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ABSTRACT: High-density lipoproteins (HDL) are macromolecular complexes of specific proteins and lipids
that mediate the removal of cholesterol from peripheral tissues. Chemical unfolding revealed that HDL
fusion and rupture are the two main kinetic steps in HDL denaturation. Here we test the hypothesis that
lipid fusogens such as poly(ethylene glycol) (PEG) may promote lipoprotein fusion and rupture and thereby
destabilize HDL. We analyze thermal disruption of spherical HDL in 0-15% PEG-8000 by calorimetric,
spectroscopic, electron microscopic, and light scattering techniques. We demonstrate that the two irreversible
high-temperature endothermic HDL transitions involve particle enlargement and show a heating rate
dependence characteristic of kinetically controlled reactions with high activation energy. The first
calorimetric transition reflects HDL fusion and dissociation of lipid-poor apolipoprotein A-1 (apoA-1),
and the second transition reflects HDL rupture and release of the apolar lipid core. Neither transition
involves substantial protein unfolding; thus, the transition heat originates from lipid and/or protein
dissociation and repacking. At room temperature, PEG-8000 induces HDL fusion that is distinct from the
heat-, denaturant-, or enzyme-induced fusion since it leads to formation of larger particles and does not
involve apoA-1 dissociation. Increasing the PEG concentration in solution from 0 to 15% leads to low-
temperature shifts by approximately-18 °C in the two calorimetric HDL transitions without altering
their nature. Thus, consistent with our hypothesis, PEG-8000 induces fusion and reduces the thermal
stability of HDL. Our results suggest that PEG is useful for the analysis of the molecular events involved
in metabolic HDL remodeling and fusion.

Lipids in the body are transported in the form of plasma
lipoproteins that are heterogeneous complexes of lipids and
specific proteins termed apolipoproteins (1-3). HDL,1 which
are the smallest and densest of these complexes (diameterd
) 7.2-12 nm, density of 1.063-1.21 g/mL), mediate the
removal of cholesterol from peripheral tissues to the liver
via the process of reverse cholesterol transport (reviewed in
refs1-4). This function of HDL, along with the antioxidant
effect of HDL-associated enzymes on the low-density
lipoproteins (LDL) (5), contributes to the well-established
antiatherogenic action of HDL and its major protein, apoA-1
(6, 7).

During their metabolism, HDL undergo extensive re-
modeling by plasma factors (reviewed in refs3, 4, and8).
ApoA-1, which is produced in the liver and gut probably as

a lipid-free or lipid-poor molecule, acquires phospholipids
and cholesterol from the cell membranes via the interaction
with the ATP-binding cassette transporter, and is converted
to nascent discoidal HDL. These nascent HDL, which contain
two to three molecules of apoA-1 wrapped around the
phospholipid bilayer disk comprised mainly of phosphati-
dylcholines (PC) and cholesterol, provide a substrate for
lecithin:cholesterol acyltransferase (LCAT). Following the
LCAT reaction, the apolar molecules of cholesterol esters
(CE) partition between the disk monolayers, leading to the
maturation of HDL into spherical particles; such spherical
HDL have a hydrophobic core comprised of CE and a small
amount of triglycerides (TG), and a polar surface comprised
mainly of PC and apolipoproteins. These small HDL (termed
HDL3, d ) 7-8 nm, two apoA-1 molecules per particle)
are further remodeled via the action of LCAT or phospholipid
transfer protein (PLTP) into larger particles (HDL2, d )
9-12 nm, three to four apoA-1 molecules per HDL). These
and other HDL modifications by LCAT, PLTP, and hepatic
lipase have been shown to involve particle fusion and the
concomitant release of lipid-poor or lipid-free apoA-1 (4,
8-14). HDL fusion has also been proposed to be involved
in the modification of HDL by cholesterol ester transfer
protein (CETP) that transfers CE among high-, low-, and
very low-density lipoproteins (15). Moreover, the formation
of the HDL subclass containing apoA-1 and the second major
HDL protein, apoA-2, is thought to involve particle fusion
(8, 10). Thus, several key steps in HDL metabolism critically
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hinge on the enzyme-induced HDL fusion that leads to
formation of distinct HDL subclasses with different com-
positional, structural, and metabolic properties. HDL fusion
by plasma enzymes such as CETP, PLTP, or hepatic lipase
also leads to a release of monomolecular lipid-poor apoA-1
that is an important primary acceptor of cellular cholesterol
and phospholipids (reviewed in ref11). The molecular details
underlying HDL fusion and apoA-1 dissociation and the
factors that promote or inhibit these reactions remain
unknown and are in the scope of this work.

Another related aspect of this work is the energetic and
structural basis for HDL stability. Our recent studies revealed
that discoidal and spherical HDL form a new class of
macromolecular assemblies that are stabilized by kinetic
barriers (16, 17); we proposed that similar barriers preclude
spontaneous interconversions among different HDL sub-
classes and thereby regulate HDL functions and lifetime in
plasma (17). Our thermal denaturation studies of model
discoidal HDL (16, 18, 19), supported by the earlier reports
(20-22), showed that the particle stability is determined by
kinetic rather than thermodynamic factors. Correlation of the
circular dichroism (CD) spectroscopic, light scattering, and
electron microscopic (EM) data revealed that (i) the heat-
induced apolipoprotein unfolding is coupled to disk fusion
and (ii) the transient disruption of lipid and/or protein packing
interactions during fusion provides a large enthalpic contri-
bution to the high free energy barrier for disk stability (16,
18, 19). Similarly, guanidinium hydrochloride (GdmHCl)
denaturation studies of mature spherical HDL from human
plasma revealed that fusion and rupture are the two main
kinetic events in HDL disruption, and showed that these
events are associated with high free energy barriers that
determine HDL stability [∆G* ) 16-17 kcal/mol (17)].
These results corroborate the earlier observations of the heat-
or denaturant-induced HDL enlargement and disruption (23,
24) and explain the slow unfolding of HDL proteins by
GdmHCl (23, 25, 26). They indicate clearly that the kinetic
stability of HDL originates from the high-energy transition
states that form the bottlenecks of the fusion and rupture
reactions. In this work, we explore the factors that may alter
these transition states and thereby affect HDL fusion and
rupture.

In contrast to the extensively characterized molecular
events involved in membrane fusion (for a recent review,
see ref27), the mechanisms of lipoprotein fusion and rupture
remain unclear. Furthermore, the factors that may reduce or
increase the free energy of the transition states and thereby
promote or inhibit HDL fusion and rupture have not been
determined. The aim of this study is to assess the effects of
factors such as dehydration on the morphology and thermal
stability of HDL. To do so, we utilize a lipid fusogen, poly-
(ethylene glycol) with aMw of =8000 (PEG-8000), that is
widely used to induce cell fusion and to mediate fusion and
rupture of model lipid bilayer systems, thereby providing a
model for molecular events in secretory, viral, and membrane
fusion (29-33). Although the molecular mechanism of the
PEG-mediated bilayer fusion is not fully understood, it is
based, in part, on the vesicle dehydration by PEG that
facilitates close contact between the vesicles necessary for
their fusion (28-31). Similarly, the use of PEG as a
precipitating agent in protein crystallization stems from the
dehydration of the protein by PEG. We hypothesize that

PEG-8000 at concentrations that induce vesicle aggregation
and fusion (5-18%, v/v) may promote HDL fusion and
rupture and thereby destabilize HDL without significantly
destabilizing the HDL apolipoproteins. To test this hypoth-
esis, we determine the effects of PEG-8000 on the morphol-
ogy and thermal transitions of HDL.

MATERIALS AND METHODS

Preparation of Lipoproteins and Apolipoproteins.HDL
were isolated from the EDTA-treated plasma of healthy
volunteer donors (one male and one female) by density
gradient ultracentrifugation in the density range of 1.08-
1.21 g/mL that includes only spherical HDL (34). HDL from
different plasma pools of individual donors were prepared
and analyzed separately. The sample purity assessed by a
combination of size and density agarose gel electrophoresis
(that clearly resolves HDL and LDL bands) was 95%; it was
confirmed by the electron microscopic analysis of the particle
size that showed no significant HDL contamination with the
LDL-size particles. An HDL solution with a protein con-
centration of 12 mg/mL was dialyzed extensively against a
buffer solution containing 10µM sodium phosphate (pH 7.7),
0.25 mM NaEDTA, and 0.02% NaN3, which is a standard
buffer used in this study. The HDL stock was stored in the
dark at 4°C and was used over the course of 4 weeks; no
protein or lipid degradation was detected during this period.
The stock solution was diluted with buffer containing 0 or
40% (v/v) PEG. The final PEG concentration ranged from
0 to 15% (v/v), and the final protein concentration in HDL
samples ranged from 10-40µg/mL (in fluorescence and far-
UV CD experiments) to 3.5-3.8 mg/mL (in DSC, EM, near-
UV CD, and light scattering experiments). The pH of all
solutions was 7.7.

Human apoA-1, which was isolated and purified from
plasma HDL following the protocol of Wetterau and Jonas
(35), migrated as a single band on SDS-polyacrylamide gels.
The protein (98% pure), which was lyophilized and stored
at -20 °C, was dissolved to a concentration of 0.1 mg/mL
in the buffer containing 8 M urea, 0.05% EDTA, and 0.02%
NaN3 and was refolded by consecutive dialysis against buffer
solutions containing 6, 4, and 2 M GdmHCl, followed by
extensive dialysis against the denaturant-free buffer. Human
apoA-1 prepared by this method has been shown to retain
full biological activity (34). The folded apoA-1 was con-
centrated using an Amicon filter to a final protein concentra-
tion of ∼4 mg/mL in the stock solution. To prevent oxidation,
the protein was refolded, concentrated, and stored in the dark
at 4 °C. The stock solution was used within 1 month of the
refolding; no changes in the protein conformation or stability
were detected during this period.

For physicochemical experiments, the stock apoA-1 solu-
tion was diluted with the buffer containing 0 or 40% PEG-
8000; the final concentration of lipid-free apoA-1 ranged
from 10-40 µg/mL (for far-UV CD and fluorescence) to
1.5-3.5 mg/mL (for near-UV CD), and the final PEG
concentration ranged from 0 to 15%. The protein concentra-
tion in HDL and in apoA-1 solutions was determined by a
modified Lowry assay and was confirmed by UV absorption
at 280 nm. All spectroscopic data were independent of the
protein concentration in the range explored.

Differential Scanning Calorimetry.The heat capacityCp-
(T) of HDL solutions (3.5-3.8 mg/mL protein and 0-15%
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PEG) was recorded using an MC-2 differential scanning
microcalorimeter (Microcal, Amherst, MA) that was rebuilt
and upgraded by the manufacturer. Degassed HDL and buffer
solutions of identical PEG concentrations were subjected to
a nitrogen pressure of 20 psi. TheCp(T) data were recorded
during heating at a rate of 90°C/h from 10°C to the maximal
temperature of 115°C, followed by cooling and incubation
at 5 °C for 1-6 h before the next scan was recorded. The
results were independent of the incubation time between the
consecutive scans. The buffer baselines were subtracted. The
resultingCp(T) data showed a positive slope in the pretran-
sitional region that increased with an increase in the PEG
concentration; such a slope, which may result from the high
viscosity of the PEG-containing HDL solutions, leads to an
uncertainty in the baseline determination. This, along with
the HDL heterogeneity and the irreversible character of the
thermal transitions (described below), precluded the quantita-
tive thermodynamic analysis of the calorimetric data. ORI-
GIN was used for the data collection, processing, and display.
All DSC experiments were repeated three to five times to
ensure reproducibility.

Electron Microscopy.HDL solutions (3.5-3.8 mg/mL
protein and 0-15% PEG) that were subjected to various
thermal treatments were visualized by negative staining
electron microscopy as described previously (16, 17). Images
were recorded under low-dose conditions in a CM12
transmission electron microscope (Philips Electron Optics).
PHOTOSHOP computer graphics with EXCEL were used
for the analysis of the particle size distribution; 350-450
particles were used for such an analysis. The accuracy in
the determination of the average diameter is(0.2 nm. All
experiments were carried out in triplicate to ensure reproduc-
ibility.

Circular Dichroism Spectroscopy and Light Scattering.CD
data were recorded using an upgraded AVIV 62-DS spec-
tropolarimeter with a Peltier temperature control. Far-UV
CD data (185-250 nm) were recorded from HDL or apoA-1
solutions of 20-40 µg/mL protein placed in 5 mm cells;
near-UV CD data (250-320 nm) were recorded from similar
solutions of 3.5-3.8 mg/mL protein placed in 5 mm cells.
The PEG concentration in HDL and in apoA-1 solutions
varied from 0 to 15%. Under these conditions, no significant
contribution of PEG to the far- or near-UV CD spectra was
detected. The spectra were recorded with a bandwidth of 1
nm, a step size of 1 nm, and an accumulation time per data
point of 15 s and averaged over two or three scans. The
melting curves were recorded at 222 and 270 nm during
sample heating and consecutive cooling from 20 to 98°C,
with a 1 °C increment and an accumulation time per data
point of 30 or 300 s, which corresponds to heating and
cooling rates of 11 and 80°C/h, respectively. In far-UV CD,
the signalΘ222(T) at 222 nm (that is proportional to the
protein R-helical content) was used to monitor thermal
unfolding. In near-UV CD, the largest heat-induced changes
in HDL were observed at 270-280 nm; the CD signal at
270 nm,Θ270(T), was used to monitor these changes, which
optimized the signal-to-noise ratio. The buffer baselines were
subtracted from the data that were normalized to the protein
concentration and were expressed as molar residue ellipticity,
[Θ], in far-UV CD, and as molar ellipticity in near-UV CD.
ORIGIN was used for the data analysis and display. All CD
experiments were repeated three to six times.

In a separate series of experiments, far-UV CD spectra
and the melting curves at 222 nm were recorded from
concentrated HDL solutions (∼2 mg/mL protein) placed in
0.5 mm cells; comparison with far-UV CD data recorded in
similar experiments with dilute HDL solutions (20µg/mL
protein) showed that the lipoprotein concentration has no
significant effect on the secondary structure or the apparent
transition temperature of HDL.

Heat-induced changes in turbidity were monitored by the
dynode voltageV(T) that was recorded simultaneously with
the CD melting dataΘ(T) as described previously (16). The
dynode voltage is proportional to the reduction in the light
intensity due to the combined effects of light absorption and
scattering. AlthoughV(T) does not significantly change
during thermal unfolding of nonaggregating proteins, our
studies of model discoidal HDL revealed that it may increase
substantially with the heat-induced increase in particle size,
reflecting increased light scattering of these particles (16).
Therefore, measuring theV(T) function in CD experiments
is useful for monitoring the heat-induced changes in the size
and/or morphology of discoidal HDL (16, 18). Here, we use
a similar approach for the analysis of the PEG-containing
solutions of spherical HDL. We simultaneously monitor
dynode voltage and CD data at 270 nm [V270(T) andΘ270-
(T), respectively] upon heating the HDL solution (3.5-3.8
mg/mL protein and 15% PEG) at a rate of 11 or 80°C/h,
and correlate the results with the DSC and EM data recorded
of identical HDL samples in similar heating experiments.

Fluorescence Spectroscopy.Intrinsic fluorescence and
near-UV CD of HDL are dominated by apoA-1 that
comprises 70% of the total HDL protein and contains four
Trp and seven Tyr residues (in comparison, apoA-2 com-
prises 20% of the total HDL protein and has no Trp and
four Tyr residues). Emission spectra of apoA-1 and HDL
were recorded at 20-99 °C using a FluoroMax-2 spectro-
fluorimeter with a water bath temperature control. Freshly
prepared samples containing filtered buffer and/or protein
or lipoprotein (10µg/mL protein) were placed in a 1 cm
quartz cell. The emission spectra were recorded from 315
to 540 nm with 5 nm excitation and emission slit widths.
Excitation wavelengths of 280 and 296 nm were used to
record the total emission and Trp emission, respectively. In
the heating experiments, the temperature of the water bath
was increased in 5-10 °C increments, the sample was
equilibrated at each temperature, and the spectra were
recorded at time intervals that approximate the heating rates
of 80-90 °C/h used in our CD and DSC experiments. The
baseline correction was applied to all emission spectra. The
wavelength of the emission maximum,λem, was determined
at various temperatures with an accuracy of(2 nm. The
results were qualitatively similar regardless of the excitation
wavelength used (280 or 296 nm). All experiments were
repeated three to five times to ensure reproducibility.

RESULTS

Thermal Transitions in Intact HDL.Figure 1 shows the
heat capacityCp(T) of HDL in PEG-free buffer recorded by
DSC upon heating at a rate of 90°C/h. With direct heating
from 10 to 115°C, a double-peaked endotherm is observed
(bottom curve), with the first peak (half-width∆T1/2 ∼
10 °C) centered at 92°C and the second sharper peak
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(∆T1/2 ∼ 5 °C) at 110 °C. The peak positions could be
reproduced to 1°C for HDL samples from the same plasma
pool but varied by 2-4 °C for HDL from different pools,
possibly reflecting differences in the particle composition.
Similar double-peaked endotherms with the variable peak
positions were reported earlier (36-38). The relatively small
peak width, especially for the second transition, contrasts
with the broad low-cooperativity thermal unfolding of lipid-
free apolipoproteins [∆T1/2 ∼ 30 °C for apoA-1 (39)],
suggesting that the calorimetric HDL transitions reflect
dissociation and repacking of proteins and/or lipids rather
than protein unfolding.

To elucidate the physical origin of the HDL transitions
and to test their reversibility, the DSC data were recorded
during heating of the same sample from 10°C to incremen-
tally increasing temperatures that correspond to the onsets
and/or conclusions of the two calorimetric peaks, followed
by cooling and incubation at 5°C (curves 1-4 in Figure 1).
Heating to 75°C (the onset of the first DSC peak) does not

produce any irreversible heat capacity changes, as indicated
by the full superimposition of the first and second scans from
10 to 75°C (curves 1 and 2). In contrast, heating to 100°C
(conclusion of the first peak and onset of the second peak)
completely eliminates the first HDL peak from the next scan
(curves 2 and 3 compared), indicating the irreversibility of
the first calorimetric transition. Instead, the next scan shows
a broad peak centered near 58°C (curve 3); a similar peak
observed in the earlier studies was attributed to the unfolding
of apoA-1 that was shown to dissociate from HDL during
the first calorimetric transition (36, 37). In addition, curve
3, which extends to 115°C, shows the second calorimetric
peak; the midpoint, shape, and size of this peak are identical
to those observed upon direct heating of intact HDL from
10 to 115°C (Figure 1, bottom curve). Consequently, the
first and second calorimetric peaks constitute distinct inde-
pendent structural transitions in HDL.

The next DSC scan to 115°C shows a small but significant
peak near 20°C (curve 4); this peak has been attributed to
the liquid crystal phase transition in the mixture of CE and
TG that are released from the HDL core during the second
calorimetric transition (36, 37). This scan also shows the
broad peak near 58°C but no peaks at higher temperatures,
indicating irreversibility of the second HDL transition. The
amplitude of the 58°C peak in curves 3 and 4 and in the
consecutive scans to 115°C (curve 5, not shown) remains
invariant, suggesting that heating beyond the second calo-
rimetric transition does not lead to any significant changes
in the concentration of the dissociated apoA-1. This suggests
that apoA-1 dissociates from HDL mainly during the first
DSC transition.

To assess the effects of heating on the morphology of HDL
and to correlate these effects with the calorimetric transitions,
intact HDL were heated at a rate of 80-90 °C/h to
incrementally increasing temperatures encompassing the
range of the calorimetric transitions, followed by cooling to
22 °C and visualization by negative staining electron
microscopy. In intact HDL, more than 80% of particles have
diameters from 7.5 to 11 nm, with an average diameter〈d〉
of 9.1 nm (Figures 2A and 3A). Heating to 60-70°C (before
the onset of the first DSC peak) does not cause any
significant changes in the particle size distribution (data not
shown). However, heating to 98°C (conclusion of the first
DSC peak) leads to a substantial increase in the population
of the enlarged HDL-like particles (d ) 11-13 nm) at the
expense of the smaller 7-9 nm HDL (Figures 2B and 3B);
as a result, the average particle diameter〈d〉 increases to 10.1
nm. A similar change in the particle size distribution was
detected at room temperature upon incubation of HDL in 2

FIGURE 1: Thermal transitions in intact HDL monitored by DSC.
The heat capacityCp(T) was recorded when the HDL solution with
a protein concentration of 3.8 mg/mL was heated at a rate of 90
°C/h. The data curves were shifted along theY-axis to avoid overlap.
The bottom curve was recorded during direct heating of intact HDL
from 5 to 115°C. The top curves (1-4) show consecutive scans
recorded from the same sample upon heating from 5°C to
incrementally increasing temperatures, followed by cooling and
incubation at 5°C: (1) 75, (2) 95, (3) and 115°C, and (4) next
scan to 115°C. Consecutive scans to 115°C (curves 5 and 6, not
shown) closely overlap with curve 4. Two high-temperature
transitions in intact HDL (the first attributed to HDL fusion/apoA-1
dissociation and the second to HDL rupture) are indicated. Thermal
transitions in the consecutive scans centered near 58°C [that is
attributed to apoA-1 unfolding (36, 37)] and near 18°C [that
corresponds to the phase transition in CE and TG which are released
from ruptured HDL and form large lipid droplets (Figure 2C)] are
indicated.

FIGURE 2: Effects of HDL exposure to heat and PEG-8000 on the particle size and morphology. Electron micrographs show negatively
stained HDL subjected to various treatments: (A) intact HDL, (B) HDL after heating at 90°C/h to 98°C, (C) HDL after heating at 90°C/h
to 115°C, (D) HDL after overnight incubation at 22°C in 15% PEG-8000, and (E) same as panel D after extensive dialysis against the
PEG-free buffer. The bar is 15 nm long.
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M GdmHCl (17). Consideration of the lipoprotein size and
composition suggests that such a change is consistent with
fusion of two to three 7-9 nm HDL and formation of one
11-12 nm particle, with a possible release of up to two
apoA-1 molecules (17). Thus, chemical and thermal dena-
turation produces similar changes in the particle size
distribution that are consistent with HDL fusion.

In addition to the enlarged HDL-like particles, the heating
to 115°C (completion of the second calorimetric transition)
results in the formation of large lipid droplets that are
remnants of ruptured HDL (Figure 2C). This irreversible
rupture is consistent with the CE phase transition near 20
°C detected in the DSC scans recorded after HDL had been
heated to 115°C (Figure 1, curve 4). It is also consistent
with the earlier reports of HDL rupture in the second
calorimetric transition (37, 38). Moreover, a similar mixture
of fused and ruptured particles was observed upon incubation
of HDL at 22 °C in relatively high concentrations of
GdmHCl (3-6 M) (17). This suggests that chemical and
thermal denaturation proceed through similar major steps,
which are HDL fusion under mild denaturing conditions
followed by rupture under stronger denaturing conditions.

Correlation of the EM and DSC data in Figures 1 and 2A-C
suggests that the first calorimetric peak involves HDL fusion
and concomitant apoA-1 dissociation, while the second
sharper peak involves particle rupture and release of the
apolar lipid core.

Effects of PEG on the Size and Thermal Stability of HDL.
To test whether PEG-8000 at concentrations that promote
liposome fusion can fuse lipoproteins, HDL were incubated
overnight at 22°C in buffer solutions containing up to 15%
PEG and were visualized by EM. Electron micrographs show
that, in the presence of 7.5-15% PEG, the particles retain
their HDL-like morphology but become significantly en-
larged and heterogeneous in size compared to intact HDL
(compare panels A and D of Figure 2). The average particle
diameter〈d〉 in 15% PEG is 12.2 nm, larger than that of the
thermally fused HDL (〈d〉 ) 10.1 nm), and the size
distribution is broader, extending beyond 16 nm (Figure
3B,C). Thus, PEG-8000 induces HDL fusion at 22°C that
is distinctly different from the thermal fusion.

The effects of PEG on the thermal stability of HDL were
assessed by DSC. HDL samples containing 0, 7.5, and 15%
PEG were heated from 5 to 115°C at a rate 90°C/h. The
Cp(T) data (Figure 4) clearly show that increasing the PEG
concentration from 0 to 15% leads to a low-temperature shift
in both calorimetric peaks by-18 °C. Similar shifts by-16
to -18 °C were detected in HDL isolated from other plasma
pools. Furthermore, in the presence of PEG, the second
transition becomes sharper and its half-width∆T1/2 is reduced
from ∼5 °C in 0% PEG to∼2 °C in 7.5-15% PEG,
suggesting an increased cooperativity of this transition.

The PEG-induced changes in the calorimetric transitions
depicted in Figure 4 may result from the PEG-induced HDL
enlargement at 22°C (Figure 2D) or from the presence of
PEG in solution during heating. To differentiate between
these possibilities, HDL solutions were incubated with 15%
PEG, followed by extensive dialysis against PEG-free buffer.
Electron micrographs of these dialyzed samples showed a
significant population of enlarged particles (Figure 2E),
indicating incomplete reversibility of the PEG-induced HDL
enlargement. DSC data of these dialyzed samples (not
shown) resembled those of intact PEG-free HDL (Figure 4,
top curve); the half-width of the second peak (∆T1/2 ∼ 5
°C) was identical to that observed in PEG-free HDL, and
the peak temperature (106°C) was only 4°C lower than
that in PEG-free HDL (110°C), yet 14°C higher than that
in 15% PEG (92°C). Thus, despite substantial differences
in particle size in panels A and E of Figure 2, the
cooperativity unit involved in the second calorimetric transi-
tion is similar and the apparent thermal stability is only
slightly reduced for the PEG-enlarged HDL compared to
intact HDL. Consequently, the presence of PEG in solution
is required for the increased cooperativity of the second
calorimetric transition and, to a large extent, for the low-
temperature shifts in both transitions.

To test whether the presence of PEG alters the nature of
the thermal transitions in HDL, DSC data were recorded upon
heating HDL solutions containing 7.5 and 15% PEG at 90
°C/h from 10°C to incrementally increasing temperatures
corresponding to the onsets and/or conclusions of the DSC
peaks, followed by cooling and incubation at 5°C. Thus,
HDL in 15% PEG were heated to 70°C (onset of the first
DSC peak; bottom curve in Figure 4), cooled to 5°C, heated

FIGURE 3: Particle size distribution in intact, thermally fused, and
PEG-fused HDL: (A) intact HDL (corresponding to Figure 2A),
(B) HDL after fast heating to 98°C (corresponding to Figure 2B),
and (C) HDL after overnight incubation at 22°C in 15% PEG-
8000 (corresponding to Figure 2D). The average particle diameters,
which were determined with an accuracy of(0.2 nm, are given.
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to 85 °C (conclusion of the first and onset of the second
peak), cooled to 5°C, heated to 95°C (conclusion of the
second peak), etc. Comparison of these data (not shown) with
the results of similar experiments with intact HDL (Figure
1) shows a clear analogy between the calorimetric transitions
in the presence and absence of PEG. Thus, like intact PEG-
free HDL, HDL in 15% PEG shows an apoA-1 peak around
58 °C after being heated beyond the first calorimetric
transition, and a CE/TG peak near 20°C after being heated
beyond the second calorimetric transition. This indicates
clearly that the nature of the two irreversible thermal
transitions in HDL is not significantly altered in the presence
of PEG; the first calorimetric peak reflects dissociation of
apoA-1 from the fused HDL, and the second peak reflects
particle disruption and release of the apolar lipid core.

The DSC data in Figure 4 show that the presence of 15%
PEG in an HDL solution reduces the temperature of the
second calorimetric transition below the boiling point,
thereby facilitating the observation of this transition by
spectroscopic methods. We took advantage of this observa-
tion and used 15% PEG to analyze the structural changes
that accompany the two calorimetric HDL transitions. To
monitor the heat-induced changes in the particle size, we
utilized dynode voltage [V(T)] measurements in the CD
experiments as outlined in Materials and Methods and in
refs 16 and 18. The conditions for these CD experiments,
including sample composition and concentration (3.8 mg/
mL HDL protein and 15% PEG) and the heating rate (80
°C/h), closely resemble those of the DSC experiments,
thereby facilitating direct correlation of theCp(T) andV(T)
data (black curves in Figures 4 and 5). The dynode voltage
V(T) recorded from HDL upon fast heating (80°C/h) from
20 to 98°C remains constant up to 70°C but shows a large
biphasic increase from 70 to 95°C followed by a plateau
from 95 to 98°C. This heat-induced increase in turbidity
cannot be reversed upon cooling, suggesting that it reflects
an irreversible increase in the particle size due to fusion rather
than reversible lipoprotein aggregation. This irreversible
increase in turbidity occurs in the same temperature range
as the two calorimetric HDL transitions in 15% PEG (70-

95 °C), which is evident from the comparison of the peak
temperatures in the first derivative of the dynode voltage
data, dV(T)/dT, with the correspondingCp(T) peaks (black
lines in the inset of Figure 5 and in Figure 4). Consequently,
these transitions are accompanied by an irreversible increase
in particle size. This heat-induced increase in particle size
detected by turbidity is consistent with the heat-induced HDL
fusion and rupture observed by EM in the temperature range
of the two calorimetric transitions (Figure 2A-C). Thus, the
correlation of the turbidity, EM, and DSC data corroborates
the notion that the first and second calorimetric peaks involve
HDL fusion and rupture, respectively.

To test whether the heat-induced HDL fusion and rupture
involve a high activation energy, dynode voltage data [V270-
(T)] were recorded at two heating rates of 80 and 11°C/h
(Figure 5, black and gray lines marked “fast” and “slow”,
respectively). Comparison of these melting curves clearly
shows a low-temperature shift of approximately-8 °C in
both thermal transitions when the scan rate is slowed from
80 to 11°C/h. Such a shift is characteristic of irreversible
transitions associated with a high activation energy (40).
Consequently, like the denaturant-induced HDL fusion and
rupture (17), the heat-induced HDL fusion and rupture have
a high activation energy and thus are subject to kinetic
control.

Effects of PEG and Temperature on the HDL Protein
Conformation. To test the effects of PEG-8000 on the
structure and stability of HDL proteins, CD and fluorescence
spectra of the major HDL protein, apoA-1, were recorded
in 0-15% PEG. Far- and near-UV CD and intrinsic Trp
fluorescence spectra (that report on the protein secondary
structure, aromatic packing, and Trp solvent exposure,

FIGURE 4: Effects of PEG on the calorimetric transitions in HDL.
Heat capacity data were recorded upon heating HDL samples
containing 0-15% PEG-8000 from 10 to 115°C at 90°C/h. The
HDL protein concentration is 3.8 mg/mL, and the PEG concentra-
tions are given. The curves are shifted along theY-axis to avoid
overlap.

FIGURE 5: Effects of the heating rate on the HDL transitions
monitored by turbidity in CD experiments. HDL solutions (3.8 mg/
mL protein and 15% PEG) were heated from 20 to 98°C at a fast
(80 °C/h) or slow rate (11°C/h), and the dynode voltageV(T) was
recorded at 270 nm. High turbidity and lipid phase separation
exhibited by the heated samples, especially after slow heating,
indicate HDL rupture. Loss of sample after rupture explains the
high-temperature plateau in theV(T) curves followed by a reduction
in V(T) during slow heating. The inset shows first derivatives dV(T)/
dT of the dynode voltage melting curves. Arrows denote the peak
temperatures in the dV(T)/dT function recorded during fast heating.
Comparison with the DSC peak temperatures recorded from an
identical sample at a similar heating rate (Figure 4, bottom line)
indicates that the two DSC transitions involve an increase in
turbidity, i.e., formation of larger particles.
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respectively) of lipid-free apoA-1 (triangles in Figures 6A,
7A, and 8A) show no detectable changes upon addition of
PEG. Furthermore, the melting curve of free apoA-1 recorded
upon heating from 0 to 98°C by CD at 222 nm (that is
proportional to theR-helical protein content) does not
significantly change when the PEG concentration is increased
from 0 to 15% [Figure 6B (2 and4)]. Consequently, PEG
has no detectable effect on the secondary and tertiary
structure or thermal stability of lipid-free apoA-1.

To test whether the heat-induced morphological transitions
in HDL observed by DSC, EM, and light scattering (Figures
2-5) are accompanied by protein unfolding, the protein
conformation on HDL in 0-15% PEG was monitored in the
temperature range from 20 to 98°C by far- and near-UV
CD (Figures 6 and 7) and by Trp fluorescence (Figure 8).
Far-UV CD melting curves at 222 nm,Θ222(T), recorded

from HDL solutions containing 0 and 15% PEG [Figure 6B
(b andO)] largely superimpose and are nearly linear; similar
nearly linear melting curves were observed in the earlier
spectroscopic studies of HDL (26, 41, 42). In addition, the
HDL melting curves recorded in this study are independent
of the scan rate in the range explored (11-80°C/h) and show
a close superimposition of the heating and cooling curves
(Figure 6B), as well as of the first scan and consecutive scans
(not shown). This suggests that HDL heating from 20 to 98
°C is accompanied by a largely reversible noncooperative
reduction in proteinR-helical content.

Lipid-free apoA-1 is completely unfolded at 98°C, as
indicated by the negative CD band at 203 nm and by the
low residual ellipticity at 222 nm [Θ222(98 °C) = -5000
deg cm2 dmol-1] that is characteristic of fully unfolded helical
proteins [Figure 6A (4)]. In contrast, the spectrum of HDL

FIGURE 6: Far-UV CD data of HDL and its major protein, lipid-free apoA-I, at various temperatures. The protein concentration is 20-40
µg/mL, and PEG concentrations are 0-15%. The spectra recorded at different PEG concentrations but otherwise identical conditions fully
overlap; therefore, only one representative spectrum is shown for each condition. (A) CD spectra of HDL and apoA-1: (2) apoA-1 at 25
°C, (4) apoA-1 at 98°C, (b) HDL at 25°C, and (O) HDL at 98°C after being heated from 20 to 98°C at 80°C/h (such a heating results
in HDL fusion in 0% PEG and HDL rupture in 15% PEG). (B) Thermal unfolding and refolding of the helical structure in apoA-1 and HDL
monitored at 222 nm upon heating and consecutive cooling from 20 to 98°C at a rate of 80°C/h: (2) apoA-1 in 0% PEG, (4) apoA-1
in 15% PEG, (b) HDL in 0% PEG, and (O) HDL in 15% PEG. The directions of temperature changes are shown.

FIGURE 7: Near-UV CD data of HDL and apoA-l at various temperatures. The protein concentration is 3.5-3.8 mg/mL for HDL and 1.5
mg/mL for lipid-free apoA-1, and PEG concentrations are 0-15%. The spectra recorded at different PEG concentrations but otherwise
identical conditions fully overlap; therefore, only one spectrum is shown for each condition. (A) CD spectra of HDL and apoA-1: (2)
lipid-free apoA-1 at 25°C, (b) HDL at 25°C, (s) HDL at 98°C after heating at 80°C/h, and (O) HDL at 25°C after heating and cooling
from 25 to 98°C at 80°C/h. (B) Melting curves recorded at 270 nm upon heating and consecutive cooling from 20 to 98°C: (b) HDL
in 0% PEG and (O) HDL in 15% PEG. The directions of temperature changes are shown.
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at 98°C retains the negative CD bands at 208 and 222 nm
that are characteristic of anR-helix [Figure 6A (O)], with a
substantial molar residue ellipticity at 222 nm [Θ222(98 °C)
) -15000 deg cm2 dmol-1], indicating that HDL proteins
retain ∼40% R-helical content at 98°C. The highly
structured state of HDL proteins at high temperatures is also
evident from spectroscopic data reported previously (26, 41,
42). Taken together, these results suggest that in the course
of HDL heating to 98°C apoA-1 dissociates from HDL in
a partially lipidated state that prevents the protein from
undergoing complete thermal unfolding. The lipidated state
of apoA-1 is consistent with the large differences observed
between theΘ222(T) curves of free apoA-1 and the closely
superimposing heating and cooling curves of HDL [Figure
6B (triangles and circles)]. Indeed, if a substantial amount
of lipid-free apoA-1 dissociated irreversibly from HDL
during the first scan to 98°C, the consecutive scan would
represent a weighted average of the first HDL scan and the
melting data of lipid-free apoA-1. Thus, the close superim-
position of the first scan and consecutive HDL scans indicates
that no substantial amount of lipid-free apoA-1 is released
when HDL is heated to 98°C. Consequently, apoA-1 that
dissociated from HDL during heating is present in a partially
lipidated rather than lipid-free state.

Importantly, our calorimetric and light scattering data show
that, during HDL heating at 80-90 °C/h, the conclusion of
the first transition in 0% PEG and of the second transition
in 15% PEG occurs around 98°C (Figures 4 and 5, black
lines). Consequently, correlation of these data with the far-
UV CD melting curves recorded upon heating of HDL in
0-15% PEG to 98°C [Figure 6B (O andb)] indicates that
fusion and rupture are not accompanied by any large
cooperativeR-helical unfolding. This result is consistent with
the absence of the scan rate effects or hysteresis in theΘ222-
(T) data of HDL (Figure 6B), which is characteristic of a
reversible unfolding. This is in stark contrast with the
irreversible thermal transitions in HDL detected by DSC,
EM, and light scattering (Figures 1, 2, and 5). We conclude
that (i) the cooperative irreversible changes in the particle
morphology do not involve substantial protein unfolding and

thus remain “silent” in far-UV CD and (ii) the gradual heat-
induced reduction in the HDLR-helical content reflects the
structural “relaxation” that is largely reversed upon cooling
[Figure 6B (O and b)] rather than cooperative protein
unfolding. The absence of any large effects of PEG on the
far-UV CD melting curves of HDL [Figure 6B (O andb)],
which contrasts with large PEG-induced shifts in the DSC
curves (Figure 4), can be similarly explained. Indeed, since
the calorimetric HDL transitions are not accompanied by
significant protein unfolding, the PEG-induced shifts in the
Cp(T) data are not paralleled by similar shifts in theΘ222(T)
data.

Like the far-UV CD data, the near-UV CD spectra of HDL
at 25 °C [Figure 7A (b)] remain invariant when the PEG
concentration is increased from 0 to 15%, indicating the
absence of any significant effects of PEG on the aromatic
packing in HDL. Comparison of the HDL spectra at 25 and
98 °C shows the largest differences at 270-280 nm [Figure
7A (b and s)], i.e., in the spectral range containing
contributions from Tyr and Phe (43). These CD differences
were utilized to record the near-UV CD melting curves at
270 nm, which maximized the signal-to-noise ratio. Like the
Θ222(T) data in Figure 6B, theΘ270(T) data recorded during
the heating and cooling of HDL largely superimpose, are
nearly linear, and are independent of the scan rate or the
PEG concentration in the range explored (Figure 7B). This
indicates the absence of any cooperative irreversible changes
in the aromatic packing upon HDL fusion and rupture.
Furthermore, the large discrepancy between the near-UV CD
spectrum of lipid-free apoA-1 at 25°C and the spectra of
HDL recorded at 25°C after heating to 98°C (compare2
andO data in Figure 7A) indicates that no significant amount
of lipid-free apoA-1 is produced upon HDL fusion and
rupture.

To monitor solvent exposure of Trp during the thermal
transitions in HDL, intrinsic Trp fluorescence spectra of HDL
were recorded at different temperatures and PEG concentra-
tions and were compared with similar spectra of lipid-free
apoA-1 (Figure 8). Since apoA-1 is the only major HDL
protein that contains Trp, it dominates the intrinsic HDL

FIGURE 8: Intrinsic Trp fluorescence of HDL and apoA-l at various temperatures. The protein concentration is 10-20 µg/mL, and PEG
concentrations are 0-15%. The spectra recorded at different PEG concentrations but otherwise identical conditions fully overlap; therefore,
only one spectrum is shown for each condition. (A) Normalized emission spectra: (b) HDL at 25 °C, (O) HDL at 98 °C, (2) apoA-1 at
25 °C, and (4) apoA-1 at 98°C. (B) Temperature dependence of the emission wavelength of the maximum Trp fluorescence,λem: (b)
HDL in 0% PEG, (O) HDL in 15% PEG, (2) apoA-1 in 0% PEG, and (3) apoA-1 in 15% PEG.
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fluorescence. Like the far- and near-UV CD spectra, the Trp
emission spectra of free apoA-1 and HDL show no signifi-
cant changes when the PEG concentration is increased from
0 to 15%. Figure 8A shows intrinsic Trp fluorescence spectra
of HDL at 25 °C in 0-15% PEG (b). The wavelength of
maximal emission,λem, which was determined from the peak
position in these spectra with an accuracy of(2 nm, ranges
from 340 to 343 nm regardless of the PEG concentration
[Figure 8B (b and O)]; this indicates substantial burial of
Trp in the apolar environment. A similar but slightly longer
λem is observed for lipid-free apoA-1 in 0-15% PEG at 25
°C [Figure 8A (2)]. Heating of lipid-free apoA-1 in 0-15%
PEG to 98°C leads to a 14 nm red shift inλem, from ∼345
nm at 25°C to 359 nm at 98°C, indicating complete solvent
exposure of Trp in apoA-1 at high temperatures [Figure 8A,B
(4)]. In contrast, similar heating of HDL leads to an only
∼5 nm red shift inλem that does not exceed 347 nm at 98
°C [Figure 8A,B (b andO)]. This indicates the absence of
large changes in the Trp solvent exposure during HDL fusion
or rupture. Consequently, consistent with the CD data in
Figures 6 and 7, Trp fluorescence data in Figure 8 indicate
that the heat-induced HDL fusion and rupture do not involve
any large cooperative changes in the Trp solvent exposure,
and thus may not involve complete protein delipidation and
unfolding.

DISCUSSION

The results of this work suggest that the first calorimetric
HDL transition involves not only apoA-1 dissociation but
also HDL fusion. This is evident from the electron micro-
graphs showing significant particle enlargement upon heating
to the temperature corresponding to the conclusion, but not
the onset, of the first calorimetric transition (Figure 2A,B).
The changes in the particle size distribution during this
thermal transition, which are remarkably similar to those
induced by GdmHCl (17), show an increased population of
the 11-12 nm particles and a reduced population of the 7-9
nm HDL (Figure 3A,B). This suggests fusion of two to three
7-9 nm HDL into one 11-12 nm HDL-like particle, with
a possible release of two apoA-1 molecules to compensate
for the reduced surface area. A similar fusion reaction is
proposed to be involved in the conversion from HDL3 (d )
7-9 nm) to HDL2 (d ) 11-13 nm) during HDL metabolism
(reviewed in refs4 and8). Thus, the products of the heat-
or denaturant-induced HDL fusion may resemble those of
the enzyme-induced HDL fusion in plasma.

HDL fusion in plasma is subject to tight enzymatic control
that is necessary for the correct balance among various HDL
subclasses. This suggests that lipoproteins from different
subclasses are separated by high energy barriers that slow
their unregulated interconversions. The presence of such
energy barriers in the heat-induced HDL fusion and rupture
is evident from the effects of the heating rate on the transition
temperature monitored by light scattering of HDL in 15%
PEG (Figure 5). Such scan rate dependence, which was also
observed in our heat unfolding studies of reconstituted
discoidal HDL (16, 18, 19), is indicative of irreversible
transitions with a high activation energy (enthalpy) (40).
Earlier, we proposed that the general physical origin of this
activation energy is the transient disruption of the protein
and/or lipid packing interactions during morphological
transitions, such as heat-induced fusion of discoidal HDL

(16, 18, 19) or GdmHCl-induced fusion and rupture of
spherical HDL (17). The data in Figure 5 support this
hypothesis and indicate that the heat-induced fusion and
rupture of spherical HDL are also associated with a high
activation energy and thus are subject to kinetic control.

Our results suggest that not only the products and the
kinetic character but also the structural basis for the heat-,
denaturant-, and enzyme-induced HDL fusion may be
similar. Indeed, HDL fusion in our studies is probably
triggered by an imbalance between the protein-depleted
particle surface and the apolar core, which results from the
protein unfolding and/or dissociation from the surface. The
LCAT reaction may create a similar imbalance by increasing
the level of core CE at the expense of the surface cholesterol
and PC (4, 8-10); in addition, the phospholipase activity of
LCAT generates lysoPC that promotes fusion (27). Similarly,
PLTP-induced fusion of apoA-1-deficient HDL has been
proposed to be triggered by the PLTP-mediated proteolysis
and displacement of apoA-1 (44). Fusion of apoA-1-depleted
HDL has also been observed in other studies (45, 46). Taken
together, these results indicate that HDL fusion can be
triggered by an imbalance between the particle surface and
its core resulting from the surface depletion of the polar
protein or lipid moiety (which occurs in the heat-, denatur-
ant-, PLTP-, and LCAT-induced fusion) and/or from an
increase in the apolar lipid core (in LCAT-induced fusion)
(Figure 9).

The proposed mechanism of HDL fusion implies that
apoA-1 on HDL is an important fusion inhibitor. Indeed, in
the absence of apolipoproteins such as apoA-1, HDL disks
and spheres are unstable and fuse to form larger lipid
particles. In addition to maintaining the particle integrity,
the fusion inhibitory activity of apoA-1 may also be essential

FIGURE 9: Free energy profile for HDL interconversions. Local
free energy minima corresponding to different HDL subclasses are
separated by high energy barriers (∆G* = 16-17 kcal/mol) that
confer HDL stability and slow their spontaneous interconversions
(16, 17). These barriers can be overcome by plasma enzymes such
as LCAT, PLTP, or CETP and/or by denaturing agents. Observation
of comparable free energy barriers for PEG-mediated liposome
fusion and rupture (32) suggests that the transition states in HDL
fusion and rupture resemble aspects of the transition states in
membrane, secretory, and viral fusion. The cartoon on the right
shows the putative high-energy transition state in HDL fusion
accompanied by dissociation of lipid-poor apoA-1; proteinR-helices
on the particle surface are shown as circles. Such a fusion reaction
can be induced by plasma factors [LCAT, PLTP, CETP, or hepatic
lipase (4, 8)], by GdmHCl (17), or by heating (this work).
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in the selective uptake of CE from HDL by the hepatic HDL
receptor, scavenger receptor BI (SR-BI) (47). Indeed, the
interaction of apoA-1 with SR-BI has been reported to
prevent fusion of the lipid donor with the plasma membrane,
thereby allowing selective uptake of CE (48), which is a
crucial step in reverse cholesterol transport. The fusion
inhibitory activity of apoA-1 and its lipid-binding fragments
has also been reported to account for their antiviral properties
(49). Furthermore, apoA-1 has been shown to inhibit the
fusion of LDL with CE microemulsions (50) and to prevent
phospholipase C-induced LDL aggregation and fusion (51).
Taken together, these results suggest that inhibition of
lipoprotein fusion constitutes an essential physiological
function of apoA-1.

The results of this work indicate that the apoA-1 that
dissociates from HDL during the heat-induced fusion is
lipidated. This is evident from the comparison of the far-
and near-UV CD and fluorescence data recorded from HDL
and lipid-free apoA-1 in 0-15% PEG at 10-98 °C (Figures
6-8). However, the observation of the DSC peak reflecting
the unfolding of the dissociated apoA-1 at 58°C (curves 3
and 4 in Figure 1), which is the melting temperature of lipid-
free apoA-1 (39and references therein), along with the earlier
DSC and centrifugation data (36-38), suggests that the
apoA-1 dissociated from the thermally fused HDL contains
only a small amount of lipid and thus can be considered lipid-
poor. Similarly, our spectroscopic studies of model discoidal
HDL containing human apoC-1 showed that the heat-induced
unfolding and disk fusion do not involve complete protein
delipidation (16). Our current results confirm this conclusion
and extend it toward spherical HDL. Although the lipidation
level of apoA-1 dissociated from HDL during metabolic
events such as enzyme-induced fusion is difficult to deter-
mine in detail (11), apoA-1 is generally characterized as lipid-
poor. Such monomolecular lipid-poor forms of apoA-1 have
recently become a focus of intense investigation, since they
are particularly effective at promoting cellular cholesterol
efflux due to their interaction with an ATP-binding cassette
protein on the cell surface (reviewed in refs11, 50, and53).
It is possible that apoA-1 dissociates from the thermally fused
HDL in a similar lipid-poor form.

The lipid-poor state of apoA-1 released from the thermally
fused HDL prevents the protein from complete unfolding at
98 °C upon heat-induced fusion and rupture of HDL (Figure
6). The absence of such unfolding is consistent with the near-
UV CD and fluorescence data of HDL (Figures 7 and 8),
and with the spectroscopic data from other groups (26, 41,
42). This result contrasts with the complete protein unfolding
observed upon GdmHCl denaturation of spherical plasma
HDL (17). This difference suggests that, in contrast to lipid-
poor apoA-1 released during the heat-induced fusion of
spherical HDL, the apoA-1 released during GdmHCl-induced
fusion and rupture of spherical HDL may be lipid-free. The
absence of substantial protein unfolding in the heat-induced
HDL fusion and rupture indicates that the heat effects of
these endothermic transitions originate from lipid and/or
protein dissociation rather than from protein unfolding. This
is consistent with the narrow peak width of the two
calorimetric transitions (Figures 1 and 4) that is characteristic
of lipid repacking rather than apolipoprotein unfolding.

An unexpected result is the observation of the PEG-
induced increase in the particle diameter at 22°C. This

reaction is different from the heat-, denaturant-, or enzyme-
induced HDL fusion, since it leads to formation of larger,
more heterogeneous particles (Figure 3C) and does not
involve apoA-1 dissociation; the latter is indicated by the
absence of the peak at 58°C in the DSC data of the PEG-
fused HDL (Figure 4). Thus, despite substantial reduction
in the combined surface area, the PEG-fused particles
accommodate the same proportion of protein as intact HDL.
One possibility is that PEG induces subtle conformational
changes in apoA-1 that reduce the protein-lipid contact area
and thereby help to accommodate the protein at the particle
surface; similar changes may be involved in HDL fusion by
plasma enzymes (such as phospholipase A2) that does not
involve apoA-1 dissociation (54). However, no such PEG-
induced conformational changes in HDL proteins were
detected in our studies (Figures 6-8). Alternatively, PEG
may increase the fluidity of the highly curved PC monolayer
on the HDL surface, thereby aiding accommodation of the
excess protein. Regardless of the mechanism, the observation
of the PEG-induced HDL fusion illustrates the potential for
more than one possible mode of lipoprotein fusion.

HDL fusion at 22°C caused by 7.5 and 15% PEG-8000
was surprising since similar PEG concentrations promote
liposome fusion but do not trigger it in the absence of
additional perturbations (30-33). Thus, PEG appears to be
more effective in mediating fusion of HDL than liposomes.
One possible explanation is that the transition state in HDL
fusion involves deformation of the PC monolayer (Figure
9), whereas liposome fusion involves deformation of the lipid
bilayer which may be more energetically costly. The differ-
ence in the lipid packing on the surface of highly curved
HDL and of much larger lipid vesicles may also be a factor.
In summary, our results show that PEG-8000 is a potent HDL
fusogen.

Interestingly, the large PEG-induced increase in the particle
size has relatively little effect on the apparent thermal
stability of HDL. Indeed, HDL incubated in 15% PEG and
dialyzed against the PEG-free buffer show only a small-4
°C shift in the apparent transition temperatures compared to
that of intact HDL (DSC data not shown). In contrast, the
presence of 15% PEG in the HDL solution during heating
leads to a much larger shift of-18 °C in the DSC peaks
(Figure 4). Consequently, the presence of PEG in solution
leads to low-temperature shifts in the HDL fusion and rupture
transitions, and thereby reduces the thermal stability of HDL.
Thus, consistent with our hypothesis, fusogenic concentra-
tions of PEG induce HDL fusion and destabilization.

The absence of significant effects of PEG on the apoA-1
conformation or thermal stability revealed by the spectro-
scopic data in Figures 6-8 suggests that the PEG-induced
HDL destabilization results from the effects of PEG on the
lipid rather than the protein moiety. Thus, HDL stability can
be affected not only by protein denaturants such as GdmHCl
but also by lipid fusogens such as PEG. The utility of PEG-
8000 for the analysis of HDL transitions is evident from the
large reduction in the transition temperatures in 15% PEG
(Figure 4), which facilitates the spectroscopic observation
not only of the heat-induced HDL fusion but also of HDL
rupture below 100°C (Figures 5-8). PEG-8000 has been
widely used for the detailed analysis of the molecular events
involved in membrane, viral, and secretory fusion (27-33).
The results reported here suggest that PEG may also be useful
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for the analyses of molecular events involved in HDL fusion
and rupture. Our results also caution against using PEG for
lipoprotein isolation (55, 56).

In summary, this study demonstrates, for the first time,
that (i) the first calorimetric transition in HDL involves
particle fusion, (ii) heat-induced HDL fusion and rupture are
kinetically controlled, (iii) in contrast to the GdmHCl-induced
HDL transitions, the heat-induced HDL fusion and rupture
do not involve complete apolipoprotein unfolding and
delipidation, (iv) PEG-8000 induces HDL fusion at 22°C
that is different from the heat- or denaturant-induced fusion,
and (v) PEG-8000 does not affect the structure or stability
of lipid-free apoA-1 but destabilizes HDL and leads to a
large reduction in the transition temperatures without sig-
nificantly altering the nature of these transitions. Therefore,
PEG-8000 may provide a useful model agent for the analysis
of molecular events involved in HDL remodeling and fusion
by plasma factors.
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