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Abstract
Lipid binding of human apolipoprotein A-I (apoA-I) occurs initially through the C-terminal α-helices
followed by conformational reorganization of the N-terminal helix bundle. This led us to hypothesize
that apoA-I has multiple lipid-bound conformations, in which the N-terminal helix bundle adopts
either open or closed conformations anchored by the C-terminal domain. To investigate such possible
conformations of apoA-I at the surface of a spherical lipid particle, site-specific labeling of the N-
and C-terminal helices in apoA-I by N-(1-pyrene)maleimide was employed after substitution of a
Cys residue for Val-53 or Phe-229. Neither mutagenesis nor the pyrene labeling caused discernible
changes in the lipid-free structure and lipid interaction of apoA-I. Taking advantage of a significant
increase in fluorescence when a pyrene-labeled helix is in contact with the lipid surface, we monitored
the behaviors of the N- and C-terminal helices upon binding of apoA-I to egg PC small unilamellar
vesicles. Comparison of the binding isotherms for pyrene-labeled apoA-I as well as a C-terminal
helical peptide suggests that an increase in surface concentration of apoA-I causes dissociation of
the N-terminal helix from the surface leaving the C-terminal helix attached. Consistent with this,
isothermal titration calorimetry measurements showed that the enthalpy of apoA-I binding to the
lipid surface under near saturated conditions is much less exothermic than that for binding at a low
surface concentration, indicating the N-terminal helix bundle is out of contact with lipid at high apoA-
I surface concentrations. Interestingly, the presence of cholesterol significantly induces the open
conformation of the helix bundle. These results provide insight into the multiple lipid-bound
conformations that the N-terminal helix bundle of apoA-I can adopt on a lipid or lipoprotein particle,
depending upon the availability of space on the surface and the surface composition.

High density lipoprotein (HDL) is of great clinical importance because elevated levels of
plasma HDL cholesterol are associated with a reduced incidence of coronary artery disease
(1,2). Apolipoprotein A-I (apoA-I) is the principal protein in HDL and it plays a central role
in HDL metabolism (3). The protective functions of HDL and apoA-I against coronary artery
disease are due in part to their participation in reverse cholesterol transport, a process by which
cholesterol in peripheral cells is transferred via HDL to the liver for catabolism (4,5). The
ability of apoA-I to bind to lipid membranes, receptors, and ATP-binding cassette (ABC)
transporters at cell surfaces is central to mediating the transport of cholesterol into and out of
cells (6-8).
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ApoA-I is a 243-residue polypeptide that contains characteristic 11- and 22-residue repeats of
amphipathic α-helices (9). The N- and C-terminal helical regions in the apoA-I molecule
contribute to the strong lipid binding properties of this protein (10-12) as well as the
conformational stability in solution (13,14). It has been demonstrated recently that the apoA-
I molecule folds into two tertiary structure domains, comprising an N-terminal α-helix bundle
spanning residues 1-187 and a separate less organized C-terminal region spanning the
remainder of the molecule (15-17). The links between this two-domain structure and the
function of apoA-I remain to be elucidated (18,19).

HDL particles are quite heterogeneous in size and composition (20). In discoidal HDL particles,
it is well known that the apoA-I molecules are organized into a belt-like arrangement around
the edge of discoidal particles (21-23). Recent reports using site-directed spin label electron
paramagnetic resonance (24) and hydrogen-deuterium exchange mass spectroscopy (25)
suggested that a central region of apoA-I bound to discoidal HDL particles forms a protruding
solvent-exposed looped conformation, although such an organization seems to be energetically
unfavorable (26). In soluble apolipoproteins such as apoA-I and apoE consisting of a number
of different amphipathic helices, the conformational flexibility of the proteins could allow some
helices with low lipid affinity to be excluded from the particle surface (9,18,27,28). Indeed,
we demonstrated previously that the two domain structure in apoE leads to two different lipid-
bound conformations on lipoprotein-like spherical particles; the N-terminal four-helix bundle
can adopt either open or closed conformations, resulting from binding competition with the C-
terminal domain that has a high lipid affinity (29). Given the similar domain structure of apoA-
I and apoE (15,18), it is conceivable that the apoA-I molecules on lipoprotein particles have
also multiple lipid-bound conformations to adapt to changes in surface availability during
remodeling of lipoprotein particles (28,30,31). Previous studies suggested that the apoA-I in
spherical HDL is flexible with its conformation being governed by the size and core lipid
composition of the particles (32,33). However, little is known about the organization of the
apoA-I molecules on spherical HDL particles to date (34).

In the current study, we examined the lipid-bound conformations of apoA-I on spherical lipid
particles by employing site-directed fluorescence labeling of apoA-I. To monitor the lipid
binding behaviors of the N- and C-terminal domains, a cysteine residue was introduced into
the N- and C-terminal helical segments, amino acids 44-65 and 220-241 that possess the
strongest lipid affinity among putative amphipathic α-helices in the apoA-I molecule (10), for
attachment of the extrinsic fluorescence probe pyrene (35-38). The results suggest that apoA-
I has at least two lipid-bound conformations in which the N-terminal helix bundle is either
open or closed, depending upon the availability of the lipid surface. In addition, effects of
cholesterol on the equilibrium between such two lipid-bound conformations of apoA-I are
examined.

EXPERIMENTAL PROCEDURES
Proteins and Peptide

The mutations in apoA-I to introduce cysteine residue into Val-53 or Phe-229 were made using
the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Wild type (WT)
apoA-I and engineered mutants were expressed and purified as described (15,19). The apoA-
I preparations were at least 95 % pure as assessed by SDS-PAGE. The C-terminal apoA-I
(220-241/F229C) peptide was synthesized at Sigma Genosys (Hokkaido, Japan) with an
acetylated N-terminus and an amidated C-terminus. Peptide purity was verified by analytical
HPLC (>97%) and mass spectrometry. In all experiments, apoA-I variants and peptide were
freshly dialyzed from 6 M guanidine hydrochloride (GdnHCl) and 1% β-mercaptoethanol
solution into the appropriate buffer before use.

Kono et al. Page 2

Biochemistry. Author manuscript; available in PMC 2009 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Site-specific Pyrene Labeling
Cysteine-containing apoA-I variants or peptide were incubated with 10-fold molar excess of
tris(2-carboxyethyl)phosphine hydrochloride (Pierce, Rockford, IL) for 1 h to reduce the
sulfhydryl group. The 10 mM stock solution of N-(1-pyrene)maleimide (Molecular Probes,
Inc., Eugene, OR) in DMSO was added so that a final molar ratio of probe to protein was 10:1
(or 3:1 for peptide). The reaction mixtures were then stirred at room temperature for 3 h in the
dark. Unreacted N-(1-pyrene)maleimide was removed by extensive dialysis at 4 °C in Tris
buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.02 % NaN3, pH 7.4). The degree of labeling
was determined using the extinction coefficient for pyrene of 38,200 M-1 cm-1 at 338 nm and
found to range from 60 to 100 %.

Preparation of SUV
Small unilamellar vesicles (SUVs) were prepared as described (11,14). Briefly, a film of egg
phosphatidylcholine (PC) with or without cholesterol on the wall of a glass tube was dried
under vacuum overnight. The lipid was then hydrated in Tris buffer and sonicated on ice under
nitrogen. After removing titanium debris, the samples were centrifuged in a Beckman TLA110
rotor for 2 h at 4 °C at 51,000 rpm to separate any remaining large vesicles. The PC and
cholesterol concentrations of SUV were determined using enzymatic assay kits from Wako
Pure Chemicals (Osaka, Japan).

Circular Dichroism (CD) Spectroscopy
Far-UV CD spectra were recorded from 185 to 260 nm at 25 °C using an Aviv 62DS
spectropolarimeter. After dialysis from 6M GdnHCl solution, the apoA-I sample was diluted
to 25-50 μg/ml in 10 mM sodium phosphate buffer (pH 7.4) and the CD spectrum was obtained.
For the apoA-I-SUV mixture sample, apoA-I was incubated with SUV for 1 h prior to the
measurement. The results were corrected by subtracting the buffer baseline or a blank sample
containing an identical concentration of SUV. The α-helix content was calculated from the
molar ellipticity at 222 nm, as described (39). For monitoring chemical denaturation, proteins
at a concentration of 50 μg/ml were incubated overnight at 4 °C with GdnHCl at various
concentrations. KD at a given GdnHCl concentration was calculated from the ellipticity values
and, the free energy of denaturation, ΔGD°, the midpoint of denaturation, D1/2, and m value
which reflects the cooperativity of denaturation in the transition region, were determined by
the linear equation, ΔGD = ΔGD° - m[GdnHCl], where ΔGD = - RT ln KD (14,39).

Fluorescence Measurements
Fluorescence measurements were carried out with a Hitachi F-7000 fluorescence
spectrophotometer at 25 °C in Tris buffer (pH 7.4). In SUV binding experiments, pyrene
emission fluorescence of proteins or peptide (15-25 μg/ml) was recorded from 360 to 500 nm
using a 342 nm excitation wavelength at increasing concentrations of SUV (ratios of PC to
protein or peptide were 0-100 w/w). To reduce the effect of light scattering caused by vesicles,
the sample was excited with vertically polarized light and measured with a horizontal emission
polarizer using a 4 × 4 mm cuvette (40). Kinetic data for the increase in fluorescence of pyrene-
labeled apoA-I variants upon SUV binding were obtained by monitoring the emission intensity
at 385 nm. In quenching experiments by 5-doxylstearic acid (5-DSA), 5-DSA was incorporated
into the membrane bilayer by adding aliquots of 5-DSA stock solution (13 mM in ethanol) to
SUV with varying 5-DSA concentrations (35,38) before SUV was mixed with protein. For KI
quenching, the pyrene emission spectra of proteins in the absence or presence of SUV were
recorded at increasing concentrations of KI (0-0.56 M). After correction for dilution, the
integrated fluorescence intensities were plotted according to the modified Stern-Volmer
equation, F0/(F0 - F) = 1/fa + 1/faKsv[KI], where F0 and F are the fluorescence intensities in
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the absence and presence of quencher, respectively, and Ksv and fa are the Stern-Volmer
constant and the fraction of fluorophore accessible to the quencher, respectively.

Isothermal Titration Calorimetry (ITC) Measurements
Heats of apoA-I binding to SUV were measured with a MicroCal MCS isothermal titration
calorimeter at 25 °C (11,29). To measure the enthalpy of binding at a low surface concentration,
apoA-I solutions were injected into SUV in the cell at a PC-to-protein molar ratio > 10,000
where the injected protein binds completely to the SUV surface. For the saturated binding
condition, SUVs were injected into excess apoA-I (PC-to-protein molar ratio < 10) so that the
SUV surface becomes saturated with apoA-I. Heats of dilution were determined in control
experiments by injecting either apoA-I solution or SUV into buffer, and these heats were
subtracted from the heats determined in the corresponding apoA-I-SUV binding experiments.

RESULTS
Effects of Mutation and Pyrene Labeling on Structure and Lipid Interaction of ApoA-I

Val-53 in the N-terminal helix (residue 44-65) or Phe-229 in the C-terminal helix (residues
220-241) were replaced with Cys because both residues are located at the middle of the
nonpolar face in each helix (9). The midpoint temperatures of thermal unfolding monitored by
CD were 60, 59, and 58 °C for WT, V53C, and F229C apoA-I, respectively, indicating that
these Cys replacements do not cause significant structural perturbation. After labeling with
pyrene, the protein structure and stability were assessed by monitoring CD. Far-UV CD spectra
of V53C-pyrene and F229C-pyrene were very similar to WT (Fig. 1): the α-helix contents for
WT, V53C-pyrene, and F229C-pyrene apoA-I were 46, 48, and 45%, respectively. The values
of free energy of denaturation induced by GdnHCl were 3.5 ± 0.2, 3.9 ± 0.2, and 3.2 ± 0.2 kcal/
mol, respectively, for WT, V53C-pyrene, and F229C-pyrene apoA-I. Furthermore, the
increases in α-helix content for the apoA-I variants upon SUV binding were similar to WT
(Fig. 1, inset). These results indicate that the pyrene labeling has little or no effect on the
structure, stability and lipid interaction of apoA-I.

Pyrene Fluorescence
Binding of pyrene-labeled apoA-I to SUV was estimated using pyrene fluorescence. Fig. 2
shows typical fluorescence emission spectra of pyrene-labeled apoA-I in the absence or
presence of SUV. The addition of SUV caused a large increase in fluorescence intensity of
apoA-I V53C-pyrene, suggesting that the pyrene moiety is embedded in a hydrophobic
environment (35,38). Consistent with this, incorporation of the lipophilic quencher 5-DSA into
SUV decreased the pyrene fluorescence for both apoA-I V53C-pyrene and F229C-pyrene
variants (Fig. 2, inset), indicating that the pyrene moiety attached to the protein is located in
the lipid membrane. Furthermore, comparison of KI quenching parameters of pyrene
fluorescence between the lipid-free and SUV-bound states (Table 1) showed that the fa value
for V53C-pyrene and KSV value for F229C-pyrene in the SUV-bound state were lower than
those in the lipid-free state, despite both the N- and C-terminal helices in apoA-I are partially
masked from the aqueous phase even in the lipid-free state (41). This indicates that the pyrene
moiety in the apoA-I variants becomes less exposed to the aqueous phase upon binding to SUV.

We monitored the time course of the increase in fluorescence upon binding of the pyreneapoA-
I variants to SUV. As shown in Fig. 3, there was a rapid increase in pyrene fluorescence after
the addition of SUV for the F229C-pyrene whereas the V53C-pyrene exhibited relatively slow
kinetics. This observation is consistent with the two-step mechanism for lipid binding of apoA-
I on a spherical particle: initial binding occurs rapidly through the C-terminal α-helices,
followed by relatively slow conformational reorganization of the N-terminal helix bundle
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(15). This indicates that the fluorescence of V53C-prene and F229C-pyrene variants is a
reliable indicator for monitoring the lipid binding of the N- and C-terminal helices in apoA-I.

Fig. 4 shows the increases in fluorescence intensity of the V53C-pyrene and F229C-pyrene
apoA-I variants with increasing weight ratio of PC to protein (binding titration curves).
Although both variants became saturated at high PC-to-protein ratio, F229C-pyrene showed a
much greater tendency to reach saturation at a lower PC-to-protein ratio compared to the V53C-
pyrene variant, indicating that the pyrene molecule attached at the N- or C-terminal helices in
apoA-I binds differently to the SUV surface.

Binding isotherms of apoA-I to SUV were derived from the results in Fig. 4 as follows. The
fraction of bound apoA-I, θ was calculated according to

(Eq. 1)

where Pb and PT are bound and total apoA-I concentrations, respectively, and F and F0 are
integrated fluorescence intensities for pyrene-apoA-I in the presence and absence of SUV,
respectively, and Fmax represents the fluorescence intensity when pyrene-apoA-I completely
binds to SUV. Binding of apoA-I to lipid particles is expressed by one-site binding model
assuming that apoA-I binds to discrete, equivalent, and non-interacting binding sites on the
lipid particle surface (11,42-44),

(Eq. 2)

where Pf is unbound apoA-I concentration, [PC] is PC concentration of SUV, and Kd and
Bmax are the dissociation constant and the maximal binding capacity, respectively. Therefore,
binding data can be analyzed by the Hanes-Woolf equation,

(Eq. 3)

Since Pf = PT(1-θ) and Pb = PTθ, this equation is expressed as

(Eq. 4)

From the linear regression lines shown in Fig. 4, inset, Kd and Bmax values for pyrene-apoA-
I variants were obtained (Table 2). As shown in Fig. 5, there was a good agreement between
the experimental data and the theoretical binding isotherms calculated from Equation 2 and
parameters shown in Table 2.

As shown in Fig. 5 and Table 2, the F229C-pyrene variant exhibited a much higher Bmax value
than that for binding of WT apoA-I to SUV determined by gel filtration experiments (11),
whereas the V53C-pyrene showed a comparable value to WT. We showed previously that the
two-domain structure in apoE leads to the two lipid-bound states in which the N-terminal helix
bundle adopts either open or closed conformations (29,45). Given the similar domain structures
of apoA-I and apoE (15,18), we assumed that apoA-I can also adopt multiple lipid-bound
conformations at the SUV surface with the N-terminal helix bundle being closed and out of
contact with lipid at near maximal binding. It follows that different estimations of the binding
capacity will be obtained by monitoring the N- or C-terminal helices in apoA-I. To confirm
this assumption, we examined the binding behavior of the C-terminal helical peptide, apoA-I
(220-241/F229C)-pyrene, in which all residues are thought to be in contact with lipid on the
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SUV surface. As shown in Table 2, the apoA-I (220-241/F229C)-pyrene peptide exhibited a
similar Bmax value to the value for WT apoA-I from gel filtration, indicating that the capacity
of SUV binding of apoA-I in a conformation with all helices being in contact with lipid is
around 0.3 amino acids/PC molecule. This suggests that the maximal binding capacity obtained
for the F229C-pyrene apoA-I reflects a conformation in which most of the helices in the N-
terminal domain are excluded from the lipid surface.

ITC Measurements
To confirm the notion that apoA-I has multiple lipid-bound conformations depending upon the
surface concentration of protein, ITC measurements were employed. It is known that the
binding of apoA-I to SUV (11,46,47) or lipid emulsions (15,42) is accompanied by a large
exothermic heat. We showed previously that there was a significant difference in binding
enthalpies of apoE to emulsions under the two limiting conditions of high and low surface
concentration, reflecting the two lipid-bound conformations in which the N-terminal helix
bundle is either open or closed (29,45). As shown in Fig. 6, binding of WT apoA-I to SUV at
a low surface concentration (PC-to-protein molar ratio > 10,000) exhibited a large exothermic
heat of -93 ± 5 kcal/mol protein, whereas the binding enthalpy at a saturated condition (PC-
to-protein molar ratio < 10) calculated from the experimental value of -12 ± 2 cal/mol PC (Fig.
6B) using Bmax value of 1.2 mmol apoA-I/mol PC (Table 2) was -10 ± 2 kcal/mol protein. This
suggests that apoA-I binds to SUV with different conformations depending upon the surface
concentration of protein. Fig. 7 compares the binding enthalpies of WT and the C-terminal
domain fragment (residues 190-243) of apoA-I to SUV under the two different conditions. In
contrast to WT, the binding enthalpies of apoA-I (190-243) in the two conditions were similar,
suggesting that the SUV-bound conformation of apoA-I (190-243) is independent of the surface
concentration of protein. Together with the results of pyrene fluorescence, ITC results suggest
that at high surface concentrations of apoA-I, the N-terminal helix bundle is excluded from the
lipid surface with the C-terminal domain remaining attached.

Effect of Cholesterol on the Lipid-bound Conformation of ApoA-I
Fig. 8 shows the normalized increases in fluorescence of the pyrene-apoA-I variants upon
binding to egg PC/cholesterol (17/3 mol/mol) SUV. Compared to the case of egg PC SUV, the
incorporation of 15 mol% of cholesterol into SUV caused much more gradual increases in
fluorescence of the pyrene-apoA-I variants, especially for the F229C-pyrene, with increasing
PC concentration of SUV. This indicates that the incorporation of cholesterol into SUV
decreases the amount of apoA-I binding to the lipid surface (46). The difference between the
binding titration curves for the V53C-pyrene and F229C-pyrene apoA-I became much smaller,
suggesting that the presence of cholesterol in SUV alters the fashions in which the N- and C-
terminal helices in apoA-I bind to the lipid surface. In contrast to egg PC SUV, the results of
the binding titration to egg PC/cholesterol (17/3) SUV did not fit to the one-site binding model
well especially in the high apoA-I concentration region. This might be because cholesterol
induces multiple binding sites for apoA-I on the lipid surface such as cholesterol-poor and -
rich domains (48). Therefore, we calculated the fraction of the helix bundle-closed
conformation in apoA-I bound to SUV based on the notion that the fluorescence of V53C-
pyrene reflects the amount of apoA-I bound with the helix bundle-open conformation whereas
that of F229C-pyrene reflects the total amount of apoA-I bound to SUV. That is, the fraction
of the helix bundle-closed conformation in the lipid-bound apoA-I is given as (θF229C-pyrene-
θV53C-pyrene)/θF229C-pyrene. As shown in Fig. 8, inset, the fraction of the closed conformation
for PC/cholesterol (17/3) SUV was much lower than that for PC SUV at the low PC-to-apoA-
I ratio, indicating that the presence of cholesterol in SUV induces the helix bundle-open
conformation in the lipid-bound apoA-I even at high surface concentrations of protein.
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DISCUSSION
Previous investigation of the lipid binding properties of a series of apoA-I deletion mutants
(15) led us to propose the two-step mechanism for binding of human apoA-I to a lipid surface.
In this model, initial binding occurs through hydrophobic amphipathic α-helices in the C-
terminal domain, followed by the slower second step in which the N-terminal helix bundle
undergoes a conformational opening, converting hydrophobic helix-helix interactions to helix-
lipid interactions. In agreement with this two-step process, there was a rapid increase in pyrene
fluorescence upon SUV binding when the C-terminal helix was monitored, whereas there was
a much slower increase for the pyrene fluorescence in the N-terminal helix (Fig. 3). Based on
the reversibility of binding of apoA-I to spherical lipid particles (49-51), it is likely that
dissociation of apoA-I molecules occurs in reverse: the N-terminal helix bundle dissociates
from the lipid surface and closes slowly, followed by the rapid dissociation of the C-terminal
domain (50). This led us to hypothesize that apoA-I has multiple lipid-bound conformations
(18,28), in which the N-terminal helix bundle adopts either open or closed conformations
anchored by the C-terminal domain (Fig. 9).

The results of pyrene fluorescence (Fig. 4) and ITC (Figs. 6 and 7) in this study demonstrated
that apoA-I indeed has multiple conformations when bound to the SUV surface. As shown in
Fig. 4, the increase in fluorescence for V53C-pyrene and F229C-pyrene apoA-I variants upon
binding to egg PC SUV became saturated at a low surface concentration of protein (the PC-
to-apoA-I weight ratio of ≥40), indicating that both the N- and C-terminal helices contact with
lipid in that range. However, upon decreasing the PC-to-apoA-I ratio to around 10, the V53C-
pyrene exhibited a gradual decrease in fluorescence while there was almost no change for the
F229C-pyrene, indicating that the increase in surface concentration of apoA-I causes
dissociation of the N-terminal helix from the surface leaving the C-terminal helix attached. In
addition, competitive binding experiments showing that addition of unlabeled WT apoA-I to
the pyrene-apoA-I variants bound to SUV at a low surface concentration caused a great
decrease in fluorescence for the V53C-pyrene but negligible effects on the F229C-pyrene
fluorescence (data not shown), further support the idea of multiple lipid-bound conformations
of apoA-I depending upon the surface concentration of protein. In agreement with this, the
favorable enthalpy of binding of apoA-I in a saturated condition where apoA-I is expected to
bind to lipids only by the C-terminal domain was much lower than that at a low surface
concentration where both the N- and C-terminal domains bind to lipids (Figs. 6 and 7) despite
both the N- and C-terminal domains contribute to the favorable enthalpy of binding by the lipid
binding-induced α-helix formation of apoA-I (11).

The conformational plasticity and molten globule characteristics of apoA-I (52) suggest a
flexible and adaptable lipid-bound conformation, in which certain parts of protein with low
lipid affinities are excluded from the lipid surface (18,27,28,53). The existence of a central
region loosely bound to lipids in lipoprotein-bound apoA-I, called the hinge region, has been
suggested (9,54) because this region consists of α-helices that have low lipid affinity (10).
Indeed, it has been shown recently that a central region of apoA-I bound to discoidal HDL
particles forms a protruding solvent-exposed looped conformation (24,25) although there is
still some debate about which residues are out of contact with lipid (26). Similarly, it appears
that apoA-I also has a flexible conformation on spherical lipid particles depending upon the
availability of the lipid surface: for instance, some of the middle parts of the protein dissociate
from the surface leaving the rest of the molecule attached (28) or the N-terminal may dissociate
first while the C-terminal remains on the surface (12). In this regard, the higher Bmax value for
the V53C-pyrene compared to that for the C-terminal peptide (Table 2) is likely due to a
conformation in which some helices in a central part of the apoA-I molecule are out of contact
with lipid leaving both the N- and C-terminal parts attached. Interestingly, a chaotropic
perturbation study with GdnHCl suggested that HDL contains two populations of apoA-I in
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which one is labile and readily dissociates while the other is strongly associated with HDL
(55). In this regard, the recent finding that apoA-I adopts the extended belt conformation in
both reconstituted discoidal and spherical HDL (56) is consistent with this conformation being
that of the apoA-I strongly associated with spherical HDL particles. It is unclear how such an
extended belt conformation of apoA-I on spherical HDL could interconvert to the helix bundle-
closed conformation shown in this study.

A significant finding in this study is that the presence of cholesterol induces the helix bundle-
open conformation of apoA-I bound to the SUV surface (Fig. 8). It is known that cholesterol
in lipid membranes modulates the lipid interaction of apoA-I (42,43,46,48,57) or apoA-I
mimetic peptides (58-60). Cholesterol has opposite effects on the acyl chain and headgroup
regions in liquid-crystalline membranes (61): it decreases the fluidity of the acyl chain region
and thereby reduces penetration of the amphipathic α-helices of the protein into the membranes
(57,58,60), whereas it increases the separation of phospholipid headgroups and thereby
facilitates the binding of apoA-I to lipid bilayers (43,46). Since the C-terminal helical region
that has the strongest lipid affinity in the apoA-I molecule is expected to penetrate more deeply
into the phospholipid membrane than the N-terminal helices (10), it is likely that the presence
of cholesterol prevents the deep penetration of the C-terminal helices into the membrane
(58), leading to alteration of the binding competition between the N- and C-terminal helices
(12). As a result, apoA-I would tend to bind to the cholesterol-containing lipid surface in the
helix bundle-open conformation in which both the N- and C-terminal helices are in contact
with lipids. Indeed, it has been reported that the presence of cholesterol increases the binding
affinity and decreases the number of apoA-I bound to SUV (46), supporting the idea that
cholesterol induces the helix bundle-open conformation of apoA-I on the lipid surface. Such
a conformational alteration when apoA-I interacts with the cholesterol-containing membranes
appears to be relevant to the formation of nascent HDL particles via interaction of apoA-I with
ABCA1 (7). Since the lipid binding affinity of apolipoprotein is critical for efficient membrane
solubilization (62), the preferable binding of apoA-I with the helix bundle-open conformation
to the vesiculated cholesterol-rich membranes would enhance the solubilization of membrane
lipids, leading to the formation of nascent HDL particles.

In conclusion, the present study demonstrated that apoA-I has a flexible lipid-bound structure
on spherical lipid particles, in which the N-terminal helix bundle adopts either open or closed
conformations anchored by the C-terminal domain, depending upon the availability of space
on the surface and the surface composition. The alterations in particle size and surface lipid
composition such as cholesterol content of lipoproteins during remodeling in plasma would
change the dynamic equilibrium between lipid-bound conformations of apoA-I, leading to the
multiple functions of apoA-I. In addition, the concept of the variable lipid-bound conformation
of apoA-I provides insight into the reaction process in which apoA-I binds to cell membranes
via apoA-I/ABCA1 interaction to create nascent HDL particles.
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Fig. 1. Far-UV CD spectra of WT (solid line), V53C-pyrene (dashed line), and F229C-pyrene (dotted
line) apoA-I in the lipid-free state
The inset shows the increase in α-helix content of the apoA-I variants bound to egg PC SUV
as a function of the weight ratio of PC to apoA-I. ▲, WT apoA-I; □, apoA-I V53C-pyrene; •
apoA-I F229C-pyrene. Protein concentration was 50 μg/ml.
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Fig. 2. Fluorescence emission spectra of pyrene-labeled apoA-I V53C mutant in the lipid-free
(dashed line) or bound to egg PC SUV (solid line)
Protein and PC concentrations were 25 μg/ml and 1.0 mg/ml, respectively. The inset shows
the relative changes in fluorescence of apoA-I V53C-pyrene (□) and F229C-pyrene (•) as a
function of the molar ratio of 5-DSA to PC.
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Fig. 3. Time courses of increases in fluorescence intensity upon addition of egg PC SUV to apoA-I
V53C-pyrene (trace a) and F229C-pyrene (trace b)
SUV was added to apoA-I variants at final concentrations of 25 μg/ml protein and 1.0 mg/ml
PC. Pyrene fluorescence was monitored at 385 nm with an excitation of 342 nm.
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Fig. 4. Increase in fluorescence intensity of apoA-I V53C-pyrene (□) and F229C-pyrene (•) as a
function of the weight ratio of PC to apoA-I
Protein concentration was 25 μg/ml. The inset shows the linearized plots using Equation 4.
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Fig. 5. Binding isotherms of apoA-I V53C-pyrene (□) and F229C-pyrene (•)
The solid lines are the theoretical binding isotherms calculated using Equation 2 and the
parameters shown in Table 2. The binding isotherm for WT apoA-I obtained from gel filtration
experiments is also shown (dashed line) for comparison (ref. 11).
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Fig. 6. Isothermal titration curves for binding of WT apoA-I to egg PC SUV
A, 8-μl aliquots of apoA-I solution (0.8 mg/ml) were injected into SUV (PC concentration of
15 mM). B, 10-μl aliquots of SUV (PC concentration of 15 mM) were injected into apoA-I
solution (0.3 mg/ml).
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Fig. 7. Binding enthalpies of apoA-I WT and 190-243 fragment to egg PC SUV obtained under two
limiting conditions
Protein solutions were injected into excess SUV at a PC-to-protein molar ratio of > 10,000
(low surface concentration) or SUV was injected into excess protein at a PC-to-protein molar
ratio of < 10 (saturated condition).
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Fig. 8. Increase in fluorescence intensity of apoA-I V53C-pyrene (□) and F229C-pyrene (•) upon
binding to egg PC/cholesterol (17/3 mol/mol) SUV
Protein concentration was 25 μg/ml. The titration curves for binding of V53C-pyrene (dotted
line) and F229C-pyrene (dashed line) to egg PC SUV are also shown for comparison. The
inset shows the effect of cholesterol on the change in the fraction of closed conformation of
the helix bundle in apoA-I bound to SUV. ■, egg PC SUV; ▪, egg PC/cholesterol (17/3) SUV.
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Fig. 9. Model of two possible conformations of apoA-I at the surface of a spherical lipid particle
At high apoA-I surface concentration, the N-terminal helix bundle remains closed and out of
contact with the lipid surface (left). At low surface coverage where a greater surface area is
available, the helix bundle is open so that the α-helices can make contact with the lipid surface
(right). Cholesterol content in the lipid surface also modulates the equilibrium between the two
conformations.
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Table 1
Parameters for KI quenching of pyrene fluorescence of apoA-I variants

lipid-free SUV-bound

apoA-I variants fa KSV fa KSV

M-1 M-1

apoA-I V53C-pyrene 0.63 ± 0.02 5.5 ± 0.2 0.51 ± 0.02 5.9 ± 0.3

apoA-I F229C-pyrene 0.62 ± 0.02 11.7 ± 0.8 0.62 ± 0.02 9.0 ± 0.6
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Table 2
Parameters for binding of apoA-I variants or peptides to egg PC SUV

apoA-I variants Kd Bmax

μg/ml amino acids/mol PC

apoA-I V53C-pyrene 2.2 ± 0.3 0.43 ± 0.02

apoA-I F229C-pyrene 1.0 ± 0.3 0.97 ± 0.05

apoA-I 220-241/F229C-pyrene 4.9 ± 0.9 0.27 ± 0.02

WT apoA-Ia 1.7 ±0.4 0.30 ± 0.02

a
Values are from gel filtration experiments (ref.11)
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