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ABSTRACT: High-density lipoproteins (HDL) mediate cholesterol removal and thereby protect against
atherosclerosis. Mature spherical HDL contain the apolar lipid core and polar surface of proteins and
phospholipids. Earlier, we showed that the structural integrity of HDL is modulated by kinetic barriers
that prevent spontaneous protein dissociation and lipoprotein fusion and rupture. To determine the role of
electrostatic interactions in the kinetic stability of mature HDL, here we analyze the effects of salt and
pH on their thermal denaturation. In low-salt buffer at pH 5.7-7.7, HDL are highly thermostable. Increasing
the salt concentration from 0 to 0.3 M NaCl causes low-temperature shifts in the calorimetric HDL
transitions of up to-14 °C. This salt-induced destabilization leads to protein unfolding below 100°C,
facilitating the first Arrhenius analysis of HDL denaturation by circular dichroism spectroscopy. In 150
mM NaCl, two kinetic phases in HDL protein unfolding are observed: a faster phase with an activation
energyEa,faste15 kcal/mol and a slower phase with anEa,slow) 50 ( 7 kcal/mol. Gel electrophoresis and
electron microscopic data suggest that the faster phase involves partial protein unfolding but no significant
protein dissociation or changes in HDL size, while the slower phase involves complete protein unfolding,
partial protein dissociation, and HDL fusion. Hence, the slower phase may resemble HDL remodeling
and fusion by plasma enzymes during metabolism. Analysis of the effects of various salts, sucrose, and
pH suggests that HDL destabilization by salt results from ionic screening of favorable short-range
electrostatic interactions such as salt bridges. Consequently, electrostatic interactions significantly contribute
to the high thermostability of HDL in low-salt solutions.

Lipoproteins are complexes of proteins and lipids that are
central in the transport and metabolism of cholesterol. Plasma
lipoproteins, including high-density, low-density, and very
low-density lipoproteins (HDL,1 LDL, and VLDL), differ
in size, composition, and metabolic properties. HDL are
dubbed “good cholesterol” because plasma levels of HDL
and its major protein, apolipoprotein A-1 (apoA-1, 28 kDa),
correlate inversely with the probability of developing coro-
nary artery disease (1, 2). This protective action is due to
cholesterol transport by HDL from peripheral tissues to the
liver for removal (3) and to antioxidant and antiinflammatory
effects of HDL (2, 4, 5).

Human HDL are heterogeneous particles (d ) 9-12 nm)
containing several protein and 150-300 lipid molecules (2,
6). Nascent HDL are phospholipid bilayer disks containing
two to four copies of apoA-1 that is thought to adopt an
extendedR-helical “double-belt” conformation around the
disk perimeter (6-9) (Figure 1). Mature HDL are spherical
particles containing an apolar core of cholesterol esters and
triglycerides and a polar surface comprised of a cholesterol-

containing phospholipid monolayer and two to four copies
of apoA-1 and other proteins (Figure 1). During metabolism,
HDL exchange their protein and lipid constituents with other
lipoproteins and are extensively remodeled by plasma
enzymes (6, 10), yet they maintain their structural integrity
that is necessary for lipoprotein functions. Our goal is to
elucidate the energetic basis of this structural integrity.

HDL proteins such as apoA-1 and apoA-2 (which com-
prise 70 and 20% of HDL protein content, respectively)
belong to a family of exchangeable apolipoproteins. During
metabolism, these water-soluble proteins transfer among
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FIGURE 1: Cartoon representation of discoidal and spherical HDL.
Lipid packing in spherical HDL is shown in the cross section
(bottom right). The charge distribution in apolipoproteinR-helices
(shown in the two front helices on discoidal HDL) facilitates
formation of multiple intra- and interhelical salt bridges between
oppositely charged groups, most of which are located three or four
positions apart within the helix. Such a charge distribution may
also cause repulsion among the closely spaced basic residues located
in the low-dielectric environment at the lipid-water interface (21).
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lipoproteins via the lipid-poor or lipid-free state (11), but
their predominant state is in association with lipoproteins.
Exchangeable apolipoproteins bind to the phospholipid
surface via the large apolar faces of their amphipathic
R-helices (12). These helices, which are formed of 11/22-
mer tandem amino acid sequence repeats, have an unusually
high content of charged residues (30-40%) with a distinct
radial distribution: acidic groups are located in the middle
of the polar helical face and basic groups flank the apolar
face (Figure 1). Hence, the basic groups can form hydro-
phobic interactions with the lipid acyl chains as well as
electrostatic interactions with the phospholipid headgroups
(7, 13). In addition to binding to phospholipid surface (14-
16), electrostatic interactions have been implicated in es-
sential apolipoprotein functions such as interactions with
lipoprotein receptors and transporters and activation of
lipolytic enzymes that are central in lipoprotein metabolism
(17-21). Furthermore, the high content and distinct distribu-
tion of charged residues (most of which are separated from
the oppositely charged group by three or four positions within
the helix) facilitate formation of extensive intra- and inter-
helical salt bridges. Such salt bridges have been proposed
to stabilize the double-belt apolipoprotein conformation on
discoidal HDL (7, 8, 22); this notion was tested experimen-
tally using reconstituted HDL disks (21). The role of
electrostatic interactions in the stability of spherical HDL,
which have more diverse and less well-defined protein
conformations, is unclear and is in the focus of this work.

HDL stability has been the subject of intense investigation
for more than 30 years. With few exceptions (23-26), these
studies used equilibrium thermodynamic methods, and only
a few reports addressed electrostatic effects (27-29). Our
recent analysis of discoidal and spherical HDL (30-32) and
LDL (33) established a kinetic mechanism of lipoprotein
stabilization. We and others showed that exposure of HDL
to denaturing conditions causes protein dissociation (23, 34)
and fusion of the protein-depleted particles that compensates
for the reduction in their polar surface (30, 31). Furthermore,
under strongly denaturing conditions, spherical lipoproteins
rupture and release their apolar core lipids that coalesce into
large droplets (31-33). Chemical denaturation studies
showed that HDL fusion and rupture are thermodynamically
irreversible and involve high free energy barriers [∆G* =
17 kcal/mol (31)]. Such kinetic barriers may confer particle
stability, prevent unregulated interconversions among HDL
subclasses, and thereby modulate HDL metabolism. Here,
we address the role of electrostatic interactions in the kinetic
stability of human HDL.

Our recent studies of the electrostatic effects in model
discoidal HDL suggested an inverse correlation between
lipoprotein stability and salt sensitivity: salt stabilizes
relatively unstable complexes but destabilizes more stable
complexes (21). We proposed that the short-range Coulombic
interactions significantly contribute to the stability of dis-
coidal HDL, with a net effect that may be favorable (in more
stable complexes) or unfavorable (in less stable complexes);
hence, more stable lipoproteins are destabilized by ionic
screening, while less stable lipoproteins are stabilized by it.
Here we extend this hypothesis to spherical HDL. To probe
for the first time the role of electrostatic interactions in the
kinetic stability of spherical HDL, we perform thermal
denaturation of mature human HDL in a broad range of

solvent ionic conditions (from 5 mM to 1.5 M salt, pH 5.7-
7.7). The results support our hypothesis and show that
spherical plasma HDL are highly thermostable in low-salt
solutions but are destabilized at near-physiologic salt con-
centrations due to ionic screening of favorable electrostatic
interactions. Our results also reveal two kinetic phases in
thermal denaturation of HDL. The fast phase, which involves
partial unfolding but not dissociation of HDL proteins, may
reflect the protein plasticity that is necessary for adaptation
to particles of different sizes. The slow phase, which involves
protein dissociation and HDL fusion, may resemble meta-
bolic HDL remodeling in plasma.

MATERIALS AND METHODS

Lipoprotein Preparation.All experiments were performed
using single-donor HDL that were isolated from the EDTA-
treated plasma of four healthy volunteer donors by density
gradient ultracentrifugation in the density range of 1.08-
1.12 g/mL (35). The sample purity was 95%, as assessed by
size and density agarose gel electrophoresis. The HDL
solution was dialyzed against 10 mM sodium phosphate
buffer containing 0.05% NaN3 and 0.25 mM NaEDTA (pH
7.7) (which is a standard buffer used throughout this work)
and was stored in the dark at 4°C; studies were also done
with HDL in a buffer with a similar composition at pH 5.7.
The HDL stock was diluted with a buffered salt solution to
the final salt concentration of 0.01-1.5 M and a protein
concentration of 1-4 mg/mL (for calorimetric and electron
microscopic studies) or 20µg/mL (for spectroscopic studies).
Transition temperatures determined in these studies were
independent of HDL concentration in the range that was
explored (0.02-4 mg/mL protein). The HDL stock was used
in 2 weeks during which no changes in the protein
conformation or particle stability were detected by spectros-
copy or calorimetry, no protein degradation was detected by
SDS gel electrophoresis, and no particle decomposition was
detected by nondenaturing gel electrophoresis. HDL frac-
tionation into subclasses was not done in this work since
our unpublished chemical denaturation studies suggested no
large differences between the unfolding kinetics of HDL2

and HDL3.
Differential Scanning Calorimetry (DSC). Excess heat

capacity,Cp(T), was recorded from HDL solutions of 3-4
mg/mL protein concentration using an upgraded Microcal
MC-2 differential scanning microcalorimeter as described
previously (32). The data were recorded during heating from
10 to 115°C at a rate of 90°C/h, followed by rapid cooling
and incubation at 5°C prior to the recording of the next
scan. ORIGIN was used for the data collection, processing,
and display.

Circular Dichroism (CD) Spectroscopy.CD data were
recorded using AVIV 62DS and AVIV 215 spectrometers
with thermoelectric temperature control. Far-UV CD spectra
and kinetic and melting data were recorded from HDL
samples with 20µg/mL protein concentration as described
previously (31). The melting data,Θ222(T), were recorded
at 222 nm during sample heating and cooling with a 1°C
increment and an accumulation time per data point of 60-
300 s, which corresponds to the scan rates of approximately
80-11 °C/h. The kinetics of the thermal denaturation was
monitored in the temperature-jump (T-jump) experiments in
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which the sample was rapidly heated at time t) 0 from 25
°C to higher temperatures, and the time course of the
R-helical unfolding was monitored at 222 nm as described
previously (31). Following the buffer baseline subtraction,
the CD data were normalized to protein concentration and
were expressed as a mean residue ellipticity, [Θ].

Kinetic Analysis.The rates of thermal unfolding of HDL
proteins were determined by fitting the CD data recorded in
T-jump experiments to the multiexponential function

whereA1 and A2 are the amplitudes of the kinetic phases
and τ1 and τ2 are the exponential relaxation times that are
the inverse of the reaction rates (k ) 1/τ). Since HDL
denaturation is irreversible, the reaction rates approximate
the unfolding rates. The kinetics of thermal unfolding of HDL
proteins was analyzed using an Arrhenius model as described
previously (30). Briefly, the relaxation timesτ at 80-95 °C
were determined by fitting theΘ222(T) data recorded in
T-jumps from 25 to 80-95 °C, and the activation energyEa

for each kinetic phase was determined from the slope of the
Arrhenius plot (lnτ vs 1/T).

Electron Microscopy (EM).HDL samples subjected to
various thermal treatments were visualized by negative
staining EM. Images were recorded in a CM12 transmission
electron microscope and processed as described previously
(31). Analysis of the particle size distribution was carried
out using PHOTOSHOP graphics with EXCEL;∼800
particles per image were used.

Nondenaturing Gradient Gel Electrophoresis and Western
Blotting. Gel electrophoresis of intact and thermally treated
HDL was carried out by using a 5 to 16%polyacrylamide
gradient gel. The gel was run at 200 V for 1 h on aHoefer
SE260 mini-vertical apparatus and was stained with Imperial
protein stain. In addition, a precast 8 to 25% gradient gel
(PHAST system, Pharmacia) was used. Particle diameters
were assessed from comparison with protein markers (pur-
chased from Amersham Biosciences) with known Stokes
radii: thyroglobulin (660 kDa, 17 nm), ferritin (440 kDa,
12.2 nm), bovine liver catalase (232 kDa, 10.4 nm), bovine
heart lactate dehydrogenase (140 kDa, 8.2 nm), and bovine
serum albumin (66 kDa, 7.1 nm). Particle sizes were
confirmed by EM measurements.

For Western blotting, samples were loaded on native
polyacrylamide gels. The proteins were separated for 1 h at
200 V and 22°C and were transferred to a PVDF membrane
for 1 h (100 V and 22°C). The membrane was blocked for
1 h in Tris-buffered saline/casein blocking buffer. The blots
were then probed with antibodies for apoA-1 and apoA-2 in
blocking buffer for 1 h. Blots were washed three times for
10 min each and were visualized using the ECL system (NEN
Life Science Products). All experiments in this study were
repeated three to six times to ensure reproducibility.

RESULTS

Effects of Salt on the Calorimetric Transitions in HDL.
At 25 °C in 10 mM sodium phosphate (pH 7.7), increasing
the salt concentration from 0 to 1.5 M NaCl has no detectable
effect on the size or morphology of intact HDL (visualized
by negative staining EM), on the secondary structure of HDL
proteins (monitored by far-UV CD), or on the packing of

their aromatic groups (monitored by near-UV CD and Trp
fluorescence, data not shown). However, addition of salt
leads to large changes in HDL stability, which is evident
from the heat capacity data,Cp(T), of intact HDL containing
0-500 mM NaCl. Figure 2A (black line) shows DSC data
recorded for an HDL solution of 4 mg/mL protein concentra-
tion in buffer at pH 7.7 upon heating from 5 to 115°C at a
rate of 90 °C/h. In 0 M NaCl, two distinct calorimetric
transitions are observed: a broad peak centered atT1 =90
°C and a sharp peak atT2 ) 112°C. The broad peak involves
apoA-1 dissociation (34) and HDL fusion (32), while the
sharp peak is attributed to apoA-2 dissociation (34) followed
by HDL rupture and coalescence of the apolar core lipids
into droplets (32).

Large low-temperature shifts in both calorimetric transi-
tions are observed with an increase in NaCl concentration
from 0 to 500 mM (Figure 2A, gray lines). These shifts are
particularly pronounced at millimolar salt concentrations but
are saturated at∼0.2-0.3 M salt, as illustrated in the plot
of the apparent temperatureT2 of HDL rupture as a function
of NaCl concentration (Figure 2B). The single-exponential
character of this function (Figure 2B, solid line) is typical
of the electrostatic screening by diffuse counterions (36);
this function usually levels off at molar salt concentrations
where hydrophobic effect of salt becomes predominant. At
ion concentrations ofe0.1 M, the effects of salt on
macromolecular stability are dominated by electrostatic
interactions (36, 37), suggesting that HDL destabilization by
salt is mainly an electrostatic effect.

For single-donor HDL from the same pool, the reproduc-
ibility of the peak temperatureT2 is better than 1°C, yet for
HDL from different donors, T2 measured in low-salt solutions
upon heating at 90°C/h may vary from 106 to 114°C, which
may possibly result from the different content of anionic
lipids. Despite this variation, ing0.3 M NaCl, HDL from
different plasma pools show similarT2 values of=98 °C;

FIGURE 2: Effect of NaCl on the calorimetric transitions in human
plasma HDL. HDL samples containing 4 mg/mL protein, 10 mM
standard buffer at pH 7.7, and 0-1.5 M NaCl were heated from 5
to 115°C at a rate of 90°C/h, and excess heat capacity was recorded
by DSC. (A)Cp(T) data at various NaCl concentrations. The data
in 0.3-1.5 M NaCl closely overlap. Peak temperaturesT1 andT2
are indicated by arrows; the values ofT2 are shown near the peaks.
The data recorded from the same HDL pool at identical salt
concentrations at pH 5.7 and 7.7 closely overlap. The inset shows
a second consecutive scan from the same HDL sample in standard
buffer; consecutive scans recorded in 0-1.5 M NaCl closely
overlap. DSC data recorded of HDL at pH 5.7 and 7.7 under
otherwise identical conditions closely overlap. (B) ApparentT2 of
the second calorimetric transition (that involves apoA-2 dissociation
and HDL rupture) as a function of NaCl concentration. The solid
line shows single-exponential data fitting.

Θ222(T) ) A1 exp(-τ1/t) + A2 exp(-τ2/t) + ...
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one possible explanation is that the electrostatic interactions
are largely screened at near-physiological salt concentrations
and hence do not significantly contribute to the differences
in the stability of HDL from different pools.

Calorimetric HDL transitions are irreversible (31, 34),
which is evident from the repetitive DSC scans recorded from
the same sample during heating from 5 to 115°C (Figure
2A, inset). These scans show a broad peak centered near 55
°C that reflects the unfolding of dissociated apoA-1 (34). In
contrast to HDL transitions observed in the first scan, the
apoA-1 unfolding observed in the second scan and consecu-
tive scans is independent of the scan rate or of the salt
concentration in the range that was explored (0-1.5 M
NaCl). This is consistent with the observation that the
secondary structure and stability of lipid-free HDL proteins,
apoA-1 and apoA-2, remain invariant in 10-5 to 1 M salt
(21). Thus, salt-induced destabilization is observed in HDL
but not in its isolated protein moieties.

To test the effects of different salts on HDL stability, DSC
data were recorded from HDL solutions containing Na2PO4,
Na2SO4, KCl, NaCl, or LiCl. Figure 3A shows that identical
concentrations of different salts induced similar low-tem-
perature shifts in the calorimetric transitions. The only
exception is LiCl which is particularly destabilizing; for
example, 75 mM LiCl causes a decrease inT2 similar to
that caused by 150 mM NaCl, KCl, or Na2SO4 (Figure 3A).
Except for Li+, the effects of salt on HDL stability are not
specific to a particular mono- or divalent anion or monovalent
cation and do not clearly correlate with the ionic position in
the Hoffmeister series. This provides additional evidence for
the electrostatic rather than the hydrophobic effect of salt as
a driving force for HDL destabilization.

To further test the role of the hydrophobic effect on HDL
stability, we compared the effects of salt and sucrose on the
calorimetric transitions. In contrast to salt, sucrose reduces
water activity but not electrostatic interactions. TheCp(T)
data in panels A and B of Figure 3 were recorded from a
pool of particularly unstable HDL [T2 ) 106 °C in 10 mM
sodium phosphate buffer (pH 7.7) at a scan rate of 90°C/
h], which facilitated direct observation of the effect of sucrose
on T2; HDL from other pools exhibited similar trends. The
data in Figure 3B show that, in contrast to low-temperature
shifts in HDL transitions observed in 150 mM NaCl (T2 )
99°C), a high-temperature shift is detected in 75 mM sucrose

(T2 ) 110 °C), even though these solutions have similar
water activity. Consequently, HDL destabilization by salt
cannot result from the hydrophobic effect. Interestingly, in
the presence of both 150 mM NaCl and 75 mM sucrose, the
transition temperatureT2 ) 104 °C is an average between
the values measured in 150 mM NaCl (99°C) and 75 mM
sucrose (110°C); this suggests that the effects of salt and
sucrose are additive and hence occur independently (Figure
3B). In summary, HDL stabilization by sucrose is likely due
to the hydrophobic effect, while HDL destabilization by salt
is predominantly electrostatic.

Thermal Unfolding of HDL Proteins Monitored by Far-
UV CD. To test whether the heat-induced HDL fusion and
rupture, which were observed previously by DSC and EM
(32), involve protein unfolding, the far-UV CD signal at 222
nm, Θ222(T), was recorded upon HDL heating and cooling
from 5 to 98°C at a rate of 11 or 80°C/h. In low-salt buffer,
the CD melting data of intact HDL show only partial, low-
cooperativity, largely reversibleR-helical unfolding upon
heating to 98°C (32and references cited therein). In contrast,
in 150 mM NaCl or other salts, the unfolding shifts to lower
temperatures, becomes more complete, and shows hysteresis,
especially at slow scan rates, indicating thermodynamic
irreversibility (Figure 4A). Importantly, theΘ222(T) data in
Figure 4A show that reducing the scan rate from 80 to 11
°C/h causes a low-temperature shift in the heating curves of
approximately-10 °C. Such a scan rate dependence, which
was also observed in discoidal HDL (30, 38) and in spherical
plasma LDL (33), is a hallmark of slow irreversible transi-
tions with high activation energy (39).

Analysis of the shapes of the CD melting curves was
facilitated by utilization of long data accumulation times at
slow scan rates (5 min/K at a scan rate of 11°C/h) leading
to a low noise level in these data. TheΘ222(T) heating curves
recorded at 11°C/h of HDL in 150 mM NaCl [Figure 4A
(b)] or other salts suggest two consecutive transitions
centered nearT1 ) 65 °C andT2 ) 89 °C, as indicated by
the peak positions in the first-derivative function d[Θ222(T)]/

FIGURE 3: Effects of salts and sucrose on HDL stability monitored
by DSC. Heat capacityCp(T) was recorded upon heating at a rate
of 90 °C/h of HDL samples (4 mg/mL protein, standard buffer,
pH 7.7) that contain 0-150 mM various salts (A) and/or 75 mM
sucrose (B). Peak temperatures are indicated.

FIGURE 4: Thermal unfolding of HDL proteins monitored by far-
UV CD at 222 nm. (A) Effects of scan rate on the melting curves.
TheΘ222(T) data were recorded from intact HDL (20µg/mL protein,
150 mM NaCl in standard buffer at pH 7.7) upon heating and
cooling from 2 to 98°C at a rate of 80 (gray squares), 45 (white
triangles), or 11°C/h (black circles). Cooling curves and consecutive
heating and cooling data recorded from the same HDL sample fully
overlap similar data recorded at pH 5.7 (not shown) under otherwise
identical conditions. (B) First derivative, d[Θ222(T)]/dT, of the
heating data (top) and cooling data (bottom) that were recorded at
11 °C/h from HDL in 150 mM NaCl (panel A, black circles). Peak
temperatures are indicated.
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dT (Figure 4B, top). These CD transitions recorded at a scan
rate of 11°C/h correlate with the DSC data recorded at a
rate of 90°C/h in 150 mM NaCl (Figure 3). In fact, CD
melting curves shift by∼10 °C when the heating rate is
increased from 11 to 80°C/h (Figure 4A); thus, at 90°C/h,
the two CD transitions are expected to shift to approximately
T1 =75 °C andT2 =99 °C. This is in good agreement with
the peak temperaturesT1 =80 °C and T2 )99 °C (T2)
observed by DSC for HDL fusion and rupture at 90°C/h in
150 mM NaCl (Figure 3). Consequently, the two unfolding
transitions observed by CD correspond to the HDL transitions
observed by DSC.

In contrast to the heating curve of intact HDL, the CD
cooling curve shows one broad sigmoidal transition centered
near 57°C [Figure 4A (b) and Figure 4B (bottom)]. This
CD transition is reversible, since it remains invariant upon
repetitive heating and cooling of the same sample and is
independent of the scan rate. It clearly correlates with the
second DSC scan of HDL showing a reversible transition
around 55°C (Figure 2A, inset) that reflects reversible
folding and unfolding of dissociated apoA-1 in solution (31,
34). In summary, the two irreversible heat unfolding transi-
tions in intact HDL observed by far-UV CD correspond to
the calorimetric transitions and involve apolipoprotein dis-
sociation and consequent HDL fusion and rupture; further-
more, the single reversible transition observed in the cooling
CD curve and in repetitive CD and DSC scans reflects
folding and unfolding of dissociated apoA-1.

Thermal Unfolding Kinetics of HDL Proteins.Destabiliza-
tion at near-physiological salt concentrations, which causes
complete HDL protein unfolding below 100°C (Figure 4A),
was used to perform the first kinetic analysis of thermal
denaturation of plasma HDL. The time course of the HDL
protein unfolding in 150 mM NaCl, which was triggered by
a rapid temperature increase (T-jump) at time zero from 25
to 80-95 °C, was monitored by CD at 222 nm. Exponential
fitting of the Θ222(T) data (Figure 5A, solid lines) suggests
two unfolding phases: a faster phase with an exponential
relaxation timeτfast of ∼5 min and a slower phase with a

τslow of hours (the exact values ofτfast andτslow are donor-
dependent). Arrhenius plots (lnτ vs 1/T) for these two phases
are linear (Figure 5B) with slopes corresponding to the
following activation energies (enthalpies):Ea,slow ) 50 ( 7
kcal/mol andEa,fast= 0-15 kcal/mol; the accuracy of these
estimates incorporates the fitting errors and the deviations
among the data sets recorded for single-donor HDL from
four different donors.

To determine the physical origin of the two unfolding
phases, we used nondenaturing gel electrophoresis to analyze
the time course of the heat-induced protein dissociation and
lipoprotein fusion. The HDL sample containing 150 mM
NaCl was incubated at 85°C, and the aliquots taken at
different times during incubation were analyzed by using a
5 to 16% gradient polyacrylamide gel (Figure 6A) or an 8
to 25% PHAST gradient gel (not shown). Intact HDL show
two distinct bands on the 8 to 25% gel corresponding to two
major subclasses: HDL3 (d ) 7-8 nm, two apoA-1
molecules per particle) and HDL2 (d ) 9-13 nm, three to
four apoA-1 molecules per particle); these bands appear
merged on the 5 to 16% gel (lane 1 in Figure 6A), which
may result from nonuniform gradient formation by a manual
method. After incubation for 2-5 min at 85 °C (which
corresponds to an exponential relaxation timeτfast ) 5 min
for the fast unfolding phase determined by CD), no changes
in the particle size are observed (lanes 2 and 3 in Figure
6A). Thus, the fast unfolding phase is not accompanied by
any detectable protein dissociation or changes in lipoprotein
size. In contrast, incubation for 15 min to 3 h (which
encompassesτslow ) 75 min for the slow unfolding phase at
85 °C) leads to the gradual disappearance of the intact-size
HDL and to protein redistribution among two fractions: one
fraction corresponds to lipid-free or lipid-poor protein
dissociated from HDL and another to enlarged particles with
sizes ranging from∼12 to 18 nm that are apparent products
of HDL fusion (lanes 4-12 in Figure 6A). Further incubation
for up to 12 h does not lead to any additional changes (data
not shown). Western blotting showed concomitant dissocia-
tion of apoA-1 and apoA-2 during the slow phase (data not

FIGURE 5: Unfolding kinetics of HDL proteins monitored inT-jumps by CD at 222 nm. (A) Time course of HDL protein unfolding in 150
mM NaCl. Sample conditions are the same as those described in the legend of Figure 2. The unfolding was triggered at time zero by a rapid
increase in temperature from 25 to 80-95 °C; the final temperatures are indicated. Fitting of theΘ222(T) data by double exponentials (solid
lines) suggests two kinetic phases that occur on the time scale of minutes (fast) and hours (slow). The inset shows the initial portion of the
data showing the fast unfolding phase. (B) Arrhenius plots (lnτ vs 1/T) for τfast andτslow determined from the double-exponential fitting
of theΘ222(T) traces in panel A. Fitting of the Arrhenius plots forτfast andτslow by linear functions (solid lines) suggests that the activation
energies for the two kinetic phases are as follows:Ea,fast) 0-15 kcal/mol andEa,slow ) 50 ( 7 kcal/mol. The accuracy of these estimates
incorporates the fitting errors and the deviations among the four data sets recorded for single-donor HDL from four different donors. (C)
Relative amplitudesAfast andAslow of the two kinetic phases in HDL protein unfolding as a function of temperature. The amplitudes are
expressed as a fraction of the total loss in the magnitude of the CD signal at 222 nm during heat unfolding (A).
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shown). Thus, the fast phase involves partial protein unfold-
ing but no dissociation or HDL remodeling, whereas the slow
phase involves complete protein unfolding, dissociation of
a fraction of apoA-1 and apoA-2 from HDL, and concomitant
HDL fusion.

To further test the origin of the two kinetic phases, we
used negative staining EM to monitor the time course of the
heat-induced changes in lipoprotein morphology. The HDL
sample containing 150 mM NaCl was incubated at 85°C,
and the aliquots taken at different times during incubation
were visualized. Intact HDL appear as round-shaped particles
with an average diameter of 9.9( 0.2 nm, which is typical
for humans (Figure 6B). After incubation for 5 min at 85
°C (which corresponds toτfast), no changes in the particle
size are observed by EM (data not shown), which is
consistent with the results of nondenaturing gel electrophore-
sis (lanes 2 and 3 in Figure 6A). In contrast, incubation for
75 min (τslow) leads to an increase in the average particle
diameter to 15.5( 0.2 nm due to fusion (Figure 6C). This
result is consistent with gel electrophoresis of this sample
showing enlarged particles ranging in size from∼12 to 18
nm (lane 8, Figure 6A). Taken together, our far-UV CD,
gel electrophoresis, and EM data show that the fast kinetic
phase involves partial unfolding of the HDL-anchored protein
but no lipoprotein remodeling, while the slow kinetic phase
involves complete protein unfolding, partial dissociation of
apoA-1 and apoA-2 from HDL, and concomitant lipoprotein
fusion.

The two kinetic phases in HDL protein unfolding have
comparable CD amplitudes (Figure 5C), suggesting that
apoA-1 (which constitutes∼70% of HDL helical structure)
significantly contributes to each of these unfolding phases.
One possibility is the presence of two distinct comparable
size populations of apoA-1 on HDL differing in conformation
and/or interactions with apoA-2 (40 and references cited
therein). Another possibility is that different parts of the
apoA-1 molecule dissociate and unfold at different rates:
unfolding of the N-terminal and central part (which have
relatively low lipid binding affinity) may contribute to the
fast unfolding phase, followed by unfolding of the more
tightly bound C-terminal part and protein dissociation during
the slow phase.

Our results suggest that one population of apoA-1 (or one
part of the apoA-1 molecule, probably its N-domain) unfolds
relatively fast at high temperatures, implicating a relatively

small free energy barrier (∆G* fast). This barrier (∆G* fast )
∆H* fast - T∆S* fast) has a small enthalpic component (∆H* fast

= Ea,faste 15 kcal/mol) (Figure 5B), which implies relatively
small transient disruption of protein and lipid packing
interactions; this is consistent with the absence of any
significant protein dissociation or changes in the lipoprotein
morphology detected in this phase. In contrast, unfolding of
the remaining protein fraction (or of the remaining part of
apoA-1, probably its C-domain) is relatively slow and hence
involves a higher free energy barrier [∆G* slow - ∆G* fast )
RT ln(τslow/τfast)]. The high activation energy of the slow
phase (Ea,slow = 50 kcal/mol) reflects transient disruption of
extensive interactions during protein dissociation and HDL
fusion observed in this phase (Figure 6). This value is
comparable to the activation energy of 60-70 kcal/mol
reported for desorption of apoA-1 from model discoidal HDL
(25, 38).

In summary, far-UV CD, gel electrophoresis, and EM data
suggest two alternatives. In the first scenario, there are two
distinct populations of apoA-1 on HDL: one population can
readily unfold without dissociating from HDL, while the
other forms extensive contacts on HDL in its folded state
and is essential for the integrity of the particle. The difference
between the two populations may be due to the conforma-
tional heterogeneity of apoA-1 on HDL, to different modes
of apoA-1-lipid interactions (40 and references cited
therein), and/or to interactions of a fraction of apoA-1
molecules with apoA-2 that reportedly prevents dissociation
of apoA-1 from HDL (41). Alternatively, our results suggest
sequential unfolding and dissociation of the putative N- and
C-domains in apoA-1 (42).

DISCUSSION

Our results show that mature human HDL in low-salt
solutions are highly thermostable: heating at 90°C/h leads
to protein dissociation and unfolding and consequent HDL
fusion and rupture atT1 =90 °C and T2 =106-115 °C
(Figures 2A and 3, black lines). Slow rates of these transitions
[which occur on a time scale of minutes to hours (Figure
5A) as compared to the nano- to millisecond time scale
typical for helix-to-coil transition in solution (43)] are
consistent with the slow transition rates observed in chemical
denaturation of HDL and confirm that HDL are stabilized
by high free energy barriers (30). Although kinetic stability
has been proposed to provide a universal natural strategy

FIGURE 6: Time course of the heat-induced protein dissociation and HDL fusion monitored by nondenaturing gel electrophoresis (A) and
negative staining electron microscopy (B and C). Each HDL sample (1 mg/mL protein, 150 mM NaCl, standard buffer, pH 7.7) was
subjected to a temperature jump from 25 to 85°C; exponential relaxation times for the protein unfolding in such aT-jump determined by
far-UV CD are as follows:τfast ) 5 min andτslow ) 75 min. (A) Nondenaturing 5 to 16% polyacrylamide gradient gel electrophoresis
showing intact HDL (lane 1), HDL incubated at 85°C for 2 (lane 2), 5 (lane 3), 15 (lane 4), 30 (lane 5), 45 (lane 6), 60 (lane 7), 75 (lane
8), 100 (lane 9), 120 (lane 10), 150 (lane 11), and 180 min (lane 12), and high-molecular weight standards with Stokes diameters in
nanometers (lane 13). Negative staining EM of intact HDL (B) and of HDL incubated at 85°C for 75 min (C). Sample conditions are the
same as those described for panel A.
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for stabilizing macromolecular complexes (44), to our
knowledge, this is the first report of a kinetically stable
macromolecular complex that is highly thermostable.

Since HDL are heterogeneous complexes that can ex-
change their protein and lipid constituents, factors other than
specific packing of apolar groups must contribute to their
high thermostability. Our results reveal that electrostatic
interactions are among these factors. Several lines of evidence
indicate that the destabilizing effect of salt on HDL observed
by DSC and far-UV CD (Figures 2A and 4A) is due to ionic
screening of favorable electrostatic interactions. First, at salt
concentrations that destabilize HDL (10-2-10-1 M, Figure
2B), the effects of salt on macromolecular stability are
dominated by ionic screening; in contrast, specific ion
binding usually occurs at lower salt concentrations (<10-3

M), while the hydrophobic effect of salt becomes predomi-
nant at higher concentrations (>0.1 M) (37, 45). Exponential
saturation of the salt effect on HDL stability (Figure 2B) is
also consistent with Debye-Huckel screening by diffuse
counterions (36). Furthermore, opposite effects of salt
(destabilizing) and sucrose (stabilizing) argue against the
hydrophobic effect of salt as a driving force for HDL
destabilization (Figure 3B). The lack of Hoffmeister-type
effects on HDL stability also argues against the hydrophobic
effect of salt, while comparable effects of different salt ions
on HDL stability suggest nonspecific ionic interactions
(Figure 3A). Taken together, these results indicate that HDL
destabilization by salt is due to ionic screening of favorable
electrostatic interactions.

What is the nature of these favorable interactions? Since
changes in pH from 5.7 to 7.7, and hence in the net charge
on HDL, have no significant effect on HDL stability [as
indicated by the overlapping DSC and far-UV CD data
recorded at pH 5.7 (not shown) and pH 7.7 (Figures 2-4)],
these interactions must be short-range. Furthermore, since
charge-charge interactions are most susceptible to ionic
screening (36, 37) and since most HDL charges are located
on the protein, it is likely that the short-range Coulombic
protein-protein interactions such as salt bridges significantly
enhance HDL stability. Similarly, thermophilic proteins,
which have a high charged residue content, are stabilized
by extensive networks of highly optimized surface salt
bridges (46-49), particularly intrahelical salt bridges (50).
A high content of charged residues and their specific
distribution in apolipoproteinR-helices may also facilitate
formation of stabilizing intra- and interhelical salt bridge
networks on the HDL surface. Additional HDL stabilization
may result from favorable interactions between the basic
protein groups and anionic phospholipids that are present in
small amounts on HDL and possibly contribute to the donor-
specific differences in HDL stability observed in low-salt
solutions. At near-physiological salt concentrations, these
favorable electrostatic interactions are largely screened out
and may not significantly contribute to HDL stability.

In contrast to spherical plasma HDL, model discoidal HDL
have moderate thermal stability that may be enhanced or
diminished by salt ions depending on the composition of the
particle (21). One possible explanation of this difference in
the thermal stability and salt sensitivity of HDL disks and
spheres is that the proteinR-helices in discoidal HDL are
mainly confined to the disk perimeter while the protein
conformation at the surface of spherical HDL is probably

less constrained (6-9) (Figure 1). This may alleviate the
repulsion among the closely spaced basic residues located
in the low-dielectric environment at the lipid-water interface
(21) and lead to a highly optimized surface charge distribu-
tion that stabilizes spherical particles. Partially buried surface
salt bridges, which may be different in HDL disks and
spheres, may also contribute to the differences in stability
and salt sensitivity of these particles. In addition, anionic
phospholipids, which are present in small amounts in plasma
HDL but not in our disk preparations, may form stabilizing
interactions with the basic apolipoprotein residues and hence
contribute to the high thermostability of human plasma HDL.

In summary, our results reveal that high thermal stability
of human plasma HDL in low-salt solutions is due, in part,
to optimized electrostatic interactions. Screening of these
favorable interactions by salt ions destabilizes HDL and
facilitates the first CD spectroscopic analysis of HDL protein
unfolding below 100°C. The two kinetic phases detected
by this analysis at near-physiological salt concentrations can
be explained by sequential unfolding and dissociation of the
N- and C-terminal portions of apoA-1 on HDL or by the
presence of two distinct populations of apoA-1 on HDL. The
N-domain of apoA-1 (or protein subpopulation) that gives
rise to the fast unfolding phase can undergo a change in its
conformation while remaining anchored to HDL. Such
conformational plasticity of apoA-1 is thought to be respon-
sible for its ability to adapt to different-sized HDL and for
providing structural integrity to HDL during metabolic
remodeling (51). The C-domain of apoA-1 (or protein
subpopulation) that gives rise to the slow unfolding phase
forms extensive contacts on HDL, which is evident from
the high activation energy of its dissociation and unfolding
(Ea,slow = 50 kcal/mol); this high activation energy also has
a contribution from the transient disruption of lipid-lipid
interactions during HDL fusion that is observed in this phase
(Figure 6). Similarly, a high activation energy may be
involved in HDL remodeling by plasma enzymes, since this
remodeling often involves proteolysis, phospholipid lipolysis,
or apolar lipid transfer which creates an imbalance between
the polar HDL surface and its apolar core, leading to HDL
fusion. Heat- or denaturant-induced protein dissociation from
HDL may lead to a similar imbalance and fusion (32) and,
hence, may mimic aspects of enzymatic HDL remodeling.

The results of this study further support an inverse
correlation between lipoprotein stability and salt sensitivity:
highly thermostable complexes such as spherical plasma
HDL are strongly destabilized by salt, while less stable model
discoidal HDL are progressively stabilized by salt (21). A
similar inverse correlation between salt sensitivity and
thermal stability was observed in several families of meso-
philic, thermophilic, and superthermophilic protein homo-
logues, including cold shock proteins, chemotaxis proteins,
and ribonuclease H (37). Our results suggest that this
correlation may be a general electrostatic phenomenon that
applies not only to thermodynamically stable globular
proteins but also to kinetically stable macromolecular
complexes such as HDL.
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