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ABSTRACT: Because of its role in reverse cholesterol transport, human apolipoprotein A-I is the most
widely studied exchangeable apolipoprotein. Residues 1-43 of human apoA-I, encoded by exon 3 of the
gene, are highly conserved and less well understood than residues 44-243, encoded by exon 4. In contrast
to residues 44-243, residues 1-43 do not contain the 22 amino acid tandem repeats thought to form
lipid binding amphipathic helices. To understand the structural and functional roles of the N-terminal
region, we studied a synthetic peptide representing the first 44 residues of human apoA-I ([1-44]apoA-
I). Far-ultraviolet circular dichroism spectra showed that [1-44]apoA-I is unfolded in aqueous solution.
However, in the presence ofn-octyl â-D-glucopyranoside, a nonionic lipid mimicking detergent, above
its critical micelle concentration (∼0.7% at 25°C), sodium dodecyl sulfate, an ionic detergent, above its
CMC (∼0.2%), trimethylamineN-oxide, a folding inducing organic osmolyte, or trifluoroethanol, anR-helix
inducer,R-helical structure was formed in [1-44]apoA-I up to∼45%. Characterization by density gradient
ultracentrifugation and visualization by negative staining electron microscopy demonstrated that
[1-44]apoA-I interacts with dimyristoylphosphatidylcholine (DMPC) over a wide range of lipid:peptide
ratios from 1:1 to 12:1 (w/w). At 1:1 DMPC:[1-44]apoA-I (w/w) ratio, discoidal complexes with
composition∼4:1 (w/w) and∼100 Å diameter were formed in equilibrium with free peptide. At higher
ratios, discoidal complexes were shown to exist together with a heterogeneous population of lipid vesicles
with peptide bound also in equilibrium with free peptide. When bound to DMPC, [1-44]apoA-I has
∼60% helical structure, independent of whether it forms discoidal or vesicular complexes. This helical
content is consistent with that of the predicted G* helix (residues 8-33). Our data provide the first strong
and direct evidence that the N-terminal region of apoA-I binds lipid and can form discoidal structures
and a heterogeneous population of vesicles. In doing so,∼60% of this region folds intoR-helix from
random coil. The composition of the 100 Å discoidal complex is∼5 [1-44]apoA-I and∼150 DMPC
molecules per disk. The helix length of 5 [1-44]apoA-I molecules in lipid-bound form is just long enough
to wrap around the DMPC bilayer disk once.

Coronary artery disease is the number one cause of death
in the United States and other parts in the world. High-density
lipoproteins (HDL)1 and human apolipoprotein A-I (apoA-
I, A-I, 243 amino acids) have been studied extensively over
the past 30 years because HDL is anti-atherogenic (1, 2) and
apoA-I is the major protein component of HDL. The
mechanisms of the anti-atherogenic effect of HDL are mainly
related to its involvement in the pathways of reverse
cholesterol transport (RCT) (3). ApoA-I participates in the
entire RCT pathway through interaction with three other

important proteins. It interacts with ABC-A1 that mediates
the efflux of phospholipids and cholesterol from cells in
peripheral tissue. It is the cofactor of the enzyme LCAT that
converts cholesterol into cholesterol ester and results in the
nascent discoidal HDL to mature spherical HDL transforma-
tion. It is the ligand for the SR-BI receptor that is responsible
for SR-BI-mediated cholesterol ester uptake by the liver
(4, 5).

In the gene, the first 43 residues of apoA-I are encoded
by exon 3, and the rest of the molecule is encoded by exon
4. The sequence of apoA-I contains 10 (H1-H10) tandem
11 or 22 amino acid residue repeats thought to form lipid
binding amphipathic helices that are defined by the exon 4
encoded region (6). Sequence analysis (7), crystal structure
determination of∆(1-43) apoA-I (8), and NMR assignments
(9, 10) have provided different helix distributions with
different flexible regions and different helical positions.
Segment deletion and point mutations have been studied to
elucidate the possible function for each helical segment. Both
N- and C-terminal regions are important for lipid association
and cholesterol esterification (11). Residues 121-164
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(H5/H6) show the lowest lipid binding affinity and are
required for LCAT activation (12-15), whereas the C-
terminal domain is required for interaction with ABC-A1
(16).

In contrast to the exon 4 encoded region, the first 43
residues are less understood. The sequence of this N-terminal
region is highly conserved among mammalian species (17).
However, it contains the most ambiguously defined structure
and was deleted in the only available crystal structure of
apoA-I at 4 Å resolution (8) because of its flexibility. On
the basis of sequence analysis, three antiparallelâ-strands
were predicted from residue 14 to residue 57 by Nolte and
Atkinson (7). Later, a G* helix was predicted from residue
8 to residue 33 (18). Recent NMR assignment data suggest
a helix from residue 8 to residue 32 in SDS solution (9, 10).
The function of this N-terminal domain is not clear. Initially,
it was thought to be a non-lipid binding region (19).
However, a synthetic peptide representing the first 33
residues showed lipid binding affinity (20). There is no direct
evidence that the N-terminal domain of apoA-I plays a
specific role in the anti-atherogenic function of apoA-I.
However, several studies have suggested that the N-terminal
domain is close to and interacts with the C-terminal domain
(21-23) and thus may stabilize the apoA-I conformation
important for anti-atherogenic function.

A major feature of apoA-I is conformational flexibility
that allows the structure to adapt to a lipid-free environment
and the different lipid environments of nascent discoidal
HDL and spherical HDL. The lack of a defined apoA-I
tertiary structure can be explained by the low cooperativity
[∆Hv(Tm)/∆H(Tm) ∼0.16] of the thermal unfolding of lipid-
free apoA-I and the small free energy of stabilization (∆G
∼2.4 kcal/mol) (24). This inherent flexibility has precluded
crystallographic and other studies of the structural details.
Lipid-free apoA-I may exist in anR-helix bundle conforma-
tion. In nascent discoidal HDL, apoA-I wraps around a
phospholipid bilayer. In spherical HDL, with a cholesterol
ester core, apoA-I interacts with the phospholipid monolayer
at the spherical surface. Among the three conformations, the
nascent discoidal HDL has been a focus of study. Under-
standing apoA-I secondary structure and conformational
adaptability is key to understanding apoA-I function.

Since apoA-I adopts dynamic conformations depending
on different lipid association states, the extreme N-terminal
domain may undergo secondary structural changes in dif-
ferent lipid association states. In this study, we report a
conformational characterization and the lipid interactions of
the N-terminal 44 residues ([1-44]apoA-I).

MATERIALS AND METHODS

Peptide Synthesis.[1-44]ApoA-I, amidated at the C-
terminus, was synthesized by Quality Controlled Biochemi-
cals, Inc. (Hopkinton, MA) at a purity of>95%. The purity
of the peptide was further verified by mass spectroscopy.
The experimentally determined molecular weight was 4934,
consistent with the calculated molecular weight from the
amino acid sequence of 4937 for amidated [1-44]apoA-I.

Chemicals. n-Octyl â-D-glucopyranoside (BOG) was pur-
chased from Dojindo Laboratories (Dojindo Molecular
Technologies, Inc., Gaithersburg, MD). Trifluoroethanol
(TFE) was purchased from Aldrich Chemical Co. (Milwau-

kee, WI). TrimethylamineN-oxide (TMAO), sodium dodecyl
sulfate (SDS), and dimyristoylphosphatidylcholine (DMPC)
were from Sigma (St. Louis, MO). [14C]DPPC ([dipalmitoyl-
1-14C]-L-R-dipalmitoylphosphatidylcholine, 110.00 mCi/
mmol, 0.05 mCi/mL) was from New England Nuclear (now
PerkinElmer Life and Analytical Sciences, Inc., Boston,
MA). All chemicals used were of analytical grade purity.
All solutions were made from doubly distilled water and were
filtered by 0.2µm Millipore filters.

Peptide Concentration.The concentrations of peptide and
peptide in BOG/TMAO/SDS were determined by Lowry
assay (25). For lipid-containing samples such as DMPC/
[1-44]apoA-I mixtures, the assay was modified slightly.
Samples were treated as usual in the Lowry assay. After final
color development, 2 mL of chloroform was added. The
sample was vortexed and spun at 2000 rpm at 15°C for 15
min. The aqueous layer was transferred to the cuvette for
concentration determination.

Circular Dichroism (CD) Spectroscopy.Far-UV CD
spectra were recorded using an AVIV 62 DS spectropola-
rimeter. The wavelength CD spectra were recorded from 250
to 190 or 185 nm at 25°C, with a 1 nmstep size and 15 s
accumulation time per data point, and averaged over at least
three consecutive scans. Melting curves were recorded from
5 to 95°C at 222 nm (the negative CD band of anR-helix),
with a 1.00°C step size, 40-300 s accumulation time per
data point, and zero equilibration time. Buffer baselines were
subtracted from the data that were normalized to the peptide
concentration and expressed as molar ellipticity. Protein
R-helical content was determined with 3% accuracy from
the molar residue ellipticity at 222 nm, [θ]222, according to
(26)

Sample Preparation and Data Collection.Freshly dis-
solved peptide in 10 mM phosphate buffer at pH 7.0 was
used in all of the experiments. BOG/TMAO/SDS were
freshly dissolved in phosphate buffer and then diluted to the
required concentrations. TFE was diluted to the required
concentration directly. Peptide concentration was kept con-
sistent at ∼0.1 mg/mL for all CD experiments unless
specified.

Peptide-DMPC mixtures were made by spontaneous
association of the peptide with a turbid suspension of DMPC
liposomes at room temperature in phosphate buffer. A wide
range of initial DMPC:[1-44]apoA-I ratios from 1:1 to 12:1
(w/w) were studied. It took from several minutes to∼24 h
for the liposome suspension to clear depending on the lipid:
peptide ratio. Lower ratios cleared more rapidly. After the
solution became clear, it was used for CD experiments and
EM visualization.

Preparation and Density Gradient Analysis of the
[1-44]ApoA-I/DMPC Interaction. The interaction of
[1-44]apoA-I with DMPC was carried out at various initial
DMPC:[1-44]apoA-I (w/w) ratios from 1:1 to 12:1, keeping
DMPC constant at 1 mg. To quantitate the lipid, 5µL of
[14C]DPPC (DPPC:DMPC∼1:13000 M) was added to 4 mL
of ∼5 mg/mL DMPC dissolved in CHCl3 (accurate concen-
tration determined by dry weight per 10µL volume just
before mixing). Because CHCl3 readily evaporates, the

% R )
[θ]222 + 3000

36000+ 3000
× 100
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concentration of the labeled DMPC was determined each
time just before use. One milligram of DMPC (volume
required by the concentration) was aliquoted in a 20 mL glass
vial and dried on the lyophilizer under nitrogen. It was fur-
ther dried in a desiccator overnight at 4°C. Varying amounts
of phosphate buffer (pH 7.0), as required by the DMPC:
[1-44]apoA-I (w/w) ratio, were added. Vigorous vortexing
was required to make liposomes from the dried DMPC.
Various amounts of [1-44]apoA-I, as required by the ratios,
were added individually. The total volume for each sample
was 1 mL. One milliliter of PBS was added to the DMPC
control vial and a blank control vial.

The density of the samples and the blank was adjusted to
∼1.2 g/mL using solid KBr, and the samples were transferred
to 5 mL SW-55 ultraclear tubes. All of the samples were
overlaid with 1.065 g/mL KBr. The tubes were spun at 50K
rpm, 15°C, for 48 h. Preliminary experiments, carried out
for 24 and 48 h, determined that 48 h was required for the
gradients to reach equilibrium. After spinning, 25 aliquots
of 200 mL each were pipetted from the surface of the
solution. To determine the density, the refractive index of
each fraction of the blank was measured on a Leica Abbe
Mark I refractometer. For each fraction, peptide was
determined by modified Lowry assay, and lipid was deter-
mined by [14C]DPPC scintillation counting.

Electron Microscopy.[1-44]ApoA-I-DMPC complexes,
simple mixtures and peak fractions after density gradient
separation, were visualized by electron microscopy using the
negative staining technique (27). Samples were observed on
a CM12 electron microscope (Philips Electron Optics,
Eindhoven, The Netherlands). Representative fields were
photographed with an exposure time of 1.00 s, at 45×
magnification.

Calculation of Discoildal Complex Compostions.Accord-
ing to the diameter of the discoidal complex from EM
visualization, the number of DMPC per disk was estimated
from

(We assume a helix diameter of 10 Å and a surface area/
DMPC of 70 Å2. The unit ofd is angstroms.)

The molar ratio of lipid:peptide for each fraction was
determined from the lipid/peptide mass distribution in the
density gradient.

RESULTS

Conformational Characterization of [1-44]ApoA-I in
Solution by Circular Dichroism. (A) [1-44]ApoA-I in
Aqueous Solution.Figure 1A shows far-UV CD spectra of
[1-44]apoA-I over a concentration range of 0.05-0.5 mg/
mL. The overall spectrum, with a minimum at 200 nm,
indicates that [1-44]apoA-I is unstructured over this con-
centration range.R-Helical content, calculated fromθ222

(25 °C), is ∼15%, which is the typical for random coil
structure. There is no apparentâ-sheet contribution. In
contrast to apoA-I that self-associates above 0.1 mg/mL,
[1-44]apoA-I does not self-associate even at concentrations
up to 0.5 mg/mL, because the CD spectrum is unchanged
over the 10-fold concentration range. Lack of self-association
was confirmed by cross-linking with glutaraldehyde and SDS
gradient gel electrophoresis (data not shown).

(B) [1-44]ApoA-I in BOG Solution.BOG is a small,
nonionic lipid-mimicking detergent. Figure 1B shows far-
UV CD spectra of [1-44]apoA-I at various BOG concentra-
tions below and above the CMC (0.7%) at 25°C. Below
the CMC, there is little effect on the CD spectrum that
remains indicative of random coil. At and above 0.7%
(CMC), the spectrum shows pronounced minima at 208 and
222 nm, typical ofR-helix. The insert to Figure 1B shows
theR-helical content of [1-44]apoA-I as a function of BOG
concentration. The maximumR-helical content is∼27% in
3.0% BOG at 25°C. The helical structure of [1-44]apoA-I
in BOG increases in a sigmoidal manner, indicating that the
formation of helical structure is concomitant to the formation
of BOG micelles.

The melting of the helical structure in [1-44]apoA-I, as
measured byθ222, at four concentrations of BOG from 0.8%

no. of DMPC per disk) 2π[(d - 20)/2]2/70
FIGURE 1: (A) Far-UV CD spectra of [1-44]apoA-I at pH 7.0 and
25 °C: (O) 0.05 mg/mL, (4) 0.1 mg/mL, and (0) 0.5 mg/mL. The
samples were in 0.01 M phosphate. (B) Far-UV CD spectra of
[1-44]apoA-I in different [BOG]: (0) 0.4%, (O) 0.6%, (4) 0.7%,
(3) 0.8%, and (]) 3.0%. The insert figure is theR-helical
percentage of [1-44]apoA-I on the basis ofθ222 as a function of
[BOG]. (C) Thermal unfolding of [1-44]apoA-I as a function of
[BOG] monitored by CD at 222 nm: (0) 0.8%, (O) 0.9%, (4)
1.2%, and (3) 3.0%. The samples contained 0.1 mg/mL [1-44]-
apoA-I and 0.01 M phosphate.
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to 3.0% is shown in Figure 1C and exhibits characteristics
similar to that of segment 99-142 of human apoA-I
[corresponding to helix repeat 5 and 6 (28)]. Each sample
was heated from 5 to 95°C and cooled directly from 95 to
5 °C. Different melting rates, from 40 s/point to 3 min/point,
showed no significant differences. Wavelength scans at 25
°C, recorded immediately before and after melting, were
unchanged. Thus heating and cooling do not affect [1-44]-
apoA-I concentration, and the thermal unfolding is reversible.
In the presence of the higher BOG concentrations (1.2% and
3.0%), the far-UV CD signal of [1-44]apoA-I at 222 nm
increases continuously as the temperature increases from 5
to 95 °C, whereas in lower BOG concentrations (0.8% and
0.9%), the far-UV CD signal of [1-44]apoA-I first decreases
as the temperature increases from 5 to∼20 °C and then
increases continuously as the temperature increases from
∼20 to 95°C. The far-UV CD signal at 222 nm for [1-44]-
apoA-I in 0.9% BOG starts to increase 2°C before that of
[1-44]apoA-I in 0.8% BOG.

(C) [1-44]ApoA-I in SDS, TMAO, and TFE Solution.In
SDS, an ionic detergent, and two common protein folding
reagents, TMAO and TFE, varying amounts of helical
structure were induced in [1-44]apoA-I (Table 1). SDS has
a molecular weight similar to that of BOG and forms micelles
over a more broad concentration range from 0.1% to 2%.
[1-44]ApoA-I in SDS showed far-UV CD spectral changes
similar to those in BOG (data not shown). Interestingly,
[1-44]apoA-I gained more helical content, up to∼45%, in
SDS. This is∼15% more than the maximum in BOG.
TMAO, a protein structure inducer, was used to test what
kinds of secondary components could exist in the peptide.
Far-UV CD spectra of [1-44]apoA-I in the presence of
TMAO over a concentration range from 2 to 6 M exhibited
typical helical characteristics (spectra not shown). The
maximum helical content was∼40%. TFE, a helical structure
inducer, was used to examine the maximum helical content
that could be induced. Ing60% (v/v) TFE, the helical content
reached a maximum of∼45%. Thermal unfolding and
refolding of [1-44]apoA-I in SDS/TMAO/TFE were also
reversible.

Lipid Binding of [1-44]ApoA-I: Density Gradient
Ultracentrifugation and EM.Figure 2A shows the far-UV
CD spectra of [1-44]apoA-I in various amounts of DMPC
at 25 °C. Eight initial ratios of DMPC:[1-44]apoA-I
[1:1, 2:1, 3:1, 4:1, 6:1, 7.5:1, 9:1, and 12:1 (w/w)] were
examined. Similar to the observations in BOG and SDS,
[1-44]apoA-I in DMPC folds intoR-helix in a DMPC
concentration dependent manner and reaches an apparent

maximum helix content above 7.5:1 (w/w) DMPC:[1-44]-
apoA-I. The apparent maximumR-helical content for
[1-44]apoA-I in DMPC is∼45% (the insert to Figure 2A),
∼15% more than that in BOG, but similar to that in
SDS. As shown in Figure 2B for the 6:1 (w/w) DMPC:
[1-44]apoA-I mixture, negative staining electron microscopy
showed many rouleaux of DMPC/[1-44]apoA-I complexes.
The thinnest complexes, marked in circles, had a thickness
of ∼50 Å, typical of a single phospholipid bilayer. However,
there are many particles of∼100 Å double bilayer thickness
individually, at the end, or in the middle of the rouleaux.
Those marked with squares probably represent flattened
vesicles. The size distribution ranges from 150 to 350 Å in
diameter, with a peak at 260 Å. Simple mixtures at other
ratios showed similar observations.

(A) Complex Separation by Density Gradient Ultracen-
trifugation. To further characterize the complexes formed
after DMPC/[1-44]apoA-I suspension clearance, DMPC/
[1-44]apoA-I complexes were separated by density gradient
ultracentrifugation and then visualized by EM. The same
eight initial ratios of DMPC:[1-44]apoA-I were studied.
Figure 3A shows the lipid distribution, and Figure 3B shows
the peptide distribution in the density gradient. Only three
initial ratios, 1:1, 2:1, and 3:1, and DMPC alone are shown
for clarity. Lipid and peptide peaks for all other initial ratios

Table 1: Helical Content of [1-44]ApoA-I in Variant Agents

[BOG]
(w/v)
(%)

% R-
helixa

[SDS]
(w/v)
(%)

% R-
helixa

[TMAO]
(M)

% R-
helixa

[TFE]
(v/v)
(%)

% R-
helixa

0 13 0 15 0 15 0 14
0.7 18 0.05 24 2 30 10 18
0.8 23 0.1 36 3 31 20 35
1.0 27 0.2 41 4 39 30 36
1.2 27 0.4 42 6 38 60 44
3.0 28 1.6 42 80 45
a The R-helical content is the mean value at 25°C, derived from

three to five independent measurements of two to three different
samples. The error in this estimate is 3%.

FIGURE 2: (A) Far-UV CD spectra of [1-44]apoA-I/DMPC simple
mixtures at different DMPC:[1-44]apoA-I (w/w) ratios at pH 7.0
and 25°C: (EnDash-) 1:1, (3) 2:1, (]) 3:1, (O) 4:1, (|) 6:1, (0)
7.5:1, (4) 9:1, and (/) 12:1. The insert figure is theR-helical
percentage of [1-44]apoA-I on the basis ofθ222 as a function of
the initial DMPC:[1-44]apoA-I (w/w) ratio. (B) Negative staining
EM image at 45× magnification of the DMPC:[1-44]apoA-I
(w/w) 6:1 simple mixture. The samples contained 0.1 mg/mL
[1-44]apoA-I and 0.01 M phosphate.
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fall between those for the 3:1 ratio and DMPC alone. In all
cases, the lipid peak fraction corresponds to the peptide peak
fraction. All DMPC, together with most peptide, was
enriched at a higher density range than that for free lipid,
covering∼3-5 fractions out of 25 in total. However, there
was always some free peptide at the bottom of the centrifuge
tube, even in 12:1 samples. As shown in the insert to Figure
3B, as the lipid amount increased in the initial ratios from
1:1 to 12:1, the density of the peak fraction decreased from
∼1.09 g/cm3 (typical of discoidal complexes formed with
apoA-I) to ∼1.06 g/cm3, the free lipid density.

Weight ratios, derived from panels A and B of Figure 3,
for those fractions containing complexes are shown in Figure
3C. For the initial 1:1 ratio, uniform∼4:1 weight ratio
complexes were formed. For the other samples with higher

initial DMPC:[1-44]apoA-I ratios, heterogeneous weight
ratio complexes were observed. In all cases, the peak ratio
is greater than the initial ratio, and higher initial DMPC:
[1-44]apoA-I ratio complexes have higher DMPC:[1-44]-
apoA-I ratio at the peak fraction. For instance, for an initial
1:1 ratio, the peak fraction has a ratio of∼4:1 by weight
(30:1 M), and at an initial 4:1 ratio, the peak fraction has a
weight ratio of∼9:1 (65:1 M). At and above an initial 7.5:1
ratio, the DMPC:[1-44]apoA-I ratio in the peak reaches its
maximum, which is∼20:1 by weight and∼150:1 M.

(B) Complex Visualization by EM.After density gradient
ultracentrifuge separation, four to five fractions encompassing
the peak for each sample were visualized individually by
EM. The left panel of Figure 4 shows micrographs of
representative peak fractions of three initial ratio samples
and DMPC vesicles alone. The right panel of Figure 4 shows
the corresponding size distributions. Two distinct types of
complexes, disks and vesicles, were observed. Figure 4A
shows the peak aliquot at∼1.1 g/cm3 for the initial ratio

FIGURE 3: Density gradient ultracentrifugation of [1-44]apoA-I/
DMPC mixtures at different initial DMPC:[1-44]apoA-I (w/w)
ratios. (A) DMPC distribution in the density gradient. Three of the
eight ratios are shown for clarity: (9) initial 1:1, (b) initial 2:1,
(2) initial 3:1, and (1) DMPC alone. (B) The corresponding peptide
distribution in the density gradient. Symbols are the same as in
(A). The insert figure is the density of the peak fraction as a function
of the initial DMPC:[1-44]apoA-I (w/w) ratio. (C) DMPC:
[1-44]apoA-I (w/w) ratio for each fraction that contains the
complex as a function of density. Four of the eight samples are
shown: (9) initial 1:1, (b) initial 2:1, (4) initial 4:1, ([) initial
6:1, and (]) initial 12:1. The arrows show the positions of peak
fractions: (1) 1:1; (2) 2:1; (3) 4:1 and 6:1; (4) 12:1.

FIGURE 4: Negative staining EM images and size distribution of
the peak fraction for various initial DMPC:[1-44]apoA-I (w/w)
samples: (A) 1:1, (B) 2:1, (C) 12:1, and (D) DMPC alone.
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DMPC:[1-44]apoA-I (w/w) 1:1. The particles are∼50 Å
in thickness, typical of a single phospholipid bilayer, and
∼70 to∼110 Å in length. They are typical of disks stacked
in rouleaux, singly on-edge and en face. The predominant
size is∼100 Å. Figure 4B shows the 2:1 peak aliquot at
1.085 g/cm3. Both small (∼100 Å) and larger (up to∼250
Å) particles are present. Many particles are∼100 Å thick,
typical of two phospholipid bilayers. Some of them show
the clear center line of collapsed vesicles. Partially collapsed
vesicles and larger face on particles are apparent. Thus, the
peak fraction is a mixture of both disks and vesicles, with a
wide range of diameters from 90 to 250 Å. For the 2:1 weight
ratio, the fraction at higher density had more disks. This was
also the case for all other ratios. However, discoidal com-
plexes appeared more rarely as the lipid amount increased.
For initial ratios at and below DMPC:[1-44]apoA-I (w/w)
6:1, disks were observed in aliquots at∼1.1 g/cm3, while
vesicles were predominant in aliquots with density lower than
1.08 g/cm3. Figure 4C shows the 12:1 weight ratio peak
aliquot at∼1.07 g/cm3. The predominant size is from∼260
to ∼380 Å with a mean of∼300 Å. Collapsed vesicles with
double bilayer thickness and ruptured vesicles with single
bilayer thickness are present. The vesicle morphology is
consistent with the vesicle density of the fraction. Figure
4D shows DMPC vesicles themselves. Two size populations
for DMPC vesicles were observed: individually en face with
diameter<800 Å and collapsed liposomes with diameter
>2000 Å. For the smaller population, the predominant
diameter is∼500 Å. The diameter distribution in Figure 4D
is for the smaller measurable population. As shown in the
right panel of Figure 4, as the initial lipid:peptide ratio in
the sample increases, the predominant size for each peak
fraction increases from∼100 to ∼400 Å, which overlaps
with the lower limit of DMPC vesicles themselves. Vesicular
complexes have various sizes from 200 to 400 Å, depending
on the initial lipid:peptide ratio.

DISCUSSION

Conformation of [1-44]ApoA-I in Solution. [1-44]-
ApoA-I is unstructured in aqueous solution (Figure 1A). In
contrast to apoA-I, which is self-associated above 0.1 mg/
mL, [1-44]apoA-I does not self-associate, even up to 0.5
mg/mL. Considering that [1-44]apoA-I is∼5 times shorter
than apoA-I, at 0.5 mg/mL, the molar concentration of
[1-44]apoA-I is∼25 times higher than the self-association
threshold point of the whole A-I molecule.

In the nonionic detergent BOG (Figure 1B), the helical
content in [1-44]apoA-I increases in a concentration-
dependent manner and then reaches the equilibrium. This is
also the case in the presence of SDS, an ionic detergent,
TMAO, a protein structure inducer (29), and TFE, a helix
inducer (Table 1). The maximumR-helix content of [1-44]-
apoA-I was obtained in BOG and SDS above their CMC.
The maximum percent ofR-helix for [1-44]apoA-I at
25 °C is ∼28% in BOG,∼39% in TMAO, ∼42% in SDS,
and ∼45% in TFE. Thus, the maximum inducible helical
content for [1-44]apoA-I in aqueous solution is still∼15%
less than the predicted G* helix (18) encompassing residues
8-33 (60%).

Thermal unfolding and refolding of [1-44]apoA-I in BOG
is reversible from 5 to 95°C (Figure 1C). In the presence of

0.8% or 1.0% BOG, [1-44]apoA-I at 25°C undergoes
apparent unfolding both on heating and on cooling. However,
the CMC of BOG increases as the temperature decreases
(30), and on cooling below∼20°C BOG micelles dissociate,
resulting in the loss of helical structure for [1-44]apoA-I
in 0.8% and 0.9% BOG. At higher BOG concentrations
(1.2% and 3.0%), the micelle is stable at low temperature
(<25°C) and the peptide helical conformation is maintained.
On heating from 25°C, the peptide unfolds although the
BOG micelles may still exist. [1-44]ApoA-I reaches the
maximum helical structure of∼30% in 3.0% BOG at 0°C.

In SDS, TMAO, and TFE, thermal unfolding and refolding
of [1-44]apoA-I are also reversible. However, in contrast
to [1-44]apoA-I in BOG, SDS, and TFE, where the CD
data do not exhibit clear baselines at both high and low
temperature (although there is a tendency to reach them),
the CD data for [1-44]apoA-I in 6 M TMAO show two
clear baselines at both high and low temperature. This
suggests that the thermal unfolding and refolding of
[1-44]apoA-I is more cooperative in TMAO than in BOG,
SDS, and TFE. In addition, the midpoint of the thermal
unfolding (Tm) for [1-44]apoA-I in TMAO is ∼25 °C
compared∼50 °C for [1-44]apoA-I in BOG/SDS/TFE.

[1-44]ApoA-I Binds to Lipid and Forms Discoidal
Complexes.[1-44]ApoA-I solubilized DMPC liposomes into
a heterogeneous population of vesicular structures with a
density range from∼1.085 to∼1.07 g/cm3, as well as small
discoidal complexes with a diameter of∼100 Å and a density
of ∼1.1 g/cm3. Both the size and the density of the discoidal
complexes are similar to those of the discoidal HDL formed
from A-I and phosphatidylcholine (31). According to the
density gradient ultracentrifugation data, as the initial DMPC:
[1-44]apoA-I (w/w) ratio increased from 1:1 to 12:1, the
peak fraction density decreased from∼1.1 g/cm3, typical of
the density of DMPC/A-I disks, to∼1.07 g/cm3, close to
the lipid density (insert to Figure 3B). Data from EM are
consistent with that from the density gradient. Discoidal
complexes (Figure 4A), with∼100 Å diameter at∼1.1 g/cm3

fraction, were formed when a large excess of peptide was
present in the mixture, at the initial DMPC:[1-44]apoA-I
1:1 (w/w) ratio. For an initial ratio 2:1 sample, complexes
were a mixture of both disks and vesicles (Figure 4B). For
initial ratios higher than 3:1, vesicles are predominant (Figure
4C), with sizes from∼200 to∼500 Å, the predominant size
of DMPC vesicles. Thus, this study provides strong and direct
evidence that the exon 3 encoded N-terminal region of human
apoA-I binds to lipid to form both discoidal complexes and
vesicular structures with peptide bound.

[1-44]ApoA-I Has Moderate Lipid Binding Affinity.The
percentage of bound [1-44]apoA-I increases with increasing
lipid amount and becomes constant at DMPC:[1-44]-
apoA-I (w/w) ratios higher than 7.5:1 (Figure 5A). This
equilibrium may be described by the equation (32):

where [PF] is the free protein concentration, [PC] is the lipid
concentration, and [PB] is the lipid-bound protein concentra-
tion. This equation can be linearized to (33)

KD ) (N[PC] - [PB])[PF]/[PB]

[PF] ) N[PC][PF]/[PB] - KD
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Figure 5C shows the linearized plots for the eight ratios
studied, derived from the density gradient data. The data set
fits the linear plot well (R2 ) 0.96), which supports the
analysis of the [1-44]apoA-I/DMPC interaction by this
model. TheKD for [1-44]apoA-I binding to DMPC is∼0.02
mM, which is about 20-fold higher than that determined for
apoA-I-lecithin interaction (33) and indicates moderate lipid
binding affinity for [1-44]apoA-I.

The low lipid affinity of [1-44]apoA-I was suggested by
its sequence and the predicted amphipathic G* helix (residues
8-33) (19). The simple G-type helix is the typical helix
conformation of globular proteins, with a random charge
distribution in the polar face (19). In contrast to the G helix,
a typical lipid binding, type A, amphipathic helix as found
in the exon 4 encoded region of apoA-I has a regular positive/
negative charge distribution in the polar face. Thus, based
on charge distribution, the G* helix in [1-44]apoA-I, with
a random charge distribution in the polar face, was thought
not to interact with lipid (19). However, the G* helix has a
larger hydrophobic face than that of the typical G helix. The
large hydrophobic face may give the peptide the ability to

interact with lipid but not with the high affinity of the type
A helix.

Because of its moderate lipid binding affinity, [1-44]-
apoA-I only forms discoidal complexes under conditions of
excess peptide although the peptide can solubilize DMPC
and form vesicular complexes over a wide range of lipid-
to-peptide ratios. For example, at an initial weight ratio of
1:1 DMPC:[1-44]apoA-I the discoidal complexes isolated
from the density gradient have a ratio of 4:1 DMPC:
[1-44]apoA-I. An initial weight ratio of 4:1 results in the
formation of a higher 9:1 ratio vesicular complex. This is in
contrast to apoA-I with higher lipid binding affinity that
forms discrete stoichiometric complexes with phospholipids
independent of the initial lipid-to-protein ratio (33). For the
vesicular complexes, the peptide must be responsible for the
disruption of the multilamellar DMPC and stabilization of
the vesicles. The larger hydrophobic face of the G* helix
probably associates with the lipid surface and thus stabilizes
the vesicular complexes. Although it is possible that the
peptides specifically interact with each other, to form a well-
defined structure that then interacts with lipid, since [1-44]-
apoA-I does not self-associate in solution, this is unlikely.

Helical Content for [1-44]ApoA-I in Lipid-Bound Form.
The CD spectra in Figure 2A represent the weighted
combination of the CD signal for both lipid-free and lipid-
bound [1-44]apoA-I. Using the data for the amount of
[1-44]apoA-I bound versus free derived from the density
gradient (Figure 5A), we calculated the percentage ofR-helix
(% R) for the lipid-bound form. At all of the eight ratios
studied, the helical content for [1-44]apoA-I in lipid-bound
form is ∼60% (Figure 5B). Conversely, assuming there is
60% helical structure in lipid-bound [1-44]apoA-I and
combining the percentage of lipid-bound peptide, the ap-
parent far-UV CD helical signal for each ratio sample was
predicted and compared to that determined fromθ222

(25 °C). Consistency between the two data sets demonstrated
that the apparent CD signal did reflect the lipid-bound
percentage of [1-44]apoA-I at each ratio. It is dramatic that
∼60% of this exon 3 encoded region becomesR-helix from
random coil on lipid binding. TheR-helical content of
[1-44]apoA-I in the lipid-bound form corresponds to the
percentage predicted by the G* helix (residues 8-33) (18)
and is also consistent with the NMR assignments (residues
8-32) obtained in 280 mM SDS solution (9, 10).

The well-documented increase in helicity of apoA-I on
lipid association may, at least in part, result from the helix
formation in this N-terminal region. ApoA-I in which the
N-terminal region has been deleted,∆(1-43)A-I, has been
suggested to adopt the helical content of the lipid-bound form
(34). However, studies of∆(1-41)A-I have suggested that
the deletion of this region results in the disruption of helical
conformation (23). Also, studies of internal deletion mutants
have suggested that the segment, residues 121-144, may
be involved in the helix formation on lipid binding (27).
Thus, a precise delineation of the regions of apoA-I that
change conformation on lipid binding remains to be achieved.

It is generally thought that protein conformation in BOG
micelles represents the lipid-bound form (35, 36). However,
from the far-UV CD study of this N-terminal peptide, it is
clear that this assumption may not always be valid. The
maximum helix for [1-44]apoA-I in BOG is∼30%, half
of that in DMPC. This suggests that upon lipid binding the

FIGURE 5: (A) Percentage of lipid-bound [1-44]apoA-I as a
function of the initial DMPC:[1-44]apoA-I (w/w) ratio derived
from data in Figure 3. The solid curve is the polynomial regression
fitting curve of the order 2,R2 ) 0.95. (B) Calculated helical content
for [1-44]apoA-I in lipid-bound form as a function of the initial
lipid:peptide (w/w) ratio. Data are calculated from the combination
helical percentages in Figure 2A and the bound percentages in panel
A. The solid line is the 60% marker. (C) Linearized plots of the
eight ratios studied from the density gradient according to the
equation [PF] ) (N[DMPC][PF]/[PB]) - KD. The solid line
represents the linear fitting of the data,R2 ) 0.96.
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peptide adopts a conformation different from that in BOG
solution. Similarly, NMR data obtained in SDS may represent
a conformation different from that of the phospholipid-bound
form.

[1-44]ApoA-I and DMPC Disk Formation.The DMPC/
[1-44]apoA-I disks were formed spontaneously by simply
mixing the peptide with DMPC liposomes. These DMPC/
[1-44]apoA-I disks are stable, although only in the presence
of excess peptide. Since the initial 1:1 ratio peak fraction
was almost pure disks, we assume that the composition of
peptide and lipid in the peak fraction represents that in the
particles with a mean size of∼100 Å (Figure 4A). The molar
DMPC:[1-44]apoA-I ratio at the peak fraction of the initial
1:1 weight ratio is∼30:1, and the composition of the 100 Å
discoidal complex is∼5 [1-44]apoA-I and∼150 DMPC
per disk. The helix length of five [1-44]apoA-I molecules
with ∼60% R-helix is just long enough to wrap around the
DMPC bilayer disk once. Thus, in contrast to the current
models for apoA-I-stabilized disks, where two molecules of
the protein are thought to form a double belt stabilizing the
disk edge, disk formation and stabilization by the small
N-terminal peptide are achieved with a single belt.

In conclusion, the first 44 residues ([1-44]apoA-I) of
human apoA-I have a moderate lipid binding affinity and
can form both disks in the presence of excess peptide and
vesicles of various sizes, over a wide range of the peptide:
lipid ratios. [1-44]ApoA-I is unstructured in the lipid-free
state and becomes∼60% helix on interaction with phos-
pholipid, irrespective of the formation of discoidal or
vesicular complexes. This suggests that although apoA-I
undergoes dramatically tertiary conformational changes, the
helical content of the N-terminal region remains stable during
transformation of nascent discoidal HDL to mature spherical
HDL.
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