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Kinetic Stabilization and Fusion of Apolipoprotein A-2:DMPC Disks:
Comparison with apoA-1 and apoC-1

Shobini Jayaraman, Donald L. Gantz, and Olga Gursky

Department of Physiology and Biophysics, Boston University School of Medicine, Boston, Massachusetts

ABSTRACT Denaturation studies of high-density lipoproteins (HDL) containing human apolipoprotein A-2 (apoA-2) and
dimyristoyl phosphatidylcholine indicate kinetic stabilization. Circular dichroism (CD) and light-scattering melting curves show
hysteresis and scan rate dependence, indicating thermodynamically irreversible transition with high activation energy E,. CD
and light-scattering data suggest that protein unfolding triggers HDL fusion. Electron microscopy, gel electrophoresis, and
differential scanning calorimetry show that such fusion involves lipid vesicle formation and dissociation of monomolecular lipid-
poor protein. Arrhenius analysis reveals two kinetic phases, a slower phase with E, 0w = 60 kcal/mol and a faster phase with
E. tast = 22 kcal/mol. Only the fast phase is observed upon repetitive heating, suggesting that lipid-poor protein and protein-
containing vesicles have lower kinetic stability than the disks. Comparison of the unfolding rates and the melting data recorded
by differential scanning calorimetry, CD, and light scattering indicates the rank order for the kinetic disk stability, apoA-1 >
apoA-2 > apoC-1, that correlates with protein size rather than hydrophobicity. This contrasts with the tighter association of
apoA-2 than apoA-1 with mature HDL, suggesting different molecular determinants for stabilization of model discoidal and
plasma spherical HDL. Different effects of apoA-2 and apoA-1 on HDL fusion and stability may reflect different metabolic

properties of apoA-2 and/or apoA-1-containing HDL.

INTRODUCTION

High-density lipoproteins (HDLs) are heterogeneous com-
plexes of lipids and specific proteins (termed exchangeable
apolipoproteins) that mediate cholesterol removal from
peripheral tissues to the liver via the process termed reverse
cholesterol transport (Fielding and Fielding, 1995). This
function accounts, in part, for the anti-atherogenic action of
HDL and its major protein, apolipoprotein A-1 (apoA-1, 243
aa) (Barter and Rye, 1996). Plasma levels of HDL and apoA-1
correlate inversely with the incidence of coronary artery dis-
ease, yet the role of the second major HDL protein, apoA-2,
is less clear (Hedrick and Lusis, 1994; Blanco-Vaca et al.,
2001; Tailleux et al., 2002). ApoA-1 and apoA-2 comprise
~70% and 20% of the total HDL protein content,
respectively. ApoA-2 (a 77-residue polypeptide that forms
an S-S linked dimer of 17.4 kDa in humans) reduces the anti-
atherogenic effects of HDL and modulates HDL metabolism
via diverse mechanisms. These include activation or in-
hibition of plasma enzymes that are essential in reverse
cholesterol transport (Forte et al., 1995; Labeur et al., 1998;
Blanco-Vacaetal., 2001; Hedrick et al., 2001; Boucher et al.,
2004), and direct or indirect effects of apoA-2 on HDL cell
receptors (Blanco-Vaca et al., 2001; De Beer et al., 2001;
Rinninger et al., 2003), transporters (Remaley et al., 2001),
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and apoA-1 (Hedrick et al., 2001; Rye et al., 2003). ApoA-2
inhibits enzymatic HDL remodeling, such as HDL fusion
and apoA-1 dissociation (Calabresi et al., 1996; Pussinen
etal., 1997; Rye et al., 2003), and reduces the rate of apoA-1
transfer among HDL (Cheung et al., 1992; Rye and Barter,
2004). Furthermore, apoA-2 can displace apoA-1 from HDL
(Durbin and Jonas, 1997; Labeur et al., 1998) and is released
from mature plasma HDL at higher temperatures or higher
denaturant concentrations than apoA-1 (Nichols et al., 1976;
Tall et al., 1977). Therefore, apoA-2 is believed to be more
strongly associated with plasma HDL than apoA-1 (Forte
et al., 1995; Durbin and Jonas, 1997).

ApoA-1, apoA-2, and other exchangeable apolipoproteins
have evolved from a common ancestor that is related to the
smallest human apolipoprotein, apoC-1 (57 aa) (Luo et al.,
1986). The amino acid sequences of these proteins are
comprised of tandem 11/22-residue repeats that have high
propensity to form amphipathic a-helices with distinct
charge distribution and large apolar faces that bind lipid
(Segrest et al., 1992). ApoA-2 has particularly large apolar
helical faces (50% of the surface as compared to ~30% in
apoA-1 and apoC-1) which, along with higher hydropho-
bicity of these faces, is thought to account for stronger
association of apoA-2 with HDL (Brasseur et al., 1992; Forte
et al., 1995). In their lipid-free state, apoA-2 and other
exchangeable apolipoproteins form marginally stable molten
globule with substantial helix content but nonspecific tertiary
structures (Gursky and Atkinson, 1996a,b). X-ray crystal
structure of lipid-free apoA-2 comprises a bundle of nearly
parallel helices that opens upon lipid binding (Kumar et al.,
2002). Lipid binding stabilizes apoA-2 and other apolipo-
proteins against denaturation and proteolysis via the
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mechanism addressed in this and in our earlier studies
(Gursky et al., 2002; Mehta et al., 2003a,b; Fang et al., 2003;
Jayaraman et al., 2004).

Nascent HDL form discoidal particles comprised of
cholesterol-containing phospholipid bilayer and the amphi-
pathic protein helices that are wrapped around the disk
circumference in a beltlike conformation (Lund-Katz et al.,
2003, and references therein) and confer disk stability and
solubility. After cholesterol esterification by lecithin:choles-
terol acyltransferase (LCAT), disks are converted into
spherical HDL containing an apolar core of cholesterol
esters and triglycerides and an amphipathic surface of
proteins and phospholipids. These mature HDL, which are
further remodeled by plasma enzymes, form distinct
subclasses differing in size, composition and metabolic
properties (reviewed by Rye and Barter, 2004). The majority
of HDL contains both apoA-1 and apoA-2 (LpA-1/A-2);
most of the remaining particles contain apoA-1 but not
apoA-2 (LpA-1), and a small fraction contains only apoA-2
(LpA-2) (Cheung and Albers, 1984; Pastier et al., 2001). The
formation of LpA-1/A-2 has been proposed to involve
LCAT-induced fusion of the precursor particles containing
apoA-1 and apoA-2 (Clay et al., 2000). Here, we use
reconstituted discoidal HDL as a model for the analysis of
fusion and stability of nascent HDL.

Our studies of model discoidal (Gursky et al., 2002; Mehta
et al., 2003a; Fang et al., 2003) and plasma spherical HDL
(Mehta et al., 2003b; Jayaraman et al., 2004), supported by
the earlier studies of apoA-1:DMPC disks (Reijngoud and
Phillips, 1982; Epand, 1982; Surewicz et al., 1986), have
revealed a kinetic mechanism of HDL stabilization. By using
model disks comprised of apoC-1 and DMPC, we showed
that the heat-induced protein unfolding is a slow thermody-
namically irreversible (or non-equilibrium) transition. By
definition, such a transition has non-equal probability to
proceed in forward and reverse directions, and thus is
pathway-dependent; it does not necessarily involve irrevers-
ible chemical changes. The thermodynamically irreversible
step in disk denaturation is protein unfolding/dissociation
and disk fusion that compensates for the reduction in the
particle surface, leading to a high kinetic barrier for the disk
denaturation (Gursky et al., 2002). Mature human plasma
HDL and LDL are also stabilized by kinetic barriers,
suggesting that such barriers provide a universal natural
strategy for lipoprotein stabilization (Mehta et al., 2003b;
Jayaraman et al., 2004, 2005). We proposed that the kinetic
barriers are functionally important, since they maintain
structural integrity of lipoproteins, inhibit spontaneous
interconversions among lipoprotein subclasses, and thereby
modulate lipoprotein metabolism and lifetime in plasma.

In this work, we analyze kinetic stability of apoA-2:
DMPC disks and compare it with the stability of similar
disks containing apoA-1 or apoC-1; since these lipoproteins
are stabilized by kinetic factors, their relative thermody-
namic stability has not been determined. The results help to
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elucidate the role of apolipoprotein size and hydrophobicity
for HDL stability, to uncouple apolipoprotein unfolding,
dissociation, and lipoprotein fusion, and thereby gain a better
insight into molecular determinants for the structural stability
and fusion of HDL disks and spheres.

MATERIALS AND METHODS
Lipoprotein preparation and characterization

Single-donor HDLs were isolated from EDTA-treated human plasma by
density gradient centrifugation in the range 1.08—1.21 g/ml (Schumaker and
Puppione, 1986). After HDL de-lipidation by guanidinium hydrochloride
(Gdm HCI), apoA-1, and apoA-2 were isolated by FPLC as described in
Wetterau and Jonas (1982). The protein purity assessed by SDS gel
electrophoresis was 95%. Purified proteins were dissolved in 8 M Urea and
refolded by dialysis as described in Gursky and Atkinson (1996). The
standard buffer was 10 mM Na phosphate, 0.02% NaNj3, pH 7.8. The stock
solution of 0.1-0.5 mg/ml protein concentration was stored in the dark at
4°C and was used in four weeks, during which no protein degradation was
detected. Apolipoproteins obtained by this method retain full biological
activity (Wetterau and Jonas, 1982).

Complexes of dimyristoyl phosphatidylcholine (DMPC; 95+ % purity)
with apoA-1 or apoA-2 were obtained by spontaneous reconstitution using
protein/lipid ratio 1:4 mg/mg and overnight incubation at 24°C, followed by
centrifugation at 13,000 rpm for 1.5 h to remove excess lipid. Disk formation
was confirmed by negative staining electron microscopy (EM) and non-
denaturing gel electrophoresis which showed no free protein. In addition,
apoA-2:DMPC disks were prepared by cholate dialysis (Jonas, 1986); EM,
gel electrophoresis, and spectroscopic data of these disks and of the disks
formed by spontaneous reconstitution were similar.

Non-denaturing gel electrophoresis of lipid-free and DMPC-associated
proteins was carried out by using 8-25% polyacrylamide gradient gel
(PHAST system, Pharmacia, Peapack, NJ) with Coomassie staining. Despite
limited accuracy in the particle size determination and limited resolution,
this system facilitates observation of lipoproteins, lipid-free and lipid-poor
proteins on the same gel and is widely used for lipoprotein analysis
(Davidson et al., 1995; Sparks et al., 1999). Particle diameters were assessed
from comparison with protein markers with known Stokes radii and were
confirmed by EM measurements.

Protein-lipid complexes were visualized by negative staining EM in
a CMI12 transmission electron microscope (Philips Electron Optics,
Eindhoven, the Netherlands) as described (Gursky et al., 2002). The
average disk diameters were determined from EM images with an accuracy
of 0.2 nm using 200400 particles.

Circular dichroism spectroscopy and
light scattering

Circular dichroism (CD) and light-scattering data were recorded using
AVIV-215 spectrometer (AVIV Biomedical, Lakewood, NJ) with fluores-
cence accessory and Pelletier temperature control. Far-UV CD spectra (185—
250 nm) were recorded from solutions of 20 wg/ml protein concentration
placed in 5-mm-pathlength cells, which are standard condition in our CD
experiments. In addition, CD spectra of DMPC-bound apoA-2 were
recorded from solutions of 5-600 wg/ml protein concentration placed in
10-0.5-mm cells. The spectra were recorded with 1 nm step, 15-60 s
accumulation time. After the buffer baseline subtraction, the data were
normalized to protein concentration and expressed as molar residue
ellipticity, [@]. No changes in [®] were detected with changes in the
protein concentration in the range explored (5-600 wg/ml). The a-helix
content was estimated from the value of [®] at 222 nm (Mao and Wallace,
1984). ORIGIN software was used for the data analysis and display
(OriginLab, Northampton, MA).
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The melting data, ®,5,(T), were recorded at 222 nm during sample
heating and cooling from 5-98°C at various scan rates from 1.34-0.193 K/
min (80-11 K/h) as described in Gursky et al. (2002). Fluorescence
accessory was used to record 90° light scattering simultaneously with the
CD. This allowed monitoring relative changes in the light scattering due to
heat-induced changes in the particle size and morphology.

The kinetic CD data, ®,5,(f), were recorded at 222 nm in temperature-
jump (T-jump) experiments from 25°C to 70-95°C as described in Gursky
et al. (2002), using 20-30 s accumulation time per data point. The data were
approximated by a multiexponential:

@222([) = AO +A1 eXp(—l‘/Tl) +A2 eXp(_t/Tz) + ...,

Here 7, 7, are the exponential relaxation times, A;, A, are the
amplitudes, and Ay is the value of ®,,, at t— oo . Thermal denaturation of
apoA-2:DMPC disks showed biphasic kinetics. Arrhenius plots In(7) versus
1/T for the two kinetic phases where obtained from the relaxation times 7(7)
measured at 70-95°C. The activation energy E, was determined from the
slope of these plots with the accuracy of 5-8 kcal/mol, which includes the
fitting errors and the deviations among different data sets.

The kinetic CD data were also recorded in denaturant-jump experi-
ments with the disks. Protein unfolding was triggered by an increase in
guanidinium hydrochloride (Gdm HCI) concentration from 0 M to 1-6 M.
The resulting ©,,,(¢) data, which showed CD changes during the dead-time
of the experiment (<1 min), did not yield a reliable exponential fit and thus
were not used for quantitative analysis.

Differential scanning calorimetry

An upgraded MC-2 microcalorimeter (Microcal, Amherst, MA) was used to
record excess heat capacity of the apoA-2:DMPC complexes. The Cp,(T) data
were recorded from degassed protein and/or buffer solutions upon repetitive
heating from 5 to 100°C at a rate 90 K/h, followed by cooling and incubation
at 24°C. Irreversibility of the high-temperature differential scanning
calorimetry (DSC) transition precluded its thermodynamic analysis. After
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the buffer baseline subtraction, the data were normalized to protein
concentration. ORIGIN software was used for the data collection, analysis,
and display. All experiments in this study were repeated 3—6 times.

RESULTS

Thermal transitions in lipid-free and in
DMPC-bound apoA-2

Far-UV CD data of lipid-free apoA-2 were recorded from 5
to 20 pg/ml protein solution in 10 mM Na phosphate, pH
7.6; under these conditions, the protein self-association is
minimal and the predominant apoA-2 form is a disulfide-
linked dimer (Swaney and O’Brien, 1978; Donovan et al.,
1987). The spectrum of lipid-free apoA-2 at 25°C is invariant
in the protein concentration range from 5 to 20 wg/ml and
suggests 30% a-helix (Fig. 1 A, open squares). The CD
melting curves at 222 nm, ®,,,(T), recorded during sample
heating and cooling from 1 to 80°C, show that the helical
structure reaches maximum at 25°C and completely unfolds
upon heating as well as cooling from 25°C (Fig. 1 B, open
squares). Similar unfolding below 25°C was detected in the
earlier studies of human lipid-free apoA-2 at much higher
protein concentration (>0.1 mg/ml), when apoA-2 is largely
self-associated (Osborne et al., 1976; Ritter and Scanu, 1979;
Massey et al., 1981). We attributed this unfolding to cold
denaturation of the S-S linked dimer (Gursky and Atkinson,
1996b), yet other studies suggested the importance of the
oligomer dissociation (Osborne et al., 1976). The observa-
tion of 30% helical structure in 5-20 pg/ml apoA-2 in the
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FIGURE 1 Secondary structure and thermal unfolding of apoA-2. (A) Far-UV CD spectra at 25°C. (B) Melting curves at 222 nm recorded upon heating and

cooling from 5 to 98°C at a rate of 1.34 K/min (80 K/h). The data were recorded from solutions containing 20 ug/ml apoA-2 in lipid-free state (CJ) and on
DMPC disks (@); the normalized CD data are invariant in the protein concentration range explored (5-600 wg/ml). (C) Excess heat capacity of apoA-2:DMPC
complexes. The data were recorded from the same sample during heating from 5 to 100°C at a rate 90 K/h in four consecutive DSC scans (numbered /—4). After
the first scan of intact disks was completed, the sample was cooled to 5°C and the instrument was equilibrated for 1 h before recording the second scan. Next,
the sample was incubated at 24°C for 12 h and the third scan was recorded; finally, the sample was incubated at 24°C for 48 h and the fourth scan was recorded.
The data are shifted along the y axis to avoid overlap; the peak temperatures are indicated. Arrow shows the midpoint of the high-temperature DSC peak. (Insef)
First derivative d®,,,/dT of the CD melting curve recorded of the disks at 80 K/h (B, @).
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absence of significant self-association, and the unfolding of
this structure upon cooling (Fig. 1, A and B), confirm that
cold denaturation is an intrinsic property of the marginally
stable S-S linked apoA-2 dimer.

The CD spectrum of apoA-2:DMPC disks (Fig. 1 A, solid
circles) indicates that, consistent with the earlier reports
(Ritter and Scanu, 1979; Massey et al., 1981), lipid binding
increases the helix content in apoA-2 to ~64%. The melting
data recorded at a scan rate 1.33 K/min of lipid-free and
lipid-bound protein show several important differences (Fig.
1 B). First, in contrast to lipid-free apoA-2, apoA-2 on
DMPC disks shows no cold denaturation. Second, the heat-
unfolding curve of the apoA-2:DMPC disks is sigmoidal and
is shifted to higher temperatures as compared to that of free
protein; thus the unfolding of free apoA-2 is complete at
80°C, well below the apparent melting temperature T,, =
84°C of the apoA-2:DMPC complexes observed at this scan
rate (Fig. 1 C, inset). Third, in contrast to the reversible
unfolding of lipid-free protein (indicated by the agreement
between the heating and cooling CD curves in Fig. 1 B and
by their independence of the scan rate), the heating and
cooling curves of the apoA-2:DMPC complexes show
hysteresis that was also observed in DMPC complexes
with apoC-1 (Gursky et al., 2002; Mehta et al., 2003a) and
apoA-1 (Fang et al., 2003), and is a hallmark of a non-
equilibrium transition. Furthermore, the cooling curve of the
apoA-2:DMPC sample shows partial protein refolding below
80°C, followed by additional refolding between 32 and
24°C, i.e., near the temperature 7. = 24°C of the liquid
crystal-to-gel transition in DMPC at which apolipoprotein-
lipid association is fastest (Epand, 1982). This refolding may
reflect partial reconstitution of the apoA-2:DMPC com-
plexes.

Repetitive heating and cooling of the same apoA-2:DMPC
sample at 1.33 K/min (80 K/h) yields similar CD melting
curves (not shown), with the apparent T, = 84°C identical
to that of intact disks. In contrast, repetitive DSC scans
recorded from the same sample are significantly different. In
one series of DSC experiments, the heat capacity C,(T) was
recorded from the same sample during repetitive heating
from 5 to 100°C followed by incubation at 24°C for 048 h
(Fig. 1 C). To facilitate direct comparison of the CD and
DSC data in Fig. 1, B and C, we used similar heating rates
(80-90 K/h) in these experiments. The C,(T) data of intact
disks shows two peaks (Fig. 1 C, curve I). The first peak is
centered at 28°C and reflects DMPC phase transition in
intact disks that is not detected by CD (Fig. 1 B). The +4°C
shift, the reduced height, and the increased width (decreased
cooperativity) of this peak as compared to the sharp
transition in DMPC vesicles at 24°C (Chapman, 1975) are
characteristic of lipoprotein disks that have smaller co-
operative lipid domains than vesicles. The second DSC peak
is centered at 84°C, which is similar to the apparent T,
determined from the peak position in the first derivative
of the CD melting data, d®,(T)/dT (Fig. 1 C, inset).
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Consequently, the high-temperature DSC transition involves
apoA-2 unfolding. Since lipid-free apoA-2 unfolds at much
lower temperatures (Fig. 1 B, open squares), the protein un-
dergoing this transition must be lipidated.

Heating of apoA-2:DMPC disks from 5 to 70°C, ie.,
before the onset of the second calorimetric transition, is fully
reversible and leads to no detectable changes in the
subsequent DSC scans (data not shown). In contrast, heating
to 100°C, i.e., beyond completion of the second calorimetric
peak, leads to large changes in the subsequent scans. For
example, a sample that was used to record curve 1 in Fig. 1 C
was rapidly cooled to 5°C and scanned again from 5 to
100°C. This scan shows a sharp lipid transition at 24°C with
a pretransition at 14°C that is characteristic of DMPC
vesicles (curve 2 in Fig. 1 C) (Chapman, 1975). Although the
exact shape of this transition varies for apoA-2 samples from
different plasma pools, the sharp peak at 24°C is always
observed after disk heating beyond the high-temperature
DSC transition, indicating disk-to-vesicle conversion in this
transition. Interestingly, the midpoint and shape of the high-
temperature DSC peak do not significantly change in the first
and consecutive scans (curves I—4 in Fig. 1 C), consistent
with the absence of such changes in repetitive CD scans.
Thus the high-temperature DSC and CD transition remains
invariant in the consecutive scans, yet it leads to a thermo-
dynamically irreversible disk-to-vesicle conversion.

To test whether the heating of apoA-2:DMPC disks to
100°C followed by incubation at 24°C (where protein-DMPC
binding is fastest) leads to reconstitution of intact-size disks,
the sample was incubated between the consecutive DSC
scans at 24°C for up to 48 h. The C,(T) data indicate a gradual
reduction in the vesicle population and a concomitant
increase in the disks population during incubation (Fig. 1
C, curves 3 and 4). After 48-h incubation, the disk re-
constitution appears incomplete and a sharp lipid transition
of reduced amplitude is detected (Fig. 1 C, curve 4).
Although the time of the disk reconstitution may vary for
apoA-2 from different plasma pools, the general trend is
similar and shows a relatively slow vesicle-to-disk conver-
sion. This suggests that the protein refolding detected by CD
between 32 and 24°C upon relatively rapid cooling (Fig. 1 B,
solid circles) mainly reflects the formation of the protein-
containing vesicles rather than intact-size disks.

To assess the high- and low-molecular-weight products of
the thermal disruption and reconstitution of the apoA-2:
DMPC disks, we used negative staining electron micro-
scopy and non-denaturing gel electrophoresis (Fig. 2). EM
images of intact disks show particles of uniform diameters
stacked on edge (Fig. 2 A), which result from the negative
staining. The disk thickness determined from these stacks
(i.e., the thickness of the DMPC bilayer) is 5.6 nm, and the
average disk diameter is {(d) = 11.1 nm, in agreement
with the size assessed from the native gel (Fig. 2 E, lane 4).
EM images show that incubation of intact disks at high
temperatures leads to disk fusion into small unilamellar
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FIGURE 2 Electron micrographs and gel electrophoresis of thermally or chemically treated apoA-2:DMPC complexes. (A) intact disks; (B) disks after 30-
min incubation at 75°C followed by rapid cooling to 24°C (U-shaped lipid bilayer structures characteristic of collapsed unilamellar vesicles are indicated); (C)
disks after 30-min incubation at 95°C followed by rapid cooling to 24°C (collapsed multilamellar liposomes are indicated); and (D) disks after overnight
incubation in 5 M Gdm HCl at 24°C. (E) Non-denaturing gel electrophoresis of lipid-free and DMPC-bound apoA-2. (Lane 1) Low molecular-weight standards
(molecular weights in kDa are indicated). (Lane 2) Lipid-free apoA-2. (Lane 3) High molecular-weight standards (Stokes radii in nm are indicated). (Lane 4)
Intact apoA-2:DMPC disks. (Lanes 5—10) Disks after 30-min incubation at 95°C followed by incubation at 24°C for 0 h (5, 6), 12 h (7, 8), and 48 h (9, 10).

vesicles, followed by fusion into large, possibly multi-
lamellar, vesicles. Thus, incubation of intact disks at 75°C
for 30 min leads to disk fusion into enlarged particles that
form stacks similar to disks but have larger diameters (d =
25 nm) and occasionally form U-shaped bilayer structures
typical of collapsed protein-containing vesicles (Fig. 2 B);
incubation for longer time (2.5 h at 75°C) or at higher tem-
peratures (30 min at 95°C) leads to an increased popula-
tion of large multilamellar liposomes (Fig. 2 C).

Disk fusion is accompanied by dissociation of lipid-poor
monomolecular apoA-2, as indicated by the low-molecular-
weight band corresponding to the particle size of ~7.5 nm
observed after sample exposure to high temperatures (lanes 5
and 6 in Fig. 2 E). Incubation of the heat-denatured samples at
24°C leads to gradual disk reconstitution accompanied by
areduction in the amount of lipid-poor apoA-2 (Fig. 2 E, lanes
7—-10). After 48-h incubation, disk reconstitution is incom-
plete and a significant amount of lipid-poor apoA-2 is de-
tected (lanes 9 and 10). This agrees with the DSC data from
an identical sample indicating that disk reconstitution after
heat denaturation takes more than 48 h to complete at 24°C
(Fig. 1 C, curve 4). Although the exact time of disk recon-
stitution varies for apA-2 from different pools, our data
consistently show that the vesicle-to-disk conversion after
heat denaturation of apoA-2:DMPC disks is a slow reaction
that takes hours to complete at 24°C. The reaction rate is even
slower above 24°C, suggesting that the heat-induced disk-to-
vesicle conversion is thermodynamically irreversible.

Denaturation kinetics of apoA-2:DMPC disks

To correlate the heat-induced lipoprotein fusion with the
protein unfolding and to probe the kinetics of these transitions,
we recorded CD and light-scattering data at 222 nm upon

sample heating and cooling at a rate from 1.33 to 0.193 K/min
(Fig. 3, A and B). CD melting curves of the apoA-2:DMPC
disks show hysteresis at any scan rate, indicating intrinsic
thermodynamic irreversibility of the transition (Fig. 3 A).
Furthermore, the CD melting curves shift to lower temper-
atures upon reduction in the heating rate from 1.33 t0 0.193 K/
min (from the apparent T,,, = 84°C to 75°C). Such scan rate
dependence, which was also observed in apoA-1:DMPC
(Surewicz et al., 1986; Fang et al., 2003) and apoC-1:DMPC
disks (Gursky et al., 2002; Mehta et al., 2003a), is
characteristic of thermodynamically irreversible reactions
with high activation energy (Sanchez-Ruiz et al., 1988).
Slowing down the scan rate also leads to a reduction in the CD
amplitude in the cooling curves below 80°C (Fig. 3 A), which
may result from protein aggregation upon prolonged exposure
to high temperatures.

Changes in the 90° light scattering observed during heating
and cooling of the apoA-2:DMPC complexes correlate with
the CD changes (Fig. 3, A and B). The negative slope in the
heating and cooling curves in Fig. 3 B is independent of the
scan rate and results from the temperature dependence of
the refractive index. At high temperatures, a steep increase in
the light scattering is observed, suggesting an increase in the
particle size and/or refractive index due to disk fusion. A
similar heat-induced increase in the apoC-1:DMPC lipopro-
tein size due to fusion was observed by turbidity (Gursky etal.,
2002; Mehta et al., 2003a). In these experiments, disk fusion
coincided with the apoC-1 unfolding; in contrast, comparison
of the corresponding CD and light-scattering data in Fig. 3,
A and B, suggests that the apoA-2 unfolding precedes
lipoprotein fusion. For example, the CD curve recorded at
1.33 K/min is sigmoidal and reaches a plateau at high
temperatures, suggesting that the unfolding transition is
complete at 99°C, yet the light-scattering curve recorded in
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the same experiment does not reach a plateau, and the signal
continues to increase upon cooling from 99°C (Fig. 3,A and B,
solid circles). Also, the onset of the light-scattering transition
during heating at 1.33 K/min is observed above 80°C, ~10°C
higher than the onset of the corresponding CD transition. This
suggests that the apoA-2:DMPC disk-to-vesicle fusion is
a multiphase reaction that is triggered by the apoA-2 un-
folding at an early stage.

Similar to the CD data, the light-scattering heating curves of
the apoA-2:DMPC disks shift to lower temperatures at slower
scan rates, indicating high activation energy for the disk
fusion. Slowing the heating rate also leads to a larger increase
in the light scattering at high temperatures, suggesting that
prolonged exposure to high temperatures leads to formation
of larger vesicles. This is consistent with the EM data
showing formation of large liposomes upon increasing the
time and/or temperature of the sample incubation (Fig. 2 C).

The light-scattering cooling curves recorded at faster rates
(1.33-0.34 K/min) suggest a small gradual reduction in the
particle size below 80°C that parallels the CD changes at
these temperatures (Fig. 3, A and B). Further cooling leads to
a steep reduction in the light scattering (and thus in the
particle size) between 34 and 24°C. The onset of this
transition at various scan rates is observed at Tr = 32-34°C,
similar to Tg inferred from the CD data. Taken together,
these data indicate that heating of the apoA-2:DMPC disks to
99°C leads to protein unfolding and disk-to-vesicle fusion;
consecutive cooling leads to a gradual reduction in the
vesicle size and partial protein refolding, followed by
formation of smaller protein-containing vesicles and addi-
tional helical refolding at 34-24°C. Thus, the heating and
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cooling curves in Fig. 5, A and B, show a correlation between
the protein folding/unfolding and the changes in the particle
morphology.

To quantitate the unfolding kinetics of apoA-2 on DMPC,
we monitored the time course of the protein unfolding. The
unfolding was triggered at ¢t = 0 by a temperature-jump from
25°C to 75-95°C and was monitored by CD at 222 nm (Fig.
4). The ®,,(f) data show slow unfolding on a timescale of
10%-10% s (as compared to 10 ~107' s for the helix-to-coil
transition in solution; Yang and Gruebele, 2003), implicating
high free-energy barrier AG*. The unfolding rate increases at
higher temperatures, indicating high enthalpic contribution
AH* to this barrier. To determine the activation energy
(enthalpy) E, = AH*, the O,,,(r) data were fitted by
exponentials (Fig. 4 A, solid lines). The T-jump data to
95°C are well approximated by a single exponential, yet two
exponents are required to fit the data at 75-90°C, suggesting
two kinetic phases. Arrhenius plots for these phases are linear
and intercept near 100°C (Fig. 4 B), thus one exponent ade-
quately fits the data at 100°C. The slopes of the Arrhenius
plots suggest activation energy E, g = 22 £ 5 kcal/mol
for the fast phase and E, o, = 60 £ 7 kcal/mol for the
slow phase.

The melting and kinetic CD data in Figs. 3 and 4 are
invariant with the changes in the disk concentration in the
range explored, thus the unfolding rate is not significantly
affected by the lipoprotein concentration. Importantly, our
studies of DMPC disks with apoA-1 (unpublished data) and
apoC-1 (Mehta et al., 2003a) clearly show that variations in
the disk diameter from 9 to 18 nm have no significant effect
on the disk stability. Thus, the size heterogeneity of the
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bound apoA-2) is fitted by a mono-exponential (solid line).

apoA-2:DMPC disks may not account for their multiphase
unfolding kinetics.

To probe the origin of the two kinetic phases, we recorded
®,55(r) data from the same apoA-2:DMPC sample in
repetitive T-jumps. Fig. 4 C shows the data recorded in the
first and second jump from 25 to 85°C. Once protein
unfolding reached completion in the first jump, the sample
was cooled and incubated at 25°C for 1000 s, which was
sufficient for completion of the helical refolding (as indicated
by flattening of the ®,,,(¢)) but not for the disk reconstitution
(as indicated by DSC, EM, and gel electrophoresis).
Afterwards, the second jump from 25 to 85°C was per-
formed, etc. Thus, the initial state in the first jump was intact
disks, and in the second jump it was a mixture of protein-
containing vesicles and lipid-poor protein. The ©,,,(¢) data
recorded in the second and consecutive jumps were similar,
indicating faster unfolding than in the first jump (Fig. 4 C).
Data fitting suggests that, in contrast to the double-
exponential kinetics in the first jump (Tgg = 190 s, Tgow
= 1630 s), the data in the second jump are well approximated
by a single exponent with a relaxation time 7 = 190 s, which
is similar to 7. Repetitive jumps to other temperatures
yielded similar results. Thus, the fast unfolding phase is
observed in disks and in the mixture of lipid-poor and
vesicle-bound apoA-2, whereas the slow unfolding phase is
observed in disks only. Similarly, repetitive T-jumps with
DMPC disks containing apoA-1 and apoC-1 show faster
unfolding in the second and consecutive jumps (data not
shown). Consequently, lipid-poor and vesicle-bound apoli-
poproteins have lower kinetic stability than the disks.

Chemical unfolding kinetics of the apoA-2:DMPC disks
was probed in denaturant-jump experiments. The time

course of the protein unfolding, which was triggered by
arapid increase in the Gdm HCl concentration from O to 1-6
M, was monitored by CD at 222 nm (Fig. 5). The ®;,(¢)
data show a rapid signal loss at any Gdm HCI concentration,

25°C
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FIGURE 5 Chemical denaturation kinetics of apoA-2:DMPC disks. The
time course of the protein unfolding, which was triggered at + = 0 by
increasing Gdm HCI concentration from 0 M to a final value indicated on the
lines, was monitored by CD at 222 nm. Arrow shows the value of [@,,,] in
0 M Gdm HCL. (Insef) [@,5,] measured during the initial 30-s exposure of
intact disks to Gdm HCI.
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indicating fast unfolding within the dead-time of the
experiment (30 s), which precludes its quantitative analysis;
the amplitude of this rapid phase increases with increasing
denaturant concentration (Fig. 5, inset). In addition, slower
multiphase unfolding is detected at higher denaturant
concentrations. Similar multiphase kinetics of the Gdm-
induced unfolding was observed in apoA-1:DMPC disks
(Reijngoud and Phillips, 1982) and in apoC-1 disks
(unpublished data). The EM data show that disk incubation
in high Gdm HCI concentrations leads to a small but
significant increase in the particle diameter (Fig. 2 D). In
summary, chemical denaturation of discoidal lipoproteins is
a complex multiphase transition whose kinetics is distinctly
different from that of the thermal denaturation; similar to
thermal denaturation, chemical denaturation involves protein
unfolding/dissociation (Reijngoud and Phillips, 1982) and
lipoprotein fusion (Fig. 2 D).

Comparison with apoA-1 and apoC-1

To assess the relative stability of the DMPC complexes with
various human apolipoproteins, we used DSC, CD, and light
scattering to monitor heat denaturation of similar-size
DMPC disks with apoA-1, apoA-2, or apoC-1 under
otherwise identical conditions. Fig. 6, A—C, show these
data for apoA-1- and apoA-2-containing disks. Similar CD
and turbidity data of apoC-1:DMPC disks were reported
earlier (Gursky et al., 2002), and the DSC data show only the
lipid phase transition but lack the high-temperature peak
because of the low unfolding enthalpy of this small protein.
The DSC data recorded of apoA-1- and apoA-2-containing
disks upon heating at 90 K/h show that the unfolding/
dissociation of apoA-1 is centered at 91°C, ~7°C higher
than the apoA-2 transition (Fig. 6 A). This agrees with the
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trend observed by CD and light scattering; for example, the
heating curves recorded at 11 K/h show that apoA-1:DMPC
disks undergo protein unfolding and lipoprotein fusion at
higher temperatures than similar disks containing apoA-2
(Fig. 6, B and C) or apoC-1 (Gursky et al., 2002).
Furthermore, the amplitude of the light-scattering changes
in apoA-1:DMPC complexes is significantly smaller than
that in apoA-2 complexes, suggesting that apoA-1 inhibits
disk fusion more effectively than apoA-2. This is confirmed
by EM showing that similar thermal treatment leads to a
significantly larger increase in the diameter of the apoA-2-
containing complexes (Fig. 2, B and C) than in similar
complexes with apoA-1 (data not shown). Taken together,
our DSC, CD, light-scattering, and EM data clearly show
that apoA-1:DMPC disks undergo heat denaturation at
higher temperatures and are less prone to fusion than similar
disks with apoA-2.

To compare the activation energy E, of disk denaturation
for different proteins, we recorded T-jump CD data of
apoA-1:DMPC disks (Fig. 7 A). These data were well
approximated by mono-exponential functions, and the
Arrhenius analysis yielded the activation energy E, = 50
=+ 5 kcal/mol, consistent with our estimate based on the scan
rate effects on the melting data (Fang et al., 2003). This value
of E, is comparable to the activation energy for the slow
phase of apoA-2:DMPC disk denaturation (Fig. 4 B).

To assess relative kinetic stability of the DMPC disks
containing various apolipoproteins, we compared the rates of
their thermal unfolding. The CD data of the apoA-1-, apoA-
2-, and apoC-1-containing disks recorded in a T-jump from
25 to 85°C indicate that the unfolding is slowest for apoA-1
and fastest for apoC-1 (Fig. 7 B); T-jumps to other temper-
atures show a similar trend. A similar rank order is suggested
by the comparison of the melting temperatures assessed
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FIGURE 6 Thermal unfolding of apoA-1 and apoA-2 in DMPC complexes. (A) Excess heat capacity Cp,(T) of DMPC disks with apoA-1 (@) and apoA-2
(O) recorded by DSC during heating at 90 K/h. The data are shifted along the y axis to avoid overlap; the peak positions of the protein unfolding transition are
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by DSC, CD, and light scattering in this (Fig. 6, A—C) and
earlier studies (Gursky et al., 2002; Fang et al., 2003). For
example, the apparent melting temperatures inferred from
the CD data recorded at 80 K/hare Ty o1 =91°C, Tiya—2 =
84°C, and T,,c_; = 72°C. In summary, both the kinetic
(Fig. 7 B) and the melting data recorded by CD, light
scattering, and DSC (Fig. 6; Gursky et al., 2002) indicate
similar rank order for the DMPC disk stability, apoA-1 >
apoA-2 > apoC-1.

DISCUSSION

The results of this work, together with the earlier studies of
apoA-1:DMPC (Reijngoud and Phillips, 1982; Fang et al.,
2003) and apoC-1:DMPC disks (Gursky et al., 2002; Mehta
et al., 2003a), show that the heat- and denaturant-induced
transitions in discoidal lipoproteins are kinetically controlled
reactions that involve protein unfolding, dissociation, and
lipoprotein fusion. The fastest unfolding phase in apoA-2:
DMPC disks was detected during the dead-time in the
denaturant-jump experiments (7 < 30 s, Fig. 5); a similar fast
phase in apoA-1:DMPC disks was attributed to the reversible
unfolding of the lipoprotein-anchored protein (Reijngoud
and Phillips, 1982). The slower irreversible phases in the
Gdm denaturation have been shown to involve protein
dissociation (Reijngoud and Phillips, 1982); our EM data
suggest disk fusion at this stage (Fig. 2 D). In contrast to the
denaturant-jumps, T-jumps with apoA-2:DMPC (Fig. 4 A),
apoA-1:DMPC (Fig. 7 A), and apoC-1:DMPC disks (Gursky
et al., 2002) do not show a rapid reversible unfolding of the
disk-anchored protein; instead, they exhibit relatively slow
protein unfolding, dissociation, and disk fusion (Fig. 2).
Comparison of the timescales of the protein unfolding on the
disks, 10%-10% s (Fig. 4), with the helix-to-coil transition in
solution, 1073-10710 5 (Yang and Gruebele, 2003), shows

(65-95°C) reveal a similar rank order,
with apoA-1 showing the slowest and
apoC-1 the fastest unfolding.

I T
2000 3000 4000
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that protein-lipid association decelerates the unfolding by
at least 10 orders of magnitude, implicating high kinetic
barriers. Taken together, our results indicate that thermal and
chemical denaturation of discoidal HDL proceed via distinct
pathways, yet they both involve high kinetic barriers that
arise from the protein dissociation and disk fusion.

Earlier CD and turbidity studies of apoC-1:DMPC disks
suggested that protein unfolding is tightly coupled to disk
fusion (Gursky et al., 2002); however, correlation of the CD
and 90° light-scattering data in Fig. 3, A and B, indicates that,
in apoA-2:DMPC complexes, protein unfolding precedes
fusion, suggesting only loose coupling. Furthermore, the
bi-exponential heat-unfolding kinetics observed in apoA-2:
DMPC disks (Fig. 4), which contrasts with the mono-
exponential unfolding kinetics of apoC-1:DMPC and
apoA-1:DMPC disks, may possibly relate to the dimeric
nature of human apoA-2. Interestingly, the activation energy
E, = 60 = 8 kcal/mol of the slow heat-unfolding phase in
apoA-2:DMPC disks (Fig. 4 B) is comparable to that
observed in apoA-1:DMPC disks (Fig. 6 B). Since the major
enthalpic contribution AH* = E, to the free energy barrier
AG* = AH*-TAS* for the disk denaturation may arise from
the transient disruption of the predominantly hydrophobic
protein-lipid interactions, similar values of E, may reflect
similar combined hydrophobic surfaces in the amphipathic
a-helices in apoA-1 and apoA-2 that are comprised of ~50
amino acids in the lipid-bound state of these proteins.

A surprising result is the rank order of the kinetic disk
stability AG* ~In 7 that is evident from the timescales of the
heat denaturation, apoA-1 > apoA-2 > apoC-1 (Fig. 7 B),
and from the apparent melting temperatures determined by
CD, light scattering, and DSC, Ty, apoa—1 > Tmapoa—2 >
T apoc—1 (Fig. 6; Gursky et al., 2002).This ranking suggests
that the disk stability correlates with the protein size rather
than hydrophobicity. Further support for this hypothesis
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comes from a large reduction in the apparent T}, and faster
thermal unfolding observed upon disulfide reduction in
apoA-2:DMPC disks (data not shown), which is consistent
with the report that apoA-2 on the disks is less stable in
monomeric than in dimeric form (Lund-Katz et al., 1996).

Correlation between the protein size and disk stability may
result from enthalpic and/or entropic effects. The former may
reflect the relative ease with which a smaller protein with
fewer lipid-binding helices can dissociate from the disk as
compared to a larger protein with multiple, possibly co-
operative lipid binding sites. The entropic effect may result
from the contribution of the cratic (mixing) entropy of protein
dissolution to the entropy of disk denaturation. In our model,
cratic entropy reflects the fact that multiple protein molecules
are held together on the disk (low-entropy state) but dissociate
in solution (high-entropy state). Cratic entropy for dissocia-
tion of a single polypeptide is lower than that of its fragments;
similarly, it is lower for larger proteins. As a result, disks
containing larger proteins have lower unfavorable entropic
contribution TAS* to their kinetic stability AG* = AH*—
TAS*, leading to higher stability.

Interestingly, the light-scattering melting curves show a
smaller heat-induced increase in the particle size for apoA-1
than apoA-2-containing disks (Fig. 6 C). This is confirmed
by EM, showing that similar thermal treatment leads to more
extensive fusion of DMPC complexes with apoA-2 (Fig. 2)
than those with apoA-1 (data not shown). These results
suggest that apoA-1 is a more efficient inhibitor of disk
fusion than apoA-2. This may possibly relate to the ability of
the central part of apoA-1, but not apoA-2, to be displaced
from HDL (Durbin and Jonas, 1997), with the N- and
C-terminal segments of apoA-1 anchored in the lipoprotein
and thereby precluding its fusion.

Lipoprotein fusion observed in our work is accelerated
under denaturing conditions (Figs. 4, 6, and 7) that promote
protein dissociation, thereby creating a mismatch between
the depleted particle surface and its core that leads to fusion.
Under physiological conditions, spontaneous lipoprotein
fusion is very slow due to high kinetic barriers. These
barriers can be overcome by proteolytic or lipolytic enzymes
such as LCAT, phospholipid transfer protein, or cholesterol
ester transfer protein. These enzymes deplete the polar HDL
surface of the proteins or phospholipids and/or increase the
apolar lipid core, thereby creating a mismatch between the
particle surface and its core (Clay et al., 2000; Rye and
Barter, 2004; Jayaraman et al., 2004, and references therein).
Thus, the observed difference between the effects of apoA-1
and apoA-2 on the disk fusion may be important for the in
vivo formation of LpA-1/A-2 which is proposed to involve
LCAT-mediated fusion of small LpA-1 with LpA-2 (Clay
et al., 2000). Since only LpA-1, but not LpA-2, provide
substrates for LCAT, formation of LpA-1/A-2 may be
facilitated by the relative ease of spontaneous LpA-2 fusion.
Also, since apolipoprotein ability to prevent HDL fusion
with the cell membrane is proposed to play a key role in the
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receptor-mediated selective cholesterol uptake from HDL
(Thuahnai et al.,, 2001), different antifusogenic action of
apoA-1 and apoA-2 may contribute to the observed differ-
ences in the receptor-mediated lipid uptake from LpA-1 and
LpA-1/A-2 (Blanco-Vaca et al., 2001; De Beer et al., 2001;
Rinninger et al., 2003). In addition, comparative studies of
antifusogenic effects of apolipoproteins, such as this work,
may help to develop apolipoprotein-based peptides with
optimized antiviral properties (Srinivas et al., 1991).

Surprisingly, the rank order for the disk stability indicated
by our DSC, CD, and light-scattering data (Figs. 6 and 7 B)
differs from the stability ranking apoA-2 > apoA-1 that is
inferred for plasma spherical HDL and is attributed to deeper
penetration of the more hydrophobic apoA-2 a-helices in the
lipid milieu (Brasseur et al., 1992; Forte et al., 1995). This
suggests different modes of lipid-protein interactions in
plasma spherical and model discoidal HDL, which may
result from different chemical composition and/or geometry
of these particles. Thus, although the general mechanism of
kinetic stabilization is similar for HDL disks and spheres, the
molecular determinants for their stability are significantly
different.

Another unanticipated result is the observation of a re-
peatable lipoprotein transition that is thermodynamically
irreversible. The high-temperature transition in apoA-2:
DMPC disks (solid circles, Fig. 1, A and B; curve 1, Fig. 1 C)
is invariant in repetitive CD and DSC scans (curves 2—4, Fig.
1 C), yet it shows hysteresis and scan rate effects
characteristic of thermodynamically irreversible reactions,
as indicated by the CD and light-scattering data in Fig. 3, A
and B. Moreover, protein unfolding and dissociation in this
transition lead to thermodynamically irreversible disk fusion,
as indicated by the DSC, EM, and gel electrophoresis data
(Fig. 1 C, curves 2—4; Fig. 2, B and C; Fig. 2 E, lanes 5-10).
This exemplifies that the correct criterion for thermodynamic
reversibility is the absence of scan rate effects and hysteresis
rather than the repeatability of a transition.

In apoA-2:DMPC complexes, the repeatability of the
high-temperature transition that involves unfolding of
lipidated apoA-2 (Fig. 2, curves 1-4) indicates that this
transition is invariant regardless of the nature of the complex
(intact disks in the first scan or a mixture of vesicle-bound
and monomolecular lipid-poor apoA-2 in the second and
consecutive scans). This suggests that the cooperativity unit
in this transition comprises a single copy of lipidated apoA-2
rather than the entire lipoprotein. Repetitive T-jumps with
DMPC complexes containing apoA-1, apoC-1, or apoA-2
show that the protein unfolding in the first jump is slower
than that in consecutive jumps (Fig. 4 C), indicating higher
kinetic stability of the disks as compared to lipid-poor and
vesicle-bound protein. In summary, our results suggest that
lipid-bound apolipoproteins in discoidal, vesicular, and in
lipid-poor states are stabilized by kinetic barriers, and that
these barriers are higher for the disks. This extends the
results of our kinetic studies of model discoidal (Gursky
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et al.,, 2002; Mehta et al., 2003a; Fang et al., 2003) and
plasma spherical HDL (Mehta et al., 2003b, Jayaraman
et al., 2004), and LDL (Jayaraman et al., 2005), and sub-
stantiates the hypothesis that the kinetic mechanism provides
auniversal natural strategy for stabilization of diverse macro-
molecular systems (Plaza del Pino et al., 2000), including
lipid-protein complexes.
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