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ABSTRACT: Apolipoprotein A-I (apoA-I, 243 amino acids) is the major protein of high-density lipoproteins
(HDL) that plays an important structural and functional role in lipid transport and metabolism. The central
region of apoA-I (residues 60-183) is predicted to contain exclusively amphipathicR-helices formed
from tandem 22-mer sequence repeats. To analyze the lipid-binding properties of this core domain, four
terminally truncated mutants of apoA-I,∆(1-41),∆(1-59),∆(1-41,185-243), and∆(1-59,185-243),
were expressed in baculovirus infected Sf-9 cells. The effects of mutations on the ability of apoA-I to
form bilayer disk complexes with dimyristoyl phosphatidylcholine (DMPC) that resemble nascent HDL
were analyzed by density gradient ultracentrifugation and electron microscopy (EM). The N-terminal
deletion mutants,∆(1-41) and∆(1-59), showed altered lipid-binding ability as compared to plasma
and wild-type apoA-I, and in the double deletion mutants,∆(1-41, 185-243) and∆(1-59, 185-243),
the lipid binding was abolished. Thermal unfolding of variant apoA-I/DMPC complexes monitored by
circular dichroism (CD) showed hysteresis and a shift in the melting curves by about-12°C upon reduction
in the heating rate from 1.0 to 0.067 K/min. This indicates an irreversible kinetically controlled transition
with a high activation energyEa ) 60 ( 5 kcal/mol. CD and EM studies of the apoA-I/DMPC complexes
at different pH demonstrated that changes in the net charge or in the charge distribution on the apoA-I
molecule have critical effects on the conformation and lipid-binding ability of the protein.

Lipoproteins are assemblies of lipids and specific proteins
that mainly originate from the liver and the intestine. The
major function of lipoproteins is to transport water-insoluble
lipids throughout the body. The high-density lipoprotein
(HDL)1 system is comprised of a heterogeneous population
of relatively small and dense particles. Their diameters range
from 80 to 200 Å, and the densities are between 1.063 and
1.21 g/cm3 (1). The major protein component of HDL is
apolipoprotein A-I (apoA-I, 243 amino acids, 28 kD). The
major role of HDL is to pick up free cholesterol that is
released into the plasma from dying cells and from mem-
branes undergoing turnover. There is a large body of
experimental evidence to suggest that augmenting HDL and/
or apoA-I can have significant vascular protective effects
ranging from prevention to stabilization and regression of
atherosclerosis (2). This anti-antherogenic function makes
HDL a subject of intensive structural and functional studies.

HDL can mainly exist in two different morphologies
during metabolism: (a) nascent discoidal particles, with polar
lipids in a bilayer conformation and proteins at the circum-

ference of the disk and (b) microemulsion particles, with
apopolar cores of cholesteryl esters and triglycerides and
polar coats of phospholipids, cholesterol, and proteins (3).
The conformation of apoA-I on HDL is crucial to HDL
functions such as lipid and cholesterol binding, lecithin
cholesterol acyltransferase (LCAT) activation, cholesterol
ester transfer protein (CETP) binding, SR-BI receptor
recognition, and ABC-A1 interaction (4).

The secondary structure of apoA-I is dictated by a series
of 22- and 11-mer amphipathicR-helices punctuated by
prolines (5). ApoA-I binds to lipid via the hydrophobic face
of the helices. Since native HDL are very heterogeneous,
the interaction between apoA-I and lipid has been studied
mainly on reconstituted HDL (6, 7). In vitro, the surfactant-
like action of apoA-I on multilamellar liposomes or unila-
mellar vesicles of DMPC to produce HDL-like particles has
been well-studied (8). The nature and the size of the apoA-
I/DMPC complexes depend on the DMPC to apoA-I ratio,
ranging from vesicles (1000:1) to large discoidal complexes
(300:1) and small discoidal complexes (<100:1). The large
and small disks contain three and two apoA-I molecules per
particle, respectively.

It has been generally agreed that residues 185-243 play
an essential role in lipid binding (9). Important individual
residues involved in initial lipid binding include carboxyl-
terminal hydrophobic residues (10) as well as Glu 235 (11);
point mutations and deletions of these residues lead to a
significantly decreased lipid-binding ability. Studies of
synthetic peptides (12) and deletion mutants (13) have shown
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that residues 44-65 and 100-121 may be also involved in
lipid binding (14).

To map the lipid-binding regions in apoA-I (especially
the terminal regions), we designed a series of N- and
C-terminal truncated mutants∆(1-41), ∆(1-59), ∆(1-41,
185-243), and∆(1-59, 185-243). In previous studies, we
have documented the conformation and thermal stability of
these mutants in solution at different pH values (15). In the
current work, the mutants were studied for their ability to
bind DMPC under different pH conditions. We also inves-
tigated the thermal stability of plasma apoA-I/DMPC com-
plexes via circular dichroism and determined the activation
energy for the disk denaturation.

MATERIALS AND METHODS

Protein Expression and Purification.The N-terminal
deletion mutants,∆(1-41) and∆(1-59), and the double N-
and C-terminal deletion mutants,∆(1-41, 185-243) and
∆(1-59, 185-243), were expressed as His-tagged proteins
in insect cell line Sf-9 as described before (16). The cells
were sonicated, and the proteins in the supernatant were
purified by using Ni-nitrilotriacetic acid (Ni-NTA) resin from
Qiagen Inc. After purification, the amino terminal 6× His
tag, and the additional 24 residues were removed by tobacco-
etched viral (rTEV) protease (also His-tagged) as described
before (15). The purified apoA-I was analyzed by 12.5%
SDS-PAGE, and the concentration was determined by
Lowry assay (17). The proteins obtained from Sf-9 cells have
additional Gly-Ala-Met-Gly-Ser- at the N-terminus that
results from the residual rTEV protease site.

Dimyristoyl Phosphatidyl Choline Binding.The reconstitu-
tion of the apoA-I/DMPC discoidal complexes that resemble
nascent HDL was carried out using the various apoA-I forms.
A total of 1.0 mL of lipid (6µL of 14C-DPPC of 0.05 mCi/
mL (NEN Life Science Products, Inc. Boston, MA) in 20
mL of DMPC of 1.036 mg/mL) was aliquoted into a 20 mL
glass vial and dried under nitrogen. It was then further dried
on the lyophilizer for 15 min. A total of 0.9 mL of sodium
phosphate buffer (PBS) was added, and liposomes were made
by vortexing vigorously until turbid. ApoA-I was added to
the liposomes (PBS was added to the control vial). The
amounts of proteins added were∼0.5 mg for apoA-I variants
at pH 7.8 and∼0.1 mg for those at pH 4.7 because of the
limited protein solubility at low pH. The vials were sealed
and placed in a shaking water bath at 24°C overnight. The
density of the samples was adjusted to 1.2 g/cm3 using solid
KBr; the samples were then transferred to 5 mL SW-55
Ultraclear (Beckman) tubes. The samples were overlaid with
1.065 g/cm3 KBr. The tubes were balanced and spun at
50 000 rpm, 15°C, for 20 h.

After spinning, 25 aliquots of 200µL each were removed
from the surface of the solution. The refractive index of the
blank for each fraction was measured by refractometry. A
total of 20 µL of each sample fraction was assessed by a
Lowry assay (17) to locate the positions of the protein
component in the apoA-I/DMPC complexes and the free
protein. The positions of the lipid component in the
complexes and the free lipid were located via scintillation
counting.

Electron Microscopy of ApoA-I/DMPC Complexes.ApoA-
I/DMPC complexes were imaged by electron microscopy
using the negative staining technique. A 4µL aliquot of

sample was applied to a glow-discharged, Formvar-coated,
300 mesh copper grid for 5 min. After blotting extra fluid,
the sample was stained with 4µL of 1% sodium phospho-
tungstate (negative stain) of appropriate pH for 10 s. Samples
were observed on the CM12 electron microscope (Philips
Electron Optics, Eindhoven, The Netherlands). Fields of
interest were photographed on SO163 film with 1.00 s
exposure time, at 45 000 magnification. Films were devel-
oped in D19 and scanned on an EverSmart Supreme Scanner
(CreoScitex Corp., Vancouver, Canada).

Circular Dichroism Spectroscopy. The CD spectra were
measured with an upgraded Aviv 62DS spectropolarimeter
equipped with thermoelectric temperature control (Aviv
Associates, Lakewood, NJ). Far-UV CD spectra (185-250
nm) were recorded from protein solutions of 0.06-0.10 mg/
mL concentrations in 10 mM phosphate buffer (pH 4.7-
7.8) placed in 1-2 mm quartz cuvettes. The spectra were
recorded every 1 nm, with 15-30 s accumulation time per
data point, and averaged over three to five runs. Thermal
unfolding and refolding of the protein helical structure was
monitored at 222 nm upon heating and cooling between 5
and 95 °C at a rate from 0.067 to 1.0 K/min. All CD
experiments were repeated three to four times to ensure
reproducibility. After buffer baseline subtraction, the CD data
were normalized to protein concentration and are expressed
as molar residue ellipticity, [θ]. The values of [θ] were
independent of the protein concentrations in the range
explored (0.06-0.1 mg/mL). ORIGIN software (Microcal,
Amherst, MA) was used for the CD data display and analysis.

Kinetic Analysis of the CD Data.In the absence of
well-defined pre- or post-transitional baselines, the apparent
melting temperatureTm of the protein/lipid complexes can
be determined from the peak position in the first derivative
of a heating curve, d[θ222(T)]/dT (18). For a reversible
thermal transition,Tm ) T1/2, whereT1/2 is the temperature
at which 50% of the total CD signal change is observed.

The activation energy (enthalpy)Ea for the irreversible
thermal denaturation of the apoA-I/DMPC disks was deter-
mined from the heating rate dependence of the apparent
melting temperatureTm. According to the Lumry-Eyring
model of an irreversible transition, the effect of scan rateV
on Tm is related toEa as (19)

whereV is the heating rate, andR ) 1.987 cal/mol is the
universal gas constant.

If Ea(T) ) const, the plot ln(V/Tm
2) versus 1/Tm is linear

with a slope-Ea/R. In this paper, the value ofEa for the
apoA-I/DMPC complex was determined from such a plot
usingTm values determined from the melting curves recorded
at different scan ratesV from 0.067 to 1.0 K/min.

RESULTS

Lipid-Binding Properties of Variant ApoA-I Forms.Re-
constitution of apoA-I/DMPC complexes was carried out
using variant apo A-I forms as described in the Materials
and Methods. The complexes were isolated by centrifugation
based on the flotation density of plasma apoA-I/DMPC
complexes atd ) 1.10 g/cm3. The results of the lipid/protein
distribution along the density gradient at pH 7.8 are shown
in Figure 1.

ln(V/Tm
2) ) const- Ea/RTm
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Plasma apoA-I bound DMPC very efficiently; it cleared
the turbid DMPC dispersion very quickly (less than 5 min).
The centrifugation results (Figure 1A) showed a very well-
defined peak of both protein and lipid at a density∼1.10-
1.15 g/cm3, where the apoA-I/DMPC complexes were
located. Wild-Type apoA-I also bound to DMPC and formed
complexes, as seen in Figure 1B. However, the binding
ability of wild-type apoA-I differed from that of plasma
apoA-I, as indicated by the slower clearance of the turbid
DMPC vesicles (about 15-30 min). Furthermore, the peaks
around density 1.10 g/cm3 in both lipid and wild-type protein
were broad, and the lipid showed an additional peak atd )
1.08 g/cm3, indicating either some unbound DMPC or
protein-bound complexes at a density lower than 1.10 g/cm3

(EM analysis of this sample did not detect any such disks,
data not shown). In addition, free protein was detected at
the bottom of the gradient.

All mutant proteins showed poor DMPC-binding ability
as compared to plasma and wild-type apoA-I. The N-terminal
deletions∆(1-41) and∆(1-59) cleared the turbid DMPC
dispersion after overnight incubation. However, the double
deletion mutants∆(1-41, 185-243) and∆(1-59, 185-
243) never cleared the DMPC dispersion. After the centrifu-
gation, there was a visible layer of free lipid in all tubes
containing the mutants. A small amount of free lipid was
observed for the N-terminal deletions and a larger amount
for the double deletions.∆(1-41)/DMPC (Figure 1C) and
∆(1-59)/DMPC (Figure 1D) both had a lipid peak at around
d ) 1.08 g/cm3 and no obvious peak but a detectable amount
of lipid and protein atd ) 1.10 g/cm3. ∆(1-41, 185-243)/
DMPC and∆(1-59, 185-243)/DMPC (Figure 1E,F, re-
spectively) showed a very sharp peak at a density between
1.05 and 1.06 g/cm3, where DMPC liposomes were located.
Most of the protein was at the bottom of the tubes (density
> 1.14 g/cm3) as free protein. There was a little protein and
lipid at d ) 1.10 g/cm3, but they were only barely detectable.
The lipid/protein ratios for variant apoA-I/DMPC complexes
at d ) 1.10 g/cm3 were calculated and are listed in Table 1.
The ratios are different for different forms of apoA-I,
indicating different lipid/protein composition of the disks.

Electron Microscopic Studies on the ApoA-I/DMPC Com-
plexes.ApoA-I/DMPC complexes prepared with variant
apoA-I forms were observed by electron microscopy using
the negative staining technique as described in the Materials
and Methods. Fractions of density∼1.10 g/cm3 of plasma
apoA-I/DMPC and all odd-numbered fractions of the 25
fractions of the wild type and the mutant proteins were
visualized by EM.

Figure 2A shows an electron micrograph of plasma apoA-
I/DMPC complexes with a density of 1.10 g/cm3. Nearly all
the apoA-I was bound to the lipid to form disks. In the
negative staining process, most disks stacked on edge and
formed numerous stacks of disks with uniform size. The
measurement of these disks gave an average thickness of
∼55 Å and diameter of 110 Å (Table 1).

The EM micrographs of the complexes formed by the
wild type and the N-terminal deletion mutants∆(1-41) and
∆(1-59) with DMPC showed that the complexes located at
density∼1.10 g/cm3 also exhibited discoidal morphology
(Figure 2B-D). However, the disk dimensions of the mutant/
DMPC complexes were different from those of plasma and
wild-type apoA-I (Table 1). EM micrographs of the fractions
at other densities did not show obvious discoidal complexes.
This indicates that the lipid or the protein density peaks that
were not located at 1.10 g/cm3 (e.g., the peaks centering
around 1.07-1.08 g/cm3 in Figure 1C,D) did not contain
any significant amount of apoA-I/DMPC disks. The double
deletion mutants∆(1-41, 185-243) or∆(1-59, 185-243)

Table 1: Size and Stoichiometry of Variant ApoA-I/DMPC Complexes

Plasma WT ∆(1-41) ∆(1-59)

pH 7.8 6.5 6.0 5.5 4.7 7.8 7.8 7.8
diametera (Å) 114b 116 115 118 152 116 111 111
DMPC:ApoA-1 ratio

massc 4.1 2.0 1.6 2.1
molarc 170 85 50 50

a All the dimensions shown in the table were the averages of the measurements on 150 to∼250 disks. The thickness of the disks was 55( 2
Å for all complexes.b (2 Å. c 5-10% error. Ratios were calculated on the data obtained from ultracentrifugation experiments shown in Figure 1
at density∼1.10 g/cm3. The dimensions were measured on the disks shown in Figures 2 and 4.

FIGURE 1: Density gradient distribution of variant apoA-I forms
binding to DMPC. The density distribution was determined by
density gradient centrifugation and plotted in Origin software.0:
The amount of apoA-I at each density andb: the amount of DMPC
at each density. Insets in panels E and F: enlargement of density
range 1.06-1.14 g/cm3 showing the amount of protein and DMPC
at each density.
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bound DMPC very poorly; hardly any disks were detected
for either mutant (Figure 2E-F). These results suggest the
importance of both the N-terminal 1-41 segment, and
especially, the C-terminal 185-243 segment for the lipid
binding by apoA-I.

Effect of pH on ApoA-I/DMPC Complex Formation.As
reported earlier, a reduction in pH from 7.8 to 4.7 resulted
in an increase in theR-helical content and the unfolding
cooperativity of terminally truncated apoA-I variants in
solution (15). In this work, we studied the lipid-binding
properties of these mutants at different pH. Both the protein
solution and DMPC suspension were prepared at pH 4.7.
For wild-type apoA-I, the peaks of the protein and lipid both
became better defined as compared to those at pH 7.8 (Figure
3A,B). The reduction in pH from 7.8 to 4.7 also led to the
appearance of a small protein peak at aroundd ) 1.10 g/cm3

for ∆(1-41) and∆(1-59) (Figure 3C,D).
The apoA-I/DMPC complexes were also made at pH 7.8

based on the ratio in Table 1 and were subsequently dialyzed
against 10 mM PBS of a series of pH 7.0, 6.5, 6.0, 5.5, and
4.7. A portion of the sample was taken at each pH for EM
analysis. EM micrographs of plasma apoA-I/DMPC disks
at different pH (Figure 4, Table 1) showed that at pH 7.8
and 7.0, the size of the disks and stacks appeared very
similar. When the pH decreased to 6.5, the stacks became
shorter, and this change progressed as the pH further

decreased, suggesting a progressive reduction in the con-
centration of the discoidal complexes. During the dialysis, a
white precipitate was observed at pH 6.5, indicating partial
protein-lipid dissociation. At pH 6.0, DMPC vesicles
emerged, and at pH 4.7, there were barely any disk stacks
detected. Wild type and mutant proteins showed a similar
trend, that is, a gradual reduction in the disk concentration
upon reduction in pH. However, the proteins precipitated at
low pH, resulting in a very low concentration of disks (data
not shown).

Effects of DMPC Binding on the Secondary Structure and
Thermal Unfolding of Variant ApoA-I.The secondary
structure and thermal stability of apoA-I and the N-terminal
deletion mutants on DMPC disks (fractions at density∼1.10
g/cm3) were analyzed by CD spectroscopy. Far-UV CD
spectra at 25°C of variant apoA-I forms free in solution
(Figure 5, open squares) and in discoidal complexes with
DMPC (Figure 5, solid circles) showed an increase in the
protein R-helical content upon DMPC binding that is
summarized in Table 2. This increase constituted about 5%
in plasma, 10% in wild type and∆(1-59), and nearly 25%
in ∆(1-41).

The thermal unfolding and refolding curves of the variant
forms of apoA-I on DMPC disks were monitored by CD at
222 nm, [θ222(T)], upon heating and cooling from 5 to 95
°C. The results showed remarkable differences from the
unfolding data of the lipid-free protein (insets in Figure 5A-
D). At a scan rate ofV ) 1.0 K/min, the thermal unfolding

FIGURE 2: Negative staining electron micrographs of variant apoA-
I/DMPC complexes. The samples were taken from the fractions of
d ) 1.10 g/cm3 after ultracentrifugation, where the density of the
plasma apoA-I/DMPC disk is located.

FIGURE 3: Density gradient distribution of variant apoA-I forms
binding to DMPC at different pH values. The complexes were
initially made at different pH values, and density distribution was
determined by density gradient centrifugation. The amounts of
proteins added were∼0.5 mg for apoA-I variants at pH 7.8 and
∼0.1 mg for those at pH 4.7.0: The amount of apoA-I at each
density andb: the amount of DMPC at each density.
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and refolding curves of the lipid-free apoA-I largely over-
lapped (open squares in Figure 5A, Figure 6A) which,
together with a complete superimposition of the unfolding
curves of lipid-free apoA-I recorded at different heating rates
(15), indicated a reversible thermal transition (19).

In contrast to lipid-free apoA-I, the thermal transition of
apoA-I on DMPC disks atV ) 1.0 K/min was irreversible
(solid circles), as indicated by the hysteresis and by a large
reduction in the CD signal at 25°C prior to and following
the heating to 95°C. In plasma apoA-I/DMPC complexes,
the refolding curve was shifted to lower temperature by about
35 °C as compared to the unfolding curve (Figure 5A, inset).
A similar discrepancy between the heating and the cooling
curves was observed in the DMPC disks containing wild type
and mutant apoA-I (Figure 5B-D, insets). Similarly, a
hysteresis has been documented in the thermal unfolding of
other apolipoprotein complexes with DMPC, such as apoC-I
(20), a 44-residue consensus sequence peptide (CSP) derived
from apoA-I, A-IV, and E3, and a real sequence peptide
(RSP) corresponding to residues 99-143 of apoA-I (21).
Such a hysteresis suggests that the thermal unfolding of
apolipoproteins on discoidal DMPC complexes is a thermo-
dynamically irreversible transition.

To analyze in greater detail the reversibility of the thermal
unfolding of lipid-free and lipid-bound apoA-I, we compared

the shapes of the CD melting curves,θ222(T), that were
recorded for plasma apoA-I in solution and on the DMPC
disks (Figure 6). The data in Figure 6 were recorded upon
heating from 5 to 95°C followed by cooling to 5°C at a
rate ofV ) 1.0 K/min. The shape of the thermal unfolding
curve, which is another indicator of the transition revers-
ibility, is significantly different for the lipid-free and DMPC-
bound apoA-I.

The unfolding curve [θ222(T)] of lipid-free apoA-I is
symmetric and can be approximated by a single sigmoidal
function. This symmetry is reflected in the first derivative
of the melting data, d[θ222(T)]/dT, that is well-approximated
by a single Gaussian function (Figure 6 inset, solid line).
The midpoint of the transition,T1/2, at which 50% of the
total change in the CD amplitude was observed, was about

FIGURE 4: Negative staining electron micrographs of plasma apoA-
I/DMPC complexes at different pH values. The complexes were
initially made at pH 7.8 based on the ratio listed in Table 1 and
then dialyzed against 10 mM PBS of a different pH. An aliquot
was taken at the end of each dialysis for EM observation.

FIGURE 5: Far-UV CD spectra of variant apoA-I forms in lipid-
free and -bound states.0: apoA-I in lipid-free state andb: apoA-I
on apoA-I/DMPC complexes. Insets: thermal transition curves of
variant apoA-I forms in lipid-free and -bound states recorded at
222 nm. The data are shown in units of [θ222] × 10-3 deg cm2

dmol-1. In contrast to lipid-bound proteins (b), the heating curves
of lipid-free proteins (0) largely overlap the cooling curves (not
shown).

Table 2: Secondary Structure of Variant ApoA-I Forms

R-helical content (%)a at 25°C
DMPC bound

lipid-
freeb

before
melt

after
melt

no. of helical residues
increased upon DMPC
binding/total residues

plasma 60% 65% 50% 12/243
WT 55% 65% 55% 25/248
∆(1-41) 40% 65% 48% 51/207
∆(1-59) 45% 55% 44% 19/189

a TheR-helical content is the mean value derived from three to five
independent measurements of two to three different samples. The error
in this estimate is 3%.b From ref15.
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58 °C, in good agreement with the apparent melting
temperatureTm ) 59 ( 1 °C determined from the peak
position in the first derivative function (Figure 6A, inset)
and with the value ofTm ) 57 ( 1 °C determined by a
conventional van’t Hoff analysis of apoA-I (22). Such an
agreement betweenTm and T1/2 is characteristic of an
equilibrium (reversible) thermal transition.

In contrast to free protein, the unfolding curve of apoA-I
on apoA-I/DMPC complexes recorded upon heating from 5
to 95 °C at a rate 1.0 K/min was asymmetric. In the heat
unfolding process, the CD signal changed more slowly at
low temperature and faster (steeper curve) at high temper-
ature. This resulted in a significant difference between the
values ofT1/2 ) 79 ( 2 °C andTm ) 85 ( 1 °C (Figure
6B). The first derivative of the melting curve, d[θ222(T)]/dT,
was also asymmetric (steeper at high temperatures) and could
not be approximated by a single Gaussian function (Figure
6B, inset). Such an asymmetry in the unfolding curve and
its first derivative function, along with the presence of the
hysteresis, suggests a shift in the population distribution
toward the preexisting species, which is characteristic of a
slow irreversible transition associated with a high energy
barrier.

Scan Rate Effects on the Thermal Transition of Plasma
ApoA-I/DMPC Complexes.To analyze the unfolding kinetics
of apoA-I/DMPC disks, the thermal unfolding and refolding
data [θ222(T)] were recorded at different heating/cooling rates
from 1.0 to 0.067 K/min. The heat unfolding curves showed
a progressive low-temperature shift upon reduction in scan
rate from 1.0 to 0.067 K/min (Figure 7A), with the reduction
in T1/2 from 79°C (at 1.0 K/min) to 68°C (at 0.067 K/min),
and inTm from about 86°C to 74°C. Such a shift indicated
a high activation enthalpy of the transition.

The cooling curves (corresponding to the protein refolding)
also shifted to lower temperatures upon reduction in the
cooling rate. Such a shift may result from the formation of
larger and/or multilamellar liposomes at slower heating rates
that was observed in similar studies of apoC-I/DMPC disks
(20). If equilibrium could be attained at slow scan rates, the

unfolding and refolding curves would shift toward each other
and eventually overlap (reversible unfolding). However, the
CD curves in Figure 7A showed an opposite trend (i.e., low-
temperature shifts in both heating and cooling curves upon
reduction in the scanning rate) resulting in noncoincidence
between the heating and the cooling curves at any scan rate.
Therefore, the apoA-I thermal unfolding and refolding on
the disks is a nonequilibrium transition at any scan rate
explored.

The observed scan rate effects on the heating curves of
the apoA-I/DMPC disks indicated a high activation energy
(enthalpy)Ea for the unfolding transition. The value ofEa

was determined from the heating rate dependence ofTm as
described in the Materials and Methods. This method was
originally proposed by Sanchez-Ruiz (19) in the differential
scanning calorimetry study of the irreversible thermal
denaturation of thermolysin. In our study, the values ofTm

at different scan ratesV were determined from the peak
positions in the first derivatives of the melting curves in
Figure 7A. The plot ln(V/Tm

2) versus (1/Tm) was linear (Figure
7B), suggesting a small activation heat capacity. The
activation energyEa calculated from the slope (-Ea/R) of
this plot wasEa ) 60( 5 kcal/mol; the error in this estimate
incorporated the fitting errors and the deviations between
repetitive experiments. This value ofEa is consistent with
the earlier spectroscopic and calorimetric studies of apoA-
I/DMPC complexes that indicated large scan rate effects on
Tm and suggested a high activation enthalpy∆H* ≈ 40 kcal/
mol for the complex denaturation (23, 24). Our results are
also consistent with the heat unfolding studies of apoC-I/
DMPC disks showing that the disks are kinetically but not
thermodynamically stable (20). Interestingly, the activation
energy Ea determined in our studies of apoA-I/DMPC
complexes (Ea ∼60 kcal/mol) was substantially higher than
that of apoC-I/DMPC complexes (Ea ∼25 kcal/mol), which
may be due to the larger size of apoA-I molecule (243 aa)
as compared to apoC-I (57 aa).

Thermal Unfolding of DMPC Complexes with Wild-Type
and N-Terminal Deletion Mutants.Thermal unfolding curves
of DMPC complexes with wild type and N-terminal deletion
mutants were nearly linear (Figure 5B-D, insets) and did
not show a single well-defined peak in the first derivative
function, d[θ222(T)]/dT. This precluded the determination of
the melting temperatureTm for these protein/lipid complexes.
Interestingly, in their lipid-free state, these proteins also
showed nearly linear low-cooperative unfolding at pH 7.8
(15). Thus, the unfolding cooperativity of these proteins did
not substantially increase upon lipid binding.

The limited quantity precluded the analysis of the scan
rate effects on the thermal transitions of the mutant apoA-
I/DMPC disks. However, the hysteresis in the heat unfolding
and refolding of these variant apoA-I forms on DMPC disks
observed at a scan rate ofV ) 1.0 K/min (Figure 5B-D,
insets) suggested that the unfolding of these mutant/DMPC
complexes was also an irreversible kinetically controlled
transition.

DISCUSSION

Terminal Deletion Affects the Lipid-Binding Ability of
ApoA-I. Our studies show clear differences in the lipid-
binding ability of plasma, wild type, and the terminally

FIGURE 6: Heat unfolding and refolding of plasma apoA-I in the
lipid-free state and on apoA-I/DMPC complexes. The thermal
transition was monitored by CD at 222 nm upon heating and cooling
at a rateV ) 1.0 K/min. Arrows indicate the midpointT1/2 of the
unfolding transition. (A) Lipid-free plasma apoA-I (0) and (B)
ApoA-I/DMPC complexes (b). Insets: first derivative functions
d[θ222]/dT of the heat unfolding curves. The peak positions shown
by arrows indicate the apparent melting temperatureTm.
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truncated mutants of apoA-I. The plasma and wild-type
apoA-I have the highest lipid-binding ability. They clear the
turbid DMPC dispersion very quickly, show a major peak
for both protein and lipid at a density∼1.10 g/cm3 after
density gradient centrifugation analysis, and exhibit charac-
teristic disk stacks of apoA-I/DMPC complexes in EM
micrographs. N-terminal deletion mutants,∆(1-41) and
∆(1-59), have lower lipid-binding ability, with significantly
slower clearance of DMPC liposomes and fewer discoidal
complexes observed in EM micrographs. The double deletion
mutants,∆(1-41, 185-243) and∆(1-59, 185-243), have
the poorest lipid-binding ability, with barely detectable apoA-
I/DMPC disks in EM micrographs. These results suggest that
the N-terminal deletion diminishes the lipid-binding ability
of apoA-I, and the C-terminal 185-243 deletion almost
completely abolishes the ability of apoA-I to form discoidal
complexes with phospholipid. It is possible that the slight
differences in lipid binding of the wild-type protein and the
plasma apoA-I might, at least in part, result from the presence
of the five additional amino acid residues at the N-terminus
where the rTEV cleavage site was located (15). However,
since all the expressed proteins contain these additional
residues, comparison of their lipid-binding properties is
internally consistent.

Our results agree with the studies of a synthetic peptide
that suggest the essential role of the N-terminal residues 44-
65 for the lipid-binding properties of apoA-I (12, 25, 26). A
synthetic peptide of residues 1-44 can also bind to DMPC
and form disks with density similar to that of plasma apoA-
I/DMPC disks (Hongli Zhu and David Atkinson, unpublished
data). These results suggest that the N-terminal domain,
which is important in the stabilization of the lipid-free
protein, may favor lipid binding by maintaining a certain
conformation in which the initial lipid-binding sites of the
protein are accessible to the lipid (27).

Limited proteolysis and deletion mutant studies showed
that the C-terminal domain (mainly residues 193-243) plays
a key role in the initiation of apoA-I-lipid interactions (28-
31). Studies on apoA-I Nichinan, a naturally occurring human
apoA-I mutant with a deletion of Glu235, indicated a

substantial reduction in the lipid-binding ability (11). The
mutation studies on the C-terminal residues 209-243
revealed that large hydrophobic residues (Leu and Phe) are
important in the initial lipid binding (10). All these results
suggest that the C-terminal part is involved in the initial
association of apoA-I with phospholipids and in the forma-
tion of lipoprotein particles in vivo.

Our studies substantiate the presence of important lipid-
binding sites in the C-terminal domain of apoA-I. We also
demonstrate that the deletion of only the N-terminal part
diminishes but not totally abolishes the ability of apoA-I to
bind lipid, suggesting a significant role for the first 41
residues in the lipid-binding process.

Secondary Structure Changes in Variant ApoA-I Induced
by DMPC.TheR-helical content of all variant apoA-I forms
increased upon DMPC binding, with a 5% increase in
plasma, 10% increase in wild type and∆(1-59), and nearly
25% increase in∆(1-41). Secondary structure models for
these apoA-I mutants in their lipid-free conformation were
proposed in our earlier work (15). Residues 42-59 were
inferred to be unfolded in∆(1-41) in solution. Therefore,
the large increase inR-helical content in∆(1-41) but not
in ∆(1-59) suggests that the 42-59 segment may fold into
a helical conformation upon association with DMPC. Simi-
larly, the C-terminal region 176-243, which was inferred
to be disordered in the lipid-free state, may fold into a helical
structure upon lipid binding. Furthermore, the increase in
the number of helical residues upon DMPC binding is much
larger in ∆(1-41) (51 residues) than in∆(1-59) (19
residues) (Table 2). This indicates the presence of potential
lipid-binding or lipid-binding assisting sites in this 42-59
segment and suggests that a structured state of a 42-59
segment may facilitate the folding and lipid binding of the
central and C-terminal region of apoA-I.

pH Effects on the Lipid-Binding Ability and the Secondary
Structure of the Variant ApoA-I Forms in the ApoA-I/DMPC
Complexes.Our studies suggest that the wild type and mutant
∆(1-41) had increased lipid-binding ability upon the reduc-
tion in pH from 7.8 to 4.7. Indeed, density gradient
centrifugation analysis of these proteins incubated with

FIGURE 7: Scanning rate effects on the thermal transition of plasma apoA-I on DMPC disks. (A) Thermal unfolding and refolding curves
recorded by CD at 222 nm upon heating and cooling from 5 to 85°C at several constant rates:999 1.0 K/min, OOO 0.3 K/min, +++
0.17 K/min, 444 0.11 K/min, ××× 0.083 K/min, andBBB 0.067 K/min. (B) Activation energyEa determined from the scan rate
effects on the apparent melting temperatureTm. The error bars represent uncertainty in theTm determination. Solid line shows linear regression
fitting of the data ln(V/Tm

2) vs 1/Tm. Ea determined from the slope of this line is 60( 5 kcal/mol.
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DMPC showed better-defined and higher amplitude peaks
for both the protein and the lipid at a density∼1.10 g/cm3

corresponding to the density of the apoA-I/DMPC disks
(Figure 3). Interestingly, no significant pH-dependent changes
in the lipid-binding ability were observed for the mutants
∆(1-59),∆(1-41, 185-243), and∆(1-59, 185-243). For
the double deletion mutants (data not shown), this is easy to
understand since these proteins hardly bind to DMPC because
of the deletion of the C-terminus that may contain the initial
lipid-binding sites. For∆(1-59), it is possible that the
deletion of 1-59 residues removed a part of another essential
lipid-binding site encompassing residues 44-65, so the pH
effects were not observed due to the impaired lipid-binding
ability of this mutant.

The secondary structure of the variant forms of apoA-I in
the lipid-bound state is mainlyR-helical, as indicated by their
far-UV CD spectra. Studies of pH effects on the secondary
structure of apoA-I in complex with DMPC showed that the
R-helical content of plasma and wild-type apoA-I did not
change significantly upon the reduction in pH from 7.8 to
4.7. In contrast, the mutants∆(1-41) and ∆(1-59) in
complex with DMPC showed a∼10% increase in their
R-helical content at pH 4.7, similar to that observed in lipid-
free proteins upon reduction in pH. This suggests that the
pH of the environment may have a significant impact on
the secondary structure of the apoA-I both in lipid-free and
in lipid-bound states. The thermal unfolding of the variant
complexes at low pH suggested that their unfolding coop-
erativity increased, as indicated by more sigmoidal unfolding
curves for the lipid-bound as compared to lipid-free proteins.
The unfolding curves at low pH also showed hysteresis and
suggested a kinetic barrier during the transition (data not
shown). Since the pI of plasma apoA-I is around 5.2, the
net charge of the protein changed sign in our experiments
in which the pH was reduced from 7.8 to 4.7. This clearly
had an impact on the ability of apoA-I to form stable
discoidal complexes with phospholipids and the conformation
and the stability of the complexes.

The NMR structure of a peptide fragment of apoA-I
(residues 166-185) on SDS or dodecylphosphocholine
(DPC) micelles also showed significant pH-dependent struc-
tural changes between pH 6.6 and 3.7 (32). NMR spectra of
these peptide-micelle complexes indicate a more extensive
R-helical structure in the N-terminus at lower pH. These
NMR results are consistent with our CD spectroscopic data
showing that a reduction in pH in the acidic region may lead
to an increase in the apolipoproteinR-helical content in the
protein/lipid complexes.

In summary, reduction in pH from 7.8 to 4.7 leads to an
increase in theR-helical content and the lipid-binding ability
of apoA-I and some of its terminally truncated mutant forms.
This clearly indicates the importance of the electrostatic
interactions for the lipid binding and the discoidal complex
formation by apoA-I.

Kinetically Controlled Thermal Unfolding of ApoA-I on
ApoA-I/DMPC Complexes.The heat unfolding and refolding
curves of variant apoA-I forms on apoA-I/DMPC complexes
show hysteresis. Moreover, the unfolding curves of com-
plexes with plasma apoA-I show a progressive low-temper-
ature shift upon reduction in the heating rate. This indicates
a slow nonequilibrium thermal transition associated with a
high activation energy. Our results corroborate earlier reports

of irreversible unfolding of apoA-I/DMPC disks that revealed
a kinetically controlled thermal and chemical transition (23,
24, 33). The activation energy determined in our study of
plasma apoA-I/DMPC disks,Ea ) 60( 5 kcal/mol, indicates
a major enthalpic contribution to the free-energy barrier for
the thermal transition. The high activation energy of disk
denaturation was also observed in other apolipoprotein-
DMPC complexes, such as apoC-I/DMPC (20), CSP/DMPC,
and RSP/DPMC disks (21). These observations suggest that
the kinetic mechanism may be the general paradigm for the
stabilization of discoidal lipoproteins, including nascent HDL
particles that also contain phosphatidylcholines as their major
lipid component. The slow kinetics of apolipoprotein unfold-
ing on the disks may be physiologically important. It may
help the protein/lipid complexes to maintain their structural
integrity and function regardless of their low thermodynamic
stability.
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