrochloride; GUV, giant uni-
lamellar vesicles; ITC, isothermal titration microcalorimetry; LAURDAN,
6-dodecanoyl-2-dimethylaminonaphthalene; PC, phosphatidylcholine;
POPC, 1-palmitoyl,2-oleoyl phosphatidylcholine; rHDL, reconsti-
tuted HDL; RCT, reverse cholesterol transport; SUV, small unilamellar
vesicles.
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rated into three main subfractions according to their
size and composition (15). The smallest of the pre

 

b

 

-
HDL, the lipid poor pre

 

b

 

1

 

-HDL particles, are the initial
acceptors of cellular cholesterol. Later the cholesterol is
channeled to the large pre

 

b

 

3

 

-HDL where it is esterified
and then transferred to 

 

a

 

-HDL (15, 16).
The molecular basis for the ability of nascent HDL to

take up cholesterol from cells is not yet clear. In fact, sev-
eral mechanisms could be contributing to the process: 

 

1

 

)
spontaneous aqueous diffusion of cholesterol from cell
membranes to the HDL particles, 

 

2

 

) interaction of apoA-I
with membrane lipid domains and microsolubization of
phospholipids and cholesterol, and 

 

3

 

) specific apolipo-
protein interactions with the plasma membrane trans-
porter ABC1 (8) or SR-BI receptors, which facilitate lipid
efflux from cells (17, 18).

In this study we set out to examine the second process:
the interaction of lipid-free apoA-I or lipid-bound apoA-I
in reconstituted high density lipoprotein (rHDL) parti-
cles with phospholipid membranes. To facilitate the in-
terpretation of the results, we selected well-defined model
systems: reconstituted HDL for the nascent HDL subspe-
cies and two vesicle preparations for the cellular mem-
branes. Reconstituted, discoidal HDL having two apoA-I
molecules per particle, and different phospholipid con-
tents, are particularly useful models due to their similar-
ity to the natural nascent HDL (pre

 

b

 

-HDL) secreted in
vivo by the liver and intestine, or produced during catab-
olism of other circulating lipoproteins (19). The rHDL
selected for this study have well-defined diameters (78
and 96 Å), distinct apoA-I conformations (20), and dra-
matically different functional properties as reflected in
their activation of LCAT (21) and binding affinity for SR-BI
receptor (22). Therefore, we hypothesize that these
rHDL particles, with distinct functional properties in the
middle and final steps of RCT, may also exhibit differen-
tial behavior in the first step of the process—interaction
with membranes. Further, we propose that the reversible
conformational changes in the apoA-I components of
these particles serve as molecular switches that regulate
the behavior of the HDL subspecies in RCT.

As models for cell membranes, we chose the well-
studied small unilamellar vesicles (SUV) of phosphatidyl-
cholines (23), which researchers have used for over 30
years in the study of the interactions of proteins with phos-
pholipid bilayers in aqueous solutions (24). Although es-
pecially useful in quantitative binding studies and bio-
chemical analysis of the interaction products, the SUVs
have a high surface curvature, unequal packing of phos-
pholipids in the outer and inner leaflets of the bilayer,
and slightly altered phase transition behavior compared
with planar phospholipid bilayers. All of these factors
could affect interactions with proteins (25). Thus we also
used a novel system, giant unilamellar vesicles (GUV),
which represents a more realistic model for cell mem-
branes (26), in conjunction with two-photon fluorescence
microscopy (27), to visualize directly and in real-time the
interaction of apoA-I, and the rHDL containing apoA-I,
with membranes.

MATERIALS AND METHODS
 

Materials

 

Human apoA-I was purified from blood plasma purchased
from the Champaign County Blood Bank, Regional Health Cen-
ter, as described previously (28). Fluorescamine, 1-palmitoyl,
2-oleoyl phosphatidylcholine (POPC) and sodium cholate were
purchased from Sigma Chemical Co. (St. Louis, MO); ultrapure
guanidine hydrochloride (GndHCl) was obtained from Boeh-
ringer Mannheim. The Alexa Fluor 488 protein labeling kit and
6-dodecanoyl-2-dimethylaminonaphthalene (LAURDAN) were
purchased from Molecular Probes (Eugene, OR); [

 

3

 

H]DPPC
(92.3 Ci/mmol) was from Du Pont (NEN, MA). Bis(sulfosucci-
nimidyl)suberate (BS

 

3

 

) was purchased from Pierce (Rockford,
IL). MOPS and dichloromethane were from Fisher Scientific
(Springfield, NJ).

 

Methods

 

Labeling of apoA-I.

 

ApoA-I (2–4 mg) in 0.1 M sodium bicar-
bonate, pH 8.3, was incubated with Alexa 488 (dissolved in the
same buffer) at a molar ratio of probe to protein of 30:1. After 2 h
incubation, in the dark at room temperature, unreacted probe
was separated by elution through a PD-10 column (Pharmacia,
Peapack, NJ), followed by overnight dialysis against 10 mM TBS,
pH 8.0, 0.15 M NaCl, 1 mM NaN

 

3

 

, and 0.1 mM EDTA. The de-
gree of labeling of amino groups in apoA-I was determined from
absorbance measurements on the conjugate at 280 nm (

 

«

 

280

 

 

 

5

 

7,800 M

 

2

 

1

 

 for the probe and 

 

«

 

280

 

 

 

5

 

 30,700 M

 

2

 

1

 

 for apoA-I) and
at 492 nm (

 

«

 

492

 

 

 

5

 

 71,000 M

 

2

 

1

 

 for Alexa-488) (29). Under these
conditions, the efficiency of labeling was about one molecule of
probe per molecule of apoA-I. Reconstituted HDL containing
labeled apoA-I was prepared in high yields, as described below.

 

Preparation of reconstituted discoidal HDL. 

 

rHDL, having two
molecules of apoA-I per particle, were prepared by the sodium
cholate dialysis method (30). A starting molar ratio of POPC-
protein-sodium cholate, 95:1:150 (v/v/v) was used in order to
obtain 96 Å rHDL. The desired amount of POPC in CHCl

 

3

 

 was
dried under N

 

2

 

. Lipids were dispersed in TBS and sodium cho-
late was added and kept at 4

 

8

 

C until the lipid dispersion cleared.
Proteins were incubated 30 min with the mixed micelles and the
mixtures were dialyzed extensively against TBS at 4

 

8

 

C. When
necessary, preparations were passed through a Superdex 200 HR
10/30 column (Pharmacia FPLC System) equilibrated with the
same buffer at a flow rate of 0.25 ml/min. The smaller 78 Å
rHDL were reconstituted from a starting molar ratio of POPC-
apoA-I-sodium cholate of 35:1:60 (v/v/v) using the same proce-
dure. Fractions that were free of higher molecular weight com-
plexes after the first column elution were concentrated and further
purified by a second chromatographic step. For this step, the
same column was equilibrated with TBS plus 0.1 M GndHCl, and
a flow rate of 0.4 ml/min was used. The small amount of
GndHCl was included to facilitate removal of lipid-free apoA-I.
After the elution, pure fractions were dialyzed against TBS. The
homogeneity and hydrodynamic diameters of the rHDL were es-
timated by native (8–25%) polyacrylamide gradient gel electro-
phoresis on a Pharmacia Phast System. Protein was quantified
either by absorbance at 280 nm, or by a modified Lowry assay
(31). Phospholipid content was determined by phosphorus anal-
ysis according to Chen et al. (32). Chemical cross-linking with
BS

 

3

 

 of the apoA-I on the rHDL was performed as described by
Leroy et al. (33).

 

Giant unilamellar vesicles.

 

Giant unilamellar vesicles were pre-
pared, at least twice, as described by Bagatolli et al. (34). To pre-
pare the GUVs, 

 

,

 

2 

 

m

 

l of POPC stock solution (0.2 mg/ml in
CHCl

 

3

 

) were spread onto two platinum wires in a small chamber
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under a stream of N

 

2

 
. To remove residual organic solvent, sam-

ples were dried under vacuum for about 30 min. The bottom of
the chamber was sealed with a coverslip and the dry sample
chamber was then filled with 

 

,

 

2 ml of 1 mM Tris pH 8.0 buffer
at room temperature. Immediately after this step, the platinum
wires were connected to a function generator (Hewlett-Packard,
Santa Clara, CA), and a low frequency AC field (sinusoidal wave
function with a frequency of 10 Hz and an amplitude of 3 V) was
applied for 1 h. A CCD color video camera (CCD-Iris, Sony) con-
nected to the microscope was used to follow the vesicle forma-
tion and to select the target vesicle for analysis. The vesicles re-
maining attached to the platinum wires were used for the
observations; they were stable for at least 2 h.

In the two-photon excitation process, a fluorophore absorbs
two photons simultaneously, each of them supplying half of the
required energy for the electronic transition. This approach pro-
vides several advantages over the traditional confocal micros-
copy: 

 

1

 

) due to the long excitation wavelength (780 nm) there is
no overlap between the excitation and emission spectra, 

 

2

 

) photo-
bleaching and photodamage above and below the focal plane is
minimal, and 

 

3

 

) in order to obtain the high photon densities re-
quired for two-photon absorption, a high-peak power laser light
source is focused on a diffraction-limited spot through a high
numerical aperture objective. As a consequence, there is no light
absorption in the areas above and below the focal plane, allow-
ing a sectioning effect without the use of pinholes (27). The ob-
servations were carried out using an inverted microscope (Axiovert
35, Zeiss, Thornwood, NY). An LD-Achroplan20

 

3

 

 long working
distance air objective (Zeiss, Holmdale, NJ), with a numerical ap-
erture of 0.4, was used in the microscope. A titanium-sapphire
laser (Mira 900, Coherent, Palo Alto, CA) pumped by a frequency-
doubled Nd:vanadate laser (Verdi, Coherent), was used as the ex-
citation light source. The laser was guided by a galvanometer-
driven x-y scanner (Cambridge Technology, Watertown, MA).
The scanning rate was controlled by the input signal from a fre-
quency synthesizer (Hewlett-Packard, Santa Clara, CA), and a
frame rate of 9 s was used to acquire the images (256 

 

3

 

 256
pixels). To change the polarization of the laser light from linear
to circular, a quarter wave plate (CVI Laser Corporation, Albu-
querque, NM) was placed after the polarizer. The fluorescence
emission was observed through a broad band-pass filter from 350
to 600 nm (BG39 filter, Chroma Technology, Brattleboro, VT).

Two general procedures were followed in the acquisition of
two-photon fluorescence images. 

 

1

 

) For the binding experi-
ments, 5 

 

m

 

g of Alexa-labeled apoA-I (in the lipid-free state or in
78 or 96 Å rHDL) were added to the unlabeled vesicles. Two-
photon imaging required integration of at least 80 frames due to
the low fluorescence intensity. The comparative binding be-
tween the different samples was estimated by obtaining the hori-
zontal intensity profile on each image, and integrating the area
under the curve of the peak corresponding to the protein associ-
ated with the membrane. 

 

2

 

) To observe morphological changes
on the vesicle surface, 1 

 

m

 

l of LAURDAN in dimethyl sulfoxide
(DMSO) was added to the chamber after the vesicle formation
(final LAURDAN to lipid molar ratio 1:100), and left to stabilize
for about 15 min. Then, 5 

 

m

 

g of unlabeled apoA-I in the three states
were added to the vesicles and images were recorded at room tem-
perature over 2 h. The fluorescence of the LAURDAN was suffi-
ciently bright to obtain good images from single frame measure-
ments. Experiments were repeated, with equivalent results, for two
preparations of lipid-free apoA-I and the rHDL particles.

 

Small unilamellar vesicles .

 

To prepare small unilamellar vesi-
cles (SUVs) of diameters in the range from 250 –300 Å, about 60
mg of POPC (dissolved in CHCl

 

3

 

) were combined with a trace
amount of [

 

3

 

H]-DPPC to a specific radioactivity of about 90
cpm/

 

m

 

g phospholipid. Lipids were dried under N

 

2

 

 and under

vacuum to remove any traces of solvent, and were resuspended
slowly in 5 ml of 0.025 M 3-(

 

N

 

-morpholino) propane-sulfonic acid
(MOPS), 0.16 M potassium chloride, pH 7.4 (MOPS buffer) to ob-
tain a milky dispersion of multilamellar liposomes (MLV). The sus-
pension was placed on ice under a flow of N

 

2

 

 and sonicated (am-
plitude 35%) on a Vibra Cell VCX-400 using a microprobe (Sonics,
CT), until the solution became translucent. The preparation was
filtered to remove titanium debris and eluted on a 60 

 

3

 

 1.5 cm
Superose CL-4B column (Pharmacia), equilibrated with MOPS
buffer. Radioactivity in the eluted fractions was detected and quan-
tified by liquid scintillation counting. Typically, some large vesicles
came through in the excluded volume and SUVs eluted as a single
symmetrical peak. Fractions corresponding to homogeneous SUV
were pooled and concentrated to 

 

,

 

16 mg POPC/ml.
For isothermal titration microcalorimetry (ITC) experiments,

liposomes were prepared using the same technique with minor
modifications: POPC (from a CHCl

 

3

 

 stock) was dried under N

 

2

 

,
then it was dissolved in dichloromethane in order to remove
traces of ethanol, which is frequently used to stabilize CHCl

 

3

 

(24), and finally dried again under a N

 

2

 

 stream prior to over-
night high vacuum. Lipids were dispersed in TBS and sonicated
as described above. Titanium debris was removed by centrifuga-
tion (Marathon table centrifuge, Fisher Scientific), for 10 min at
12,000 rpm.

The binding of apoA-I to SUVs was analyzed by gel-perme-
ation chromatography as described by Yokoyama et al. (35). To
observe the interaction of vesicles with apoA-I, 0.93 mg of POPC
in SUV were incubated for 1 h at room temperature with increas-
ing concentrations of apoA-I (from 0.025 to 0.4 mg), in the lipid-
free state, or reconstituted into 78 or 96 Å rHDL. The total vol-
ume of the reaction mixture was 0.5 ml. The reaction mixture
was then applied to a small Sepharose CL-6B (1 

 

3

 

 5 cm) col-
umn, and 0.5 ml fractions were collected. The entire chromato-
graphic elution was completed in 10 min. In each fraction, SUVs
were detected by radioactivity and protein was determined by
the fluorescamine assay (36). ApoA-I bound to vesicles (protein
peak co-eluting with the liposomes) eluted separately from un-
bound protein (later fractions). Data were analyzed assuming a
single set of binding sites and equilibrium conditions, according
to equation 1 (35):

P

 

f

 

 

 

5

 

 (N[PC] P

 

f

 

 / P

 

b

 

) 

 

2

 

 

 

K

 

d

 

Eq. 1)

 

where P

 

f

 

 is the concentration of free (unbound) protein, P

 

b

 

 is
the concentration of bound protein, [PC] is the concentration
of POPC in the reaction mixture, N is the binding stoichiometr y
(upper limit of P

 

b

 

/[PC]), and 

 

K

 

d

 

 is the dissociation constant.
The model assumes a finite number of discrete, equivalent, and
non-interacting binding sites on the sur face of the vesicles.

The VP-ITC microcalorimeter (MicroCal, Northampton, MA)
was used to study the binding of apoA-I in the three physical
states to SUVs. Typically 20 consecutive injections of 10 

 

m

 

l ali-
quots of the protein at a concentration of 30 –110 

 

m

 

M were in-
jected from the syringe into the cell (1.44 ml) containing 3 –30
mM POPC solutions of SUVs. Injections were made at intervals
of 10 min and the duration of each injection was according to
the volume added (2 s/

 

m

 

l of injectant). To assure proper mixing
after each injection, a constant stirring speed of 300 rpm was
maintained during the experiment. The temperature in the cell
was 30

 

8

 

C and lipid solutions were degassed under vacuum prior
to use. Dilution heats of protein into the lipid solution were sub-
tracted from measured heats of binding. These values agreed
with those obtained in corresponding protein-buffer titrations.
To ensure chemical equilibration, the protein solution was dia-
lyzed against the same buffer as that of the POPC SUVs prior to
the ITC experiments. Data were analyzed using the Origin soft-
ware provided by Micro-Cal Inc.
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ApoA-I (in lipid-free state or in 78 or 96 Å particles) was incu-
bated with POPC SUVs in order to test its ability to rearrange to
different-sized particles in the presence of excess phospholipids.
Ten 

 

m

 

l of apoA-I (12 

 

m

 

g) were incubated at room temperature
with 5 

 

m

 

l of SUV (48 

 

m

 

g of POPC) for 0, 1, 2, 6, 14, and 24 h. In-
cubation was stopped by placing the samples on ice. Rearrange-
ment was analyzed immediately by native (8 –25%) polyacryla-
mide gradient gel electrophoresis. In a separate experiment, 10

 

m

 

l of apoA-I (12 

 

m

 

g) were incubated with 5 

 

m

 

l of SUV containing
different POPC concentrations, in order to reach a w/w ratio of
1, 2, 4, 8, and 16, POPC/apoA-I. Mixtures were incubated for 6 h
and analyzed the same way as described above. The extent of
particle rearrangement was determined by laser densitometry
scanning of the gels stained with Coomasie Blue, on an LKB
Ultroscan laser densitometer.

 

RESULTS

Reconstituted HDL, 78 Å and 96 Å in diameter, were
prepared using different starting POPC/apoA-I ratios and
were isolated as described in Materials and Methods. After
isolation, samples were analyzed in terms of homogeneity,
size, and lipid composition. Cross-linking and SDS-PAGE
analysis revealed that both particles contained two mole-
cules of apoA-I, and both preparations exhibited only one
major band when analyzed by electrophoresis under na-
tive conditions confirming the homogeneity of the parti-
cles (

 

Fig. 1

 

).
From previous work, it is well known that the conforma-

tion of apoA-I is distinct in the lipid-free state and in these
two species of rHDL particles (21, 37). Fluorescence and
circular dichroism measurements on the current samples
agreed well with published values and are listed in 

 

Table
1

 

, together with previously published structural and func-
tional parameters for the 78 Å and 96 Å particles. Com-
pared with the larger 96 Å particles, apoA-I in the 78 Å
species has a lower 

 

a

 

-helix content, and lower apparent
stability. On average, the negative charges contributed by
the apoA-I in the 78 Å particles are fewer, and exposure of
Trp residues to solvent is decreased. These conforma-
tional differences in apoA-I are dramatically reflected in

the 16-fold lower activation of LCAT in the 78 Å particles
and a 60-fold decreased affinity of the smaller particles for
binding to SR-BI receptors.

 

Interactions with GUVs

 

ApoA-I labeled with Alexa 488 was used in two-photon
fluorescence microscopy visualization of the binding of
lipid-free and lipid-bound apoA-I to GUVs. Alexa 488 is a
highly fluorescent photostable probe with the spectral
characteristics of fluorescein. Due to the high solubility of
the probe in aqueous solutions, apoA-I is easily and specif-
ically labeled. Previous work (38) indicated that the at-
tachment of one molecule of an analogous Alexa 488
probe per molecule of a Cys mutant of apoA-I did not in-
troduce modifications in the secondary structure nor in the
lipid binding properties of this apolipoprotein. Even less
perturbation is expected in the present case because na-
tive apoA-I is labeled at random Lys residues that are ex-
posed to water. Reconstitution of both kinds of rHDL in
high yields with the labeled protein confirmed that the
lipid binding and folding properties of apoA-I are not af-
fected (38). 

 

Figure 2

 

 shows the images of POPC GUVs
after the addition of the lipid-free labeled apoA-I (Fig.
2A), the 96 Å rHDL (Fig. 2B), and 78 Å rHDL (Fig. 2C).
Control images before the addition of the fluorescent
molecules showed no fluorescence intensity. For each image
in Fig. 2 we also show the horizontal intensity profile
taken in the region indicated by the white dashed line in
the image. A peak in the average intensity around pixel
150 indicates protein bound to the GUV surface, when in-
cubated with apoA-I in the lipid-free state or in 78 Å rHDL

Fig. 1. Native 8–25% polyacrylamide gel of the rHDL complexes,
stained with Coomasie Blue. Lanes 1 and 4 show high molecular
weight markers (Amersham Pharmacia Biotech); lane 2 corre-
sponds to the 96 Å rHDL, and lane 3 to the 78 Å rHDL.

 
TABLE 1. Structural and functional properties of lipid-free 

apoA-I and apoA-I in two defined rHDL

 

Lipid-free
ApoA-I

78 Å
rHDL

96 Å 
rHDL

 

POPC/apoA-I (mol/mol)

 

a

 

— 30 (

 

6

 

 3):1 68 (6 3):1
a-helix content (%)b 56 6 5 61 6 5 73 6 8
DG0 (kcal/mol)c 2.5 6 0.1 1.8 6 0.2 2.6 6 0.9
WMF Trp (nm)d 334 6 1 333 6 1 333 6 1
Valence (e)e 23.2 6 0.1 26.1 6 0.2 27.5 6 0.5
Ksv (M21)f 6.9 6 1.0 1.5 6 0.2 3.7 6 1.9
Reactivity with LCAT

(nmol CE/h. M)g — 3.1 3 104 50 3104

Binding to SR-BI Kd (mg/ml)h — 48 0.84

a Protein concentration was determined according to Markwell et
al. (31); POPC content was measured by the procedure of Chen et al.
(32).

b Obtained from molar ellipticities at 222 nm (20).The current
values compare quite well with those determined by McGuire et al.
(20).

c Standard free energies of denaturation determined by McGuire
et al. (20) from circular dichroism measurements.

d Wavelength of maximum fluorescence of Trp residues.
e Excess of negative charge per particle in electronic units. Deter-

mined by agarose gel electrophoresis by McGuire et al. (20).
f Stern-Volmer constants indicating exposure of Trp residues to

quenching by KI; determined by McGuire et al. (20).
g Reactivity with lecithin cholesterol acyltransferase is expressed as

apparent Vmax/apparent Km; taken from Jonas et al. (21).
h Apparent dissociation constant for the specific binding of

125I-rHDL to CHO cells expressing SR-BI; taken from de Beer et al.
(22).
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(Fig. 2A and 2C). The area below the peak indicates that,
under the same conditions, the lipid-free protein binds
with an affinity ,3 times higher than the 78 Å rHDL. For
the 96 Å particles (Fig. 2B) binding was not detected by
this criterion.

To observe the effects of apoA-I in the three conforma-
tional states on the structures and lipid content of the
GUVs, unlabeled apoA-I species were added to GUVs
doped with LAURDAN. Changes in the vesicle fluores-
cence, after the addition of apoA-I, were followed for
about 2 h (Fig. 3). The first (left) panel in each figure
shows the vesicles before the addition of apoA-I in the
three conformational states. No detectable changes were
observed when GUVs were incubated with either lipid-
free apoA-I or with 96Å rHDL (Fig. 3A and 3B, respec-
tively). However, when the 78 Å rHDL were added to the

vesicles, two main changes were detected: 1) after about
30 min, deformation of vesicles was frequently observed,
together with an increase in the background fluores-
cence (Fig. 3C, center), and 2) after approximately 1.5 h
the same vesicle becomes round again, but it has some
surface features (Fig. 3C, boxed). A closer look at this
vesicle (Fig. 3C, zoom) shows a “network-like” struc-
ture of uneven lipid distribution. The increase in the
background fluorescence could be attributed to probe
molecules that were present in solution and became
fluorescent when they partitioned into the 78 Å rHDL.
However, a similar effect was not observed for the 96 Å
rHDL, eliminating that possibility. Apparently LAURDAN
and, most likely POPC molecules, are removed from
the GUVs by specific interaction with the 78 Å rHDL
only.

Fig. 2. Two-photon fluorescence microscopy images of POPC GUVs at 258C in 1 mM Tris pH 8.0, 30 min after the addition of Alexa 488-
labeled lipid-free apoA-I (A), 96Å rHDL (B), and 78 Å rHDL particles (C). Images correspond to the integration of 80 scans. The white
dashed line shows the points where the horizontal intensity profiles (pictured under each image) were analyzed. Images were taken in the
center of the GUVs. The relative fluorescence intensities are represented by the color palette shown below.
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Interactions with SUV
In order to compare the affinity of the different apoA-I

species for POPC bilayers, binding of apoA-I to POPC
SUVs was analyzed by the gel-permeation method (35).
The binding curves for the apoA-I in the different confor-
mations are shown in Fig. 4. Bound protein at each concen-
tration was determined from the area of protein co-eluting
with the vesicles. In good agreement with Yokoyama et al.
(35), the association of the lipid-free apoA-I was rapid and
reached saturation under the conditions of the experi-
ment. A weaker binding was detected for the 78 Å rHDL.
Binding parameters were also obtained by ITC (39). A typ-
ical calorimetric titration pattern is shown in Fig. 5. Exper-
imental data were fitted using a Langmuir adsorption
model to obtain dissociation constants (Kd) and binding
capacity values (r). Both sets of binding parameters are
listed in Table 2. A correction was applied to the POPC
concentration to account for the fact that the protein
binds only to the external leaflet that represents about
60% of the total lipids of the SUV. Binding of 96 Å rHDL
to SUVs was not observed by the gel-permeation or by the
ITC method. Binding of lipid-free apoA-I occurred with

high affinity and gave comparable equilibrium dissocia-
tion constants (Kd) and stoichiometries (POPC/apoA-I 5 r)
with both methods. Assuming that the average SUV has
about 3,000 POPC molecules with 60% in the outer leaflet
and accessible to apoA-I, then it can be calculated that two
molecules of apoA-I are bound per vesicle at saturation.

Binding of the 78 Å rHDL to SUVs was measured by
both methods, and it was found to be weaker than the
binding of lipid-free apoA-I. However, the numerical agree-
ment between both methods was poor. This discrepancy
may be attributed to the intrinsic limitations of the mea-
surements. In the gel-permeation method, the column
separation of lipid-bound and free protein may perturb
equilibrium especially for lower affinity interactions. In
contrast, the ITC measurements are performed under
equilibrium conditions, and the relative affinity observed
for the lipid-free apoA-I and the 78 Å particles (around
three-fold higher for the lipid-free state) is in good agree-
ment with the results obtained from the two-photon micro-
scopic binding experiments. Also, the gradual remodeling
that the 78 Å rHDL undergo during the course of the
binding experiments (to larger rHDL with lower affinity

Fig. 3. Two-photon fluorescence microscopy images of POPC GUVs doped with LAURDAN after the addition of unlabeled lipid-free
apoA-I (A), 96Å rHDL (B), and 78 Å rHDL particles (C). Incubation conditions are described in the Materials and Methods. Images were
taken in the center of the GUVs.
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for the SUV, see the next section) could affect the out-
come of the experiments depending on temperature, re-
agent concentrations, and the time it takes to perform the
experiment. At the same time, the vesicle properties are
also changing because of phospholipid depletion. In spite
of these concerns, the binding constants obtained within
1–2 h from mixing of the reactants, under the general con-
ditions of our experiments, should give a reasonable indica-
tion of the relative affinities of apoA-I in the different con-
formations for the POPC vesicles. The stoichiometry of
binding of the 78 Å rHDL obtained by the ITC method sug-
gests that the surface area occupied by each of these parti-
cles on the SUVs is considerably smaller than that occupied
by the lipid-free apoA-I. This agrees with the hypothesis
that, in contrast to lipid-free apoA-I, which has eight helical
repeats available for binding, the 78 Å rHDL have two heli-
cal repeats per apoA-I that can bind to SUV surfaces.

In order to obtain more information about the process
occurring on the surface of the GUVs, we analyzed the
ability of apoA-I to solubilize POPC in the presence of ex-
cess SUV. ApoA-I species (lipid-free and the two rHDL
particles) were incubated with POPC SUVs at room tem-
perature, for various time periods, and at different SUV/
protein ratios, and the products were analyzed by native
gradient gel electrophoresis (Fig. 6). Neither lipid-free
apoA-I nor the 96 Å rHDL showed any differences in elec-
trophoretic migration or particle distribution with respect
to the samples incubated in the absence of SUV, indicat-
ing that net lipid transfers did not occur in these samples
after 6 h of incubation with increasing amounts of SUVs
(Fig. 6A). In contrast, the 78 Å rHDLs were remodeled
into larger particles, predominantly particles with 96 Å di-
ameters. About 5, 18, 24, 33, and 56% of the protein in

the original 78 Å rHDL particles appeared in bigger com-
plexes when incubated with 1, 2, 4, 8, and 16 w/w excess
SUV lipid to apoA-I, respectively. Remodeling of a small

Fig. 5. Binding of lipid-free apoA-I to SUV measured by isother-
mal titration calorimetry. Ten ml of apoA-I (36 mM) were injected
each time at intervals of 10 min into the cell containing 2.9 mM
POPC SUVs in TBS at 308C. Baseline was corrected substracting the
heat of dilution. A: Each peak represents the heat absorbed when
binding occurs after each injection. B: Normalized binding enthal-
pies as a function of the injection number. Kd and r values were ob-
tained from the fit of the experimental data.

Fig. 4. Binding curves of the different conformational states of
apoA-I to small unilamellar vesicles using the gel-permeation
method (35). Isotherms were measured as described in Materials
and Methods. A constant amount of POPC (0.93 mg) was incu-
bated with increasing amounts of apoA-I. Squares correspond to
lipid-free apoA-I, circles to 78 Å rHDL, and triangles to 96 Å rHDL.
Solid lines are the theoretical Langmuir isotherms calculated from
equation 1. The model assumes binding sites to be independent
and identical.

TABLE 2. Binding parameters for apoA-I in the lipid-free state 
and in 78 Å rHDL to small unilamellar vesicles, determined 

from Isothermal Titration Calorimetry (ITC) and
Gel-Permeation Chromatography (GPC)

Lipid-Free ApoA-I 78 Å rHDL

ITC GPC ITC GPC

Kd (mM)a 0.25 6 0.06 0.40 6 0.03 0.86 6 0.30 15.5 6 2.20
N (mmol protein/

mol POPC)b 0.64 6 0.1 1.30 6 0.10 2.20 6 0.20 1.30 6 0.10 
r (mol POPC/

mol protein)c 937 461 273 461

a Dissociation constant.
b Stoichiometry of binding of the protein to the lipid vesicles.
c Binding capacity (1/N) is the size of the binding site considering

only the phospholipids in the external leaflet of the vesicle (60% of the
total concentration).
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proportion of particles was observed even at short
times of incubation (Fig. 6B), comparable to the obser-
vation time at the microscope (1 – 2 h). No lipid-free
apoA-I was produced as a result of the remodeling of
these particles.

DISCUSSION

In this study we demonstrated that three different con-
formations of apoA-I regulate their binding to phospho-
lipid vesicle membranes and the abstraction of lipids from
them. Similar conformational adaptations of apoA-I are
most likely responsible for the different functional roles
of native HDL subclasses in reverse cholesterol transport.

The three well-defined structural forms of apoA-I em-
ployed in this study were the lipid-free form and the lipid-
bound states associated with the 78 Å and 96 Å rHDL par-
ticles, which differ from each other in apoA-I conforma-
tion, phospholipid content, and functional roles in LCAT
activation (21) and binding to SR-BI receptors (22). In ad-
dition, the 78 Å and 96 Å rHDL resemble the native preb-
HDL subclasses that contain only apoA-I, have high pro-
portions of phospholipid relative to other lipids, and have

predominantly discoidal shapes. The best studied preb1-
HDL particles appear to have intermediate properties be-
tween lipid-free apoA-I and the synthetic 78 Å rHDL spe-
cies. Several reports indicate that preb1-HDL, the initial
acceptors of cholesterol from cell membranes (14), have a
molecular mass around 70 kDa, 2 apoA-I molecules per
particle, up to 20 molecules of phospholipid, and very few
molecules of cholesterol ester (40). The conformation of
apoA-I in these particles is distinct from apoA-I in other
HDL subclasses as revealed by epitope accessibility (41)
and exposure of the central region to proteolytic diges-
tion (42). Structural information is scarce on the larger
preb-HDL (preb3-HDL), but in their discoidal shape,
high content of phospholipids, and optimal efficiency as
LCAT substrates, these particles do resemble the 96 Å
rHDL used in this study.

In contrast to the limited information available about
the conformation of apoA-I in the preb-HDL particles, the
structures of lipid-free apoA-I and of apoA-I in the 78 Å and
96 Å rHDL particles have been studied in some detail.
Monomeric, lipid-free apoA-I in physiological buffers has
the characteristics of a molten globule (43) and contains
about 50% a-helical structure, folded in an elongated
hairpin that brings the compact N- and C-terminal ends

Fig. 6. Nondenaturing electrophoretic analysis of the rearrangement of particles exposed to an excess of
POPC SUVs. Gels were stained with Coomasie Blue and scanned to quantify the protein in the bands. A:
ApoA-I in different conformational states was incubated for 6 h at room temperature with increasing
amounts of POPC; HMW, molecular weight standard markers (Amersham Pharmacia), c, control of the
apoA-I or rHDL incubated for 6 h without SUVs. The numbers under each lane represent the mass ratios of
POPC/apoA-I used in each incubation. B: Short term incubation of the 78 Å rHDL with SUVs. Lanes 1 and 2
show a 1 min incubation at weight ratios of 2 and 4 POPC/apoA-I, respectively. Lanes 3 and 4 show a one-
hour incubation at the same weight ratios of POPC/apoA-I.
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near to each other (44). In the rHDL particles, apoA-I ac-
quires more a-helical structure and the amphipathic helical
segments of the two apoA-I molecules are directly involved
in binding to phospholipid (POPC) acyl chains. Fewer heli-
ces are required to cover the periphery of the smaller 78 Å
rHDL discs than of the larger 96 Å particles. In the 96 Å
rHDL, all of the amphipathic helices encoded by exon 4
are engaged in interactions with POPC molecules.

The three-dimensional arrangement of apoA-I helices
in rHDL particles has been modeled by Phillips et al. (45)
and by Segrest et al. (46). Although they differ in the ori-
entation of the helix axes and apoA-I monomer-to-monomer
contacts, both models predict maximal a-helical structure
(75–80%) and maximal contacts with phospholipid acyl
chains. Most recently, based on extensive fluorescence res-
onance energy transfer experiments, we suggested a hair-
pin fold of each apoA-I monomer in the 96 Å particles
(38). Again, in this model all the helical segments are in-
volved in lipid-binding, but the central helices, at the hair-
pin turn, could easily disengage from the lipid surface to
effect the rearrangement required for the reversible
transformation of 96 Å rHDL into 78 Å rHDL particles.
The precise helical repeats that are disrupted in the 78 Å
rHDL are not known, but central helices toward the
N-terminus are strongly suggested by several lines of evi-
dence. The hinge or mobile region of apoA-I has been lo-
calized between residues 99 and 143 of the sequence (47),
the same region that is accessible to proteases in preb1-
HDL particles (42). Furthermore, the properties of Trp
residues are affected in the 78 Å particles, suggesting an
involvement of Trp 108 in the conformational adaptations
of apoA-I. Corsico et al. (48) have implicated residues 87–
112 of apoA-I in their recent study of interactions of rHDL
with membranes. However, in contrast to the present work,
Corsico et al. did not distinguish between rHDL subclasses.
Thus, having apoA-I in three well-defined conformations,
we set out to study their effects on apoA-I interactions with
POPC membranes.

First, we confirmed the essentially reversible binding of
lipid-free apoA-I to SUVs at high POPC to apoA-I ratios
and periods of 2 h or less of incubation. The conventional
gel-permeation method (35) was supported by two novel
approaches: isothermal titration microcalorimetry and
two-photon fluorescence microscopic visualization. In addi-
tion, we demonstrated that lipid-free apoA-I, under these
conditions, abstracts little or no lipid from the POPC mem-
branes, so that vesicle structure is not perturbed and rHDL
particles are not formed; this was shown by the unchanged
GUV structure, absence of LAURDAN fluorescence in the
background, and apoA-I remaining at the lipid-free migra-
tion position on the native gels. Under different condi-
tions, where complex cell membranes are used, prolonged
incubation times and high apolipoprotein concentrations,
some membrane solubilization has been reported (49).
However, under the precisely controlled conditions of
these experiments, it is clear that lipid-free apoA-I binds
with high affinity to POPC membranes but does not dis-
rupt them, nor does it solubilize significant amounts of
lipid.

Comparison of the two kinds of rHDL particles in their
binding to SUVs and GUVs clearly shows that the smaller
particles have measurable binding affinity for both of
these vesicles systems, whereas the 96 Å species shows little
or no binding. This difference in binding behavior can be
explained by the different apoA-I conformation in both
types of particles. In the 96 Å rHDL, the apoA-I helical
segments are all involved in lipid binding within the
rHDL, whereas in the 78 Å rHDL, each apoA-I has a re-
gion that is available for amphipathic helix formation and
binding to phospholipid membranes.

Compared with lipid-free apoA-I binding to SUVs, the
affinity of the 78 Å rHDL is lower and the POPC/apoA-I
(r value) is also lower, in agreement with the hypothesis
that only about two helical repeats per apoA-I (four per
particle) are involved in the binding of the 78 Å rHDL to
the membranes. The nature of this interaction appar-
ently favors the desorption of phospholipids and LAURDAN
from the membrane and their solubilization in the
rHDL particles. This is manifested by the appearance of
LAURDAN fluorescence in the medium and morpholog-
ical changes in the GUVs in the presence of the 78 Å par-
ticles. Also, exposure to SUVs results in the remodeling
of the 78 Å rHDL into larger rHDL, including 96 Å spe-
cies. This rearrangement occurs by the uptake of POPC
from the vesicles. Thus, the 78 Å and 96 Å rHDL are inter-
convertible depending on the direction of phospholipid
movement. The 78 Å rHDL are readily formed from 96 Å
rHDL when these particles are depleted of phospholipid
[for example upon incubation with LDL (50)]; and 96 Å
rHDL are formed from the 78 Å rHDL by lipid uptake
from phospholipid vesicles, as demonstrated in this
study.

The conformational changes in apoA-I that occur in
conjunction with the changes in phospholipid content of
the rHDL also lead to major functional switches: 1)
changes in the affinity for the phospholipid membranes,
as demonstrated here, 2) dramatic changes in LCAT acti-
vation (21), and 3) very marked changes in affinity for the
SR-BI receptors (22).

In summary, the 78 Å rHDL bind to the vesicles, ab-
stract POPC and are converted into 96 Å particles that no
longer bind to the vesicles but are excellent substrates for
LCAT (after incorporation of cholesterol) and are good
ligands for SR-BI receptors in contrast to the 78 Å particles.

The metabolic steps outlined above for the in vitro sys-
tem are very plausible in vivo in RCT. The preb1-HDL, if
they have a favorable apoA-I conformation similar to the
78 Å rHDL, may interact with and abstract membrane lipids
(phospholipids and cholesterol) from cells. In its original
state, preb1-HDL would not be a good substrate for LCAT,
or an efficient ligand for SR-BI receptors. After enrich-
ment with phospholipids, the structure of apoA-I would
switch to a form that no longer binds to membrane lipids,
but can effectively activate LCAT and bind to SR-BI recep-
tors. Subsequent steps of facilitated transfers of phospho-
lipids to LDL and other lipoproteins, continued LCAT ac-
tivity, and hepatic lipase action would deplete the mature
HDL of phospholipids, leading to particle rearrangements
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that must certainly involve one or more conformational
switches in apoA-I.

The reported interaction of lipid-free apoA-I with the
ABC1 transporter (8) and energy-dependent transfer of
cellular lipids to apoA-I may represent the initial lipida-
tion of apoA-I to form preb1-HDL particles, or it could be
a separate pathway for lipid efflux from cells. In any event,
the conformational adaptability of apoA-I is not only a
mechanism by which the apolipoprotein adjusts to differ-
ent lipid loads, but also constitutes a molecular switch for
turning on and off key functions of apoA-I in HDL: bind-
ing to phospholipid membranes and lipid uptake, LCAT
activation, and SR-BI receptor binding.
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