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SUMMARY
High-density lipoproteins (HDL) are complexes of proteins (mainly apoA-I and apoA-II) and lipids
that remove cholesterol and prevent atherosclerosis. Understanding distinct properties of the
heterogeneous HDL population may help develop new diagnostic tools and therapies for
atherosclerosis. Mature human HDL form two major subclasses differing in particle diameter and
metabolic properties, HDL2 (large) and HDL3 (small). These subclasses are comprised of HDL(A-
I) containing only apoA-I, and HDL(A-I/A-II) containing apoA-I and apoA-II. ApoA-I is strongly
cardioprotective, yet the smaller, more hydrophobic apoA-II has unclear function. ApoA-II is thought
to counteract the cardioprotective action of apoA-I by stabilizing HDL particles and inhibiting their
remodeling. To test this notion, we performed the first kinetic stability study of human HDL
subclasses. The results revealed that the stability of plasma spherical HDL decreases with increasing
particle diameter; this may facilitate preferential cholesterol ester uptake from large lipid-loaded
HDL2. Surprisingly, size-matched plasma HDL(A-I/A-II) showed comparable or slightly lower
stability than HDL(A-I); this is consistent with the destabilization of model discoidal HDL observed
upon increasing A-II/A-I ratio. These results clarify the roles of the particle size and protein
composition in HDL remodeling and help reconcile conflicting reports regarding the role of apoA-
II in this remodeling.
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INTRODUCTION
High-density lipoproteins (HDL) are macromolecular complexes differing in shape (nascent
discoidal or mature spherical), diameter (7−12 nm), density (1.21−1.063 g/ml), protein and
lipid composition, and function (recently reviewed in1-3). Plasma levels of HDL, HDL
cholesterol (mainly in the form of cholesterol esters (CE) sequestered in the particle core), and
the major HDL protein, apolipoprotein A-I (apoA-I), correlate inversely with the development
of coronary artery disease, making HDL an attractive therapeutic target (4,5 and references
therein). Cardioprotective action of HDL and apoA-I is attributed mainly to their central role
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in the reverse cholesterol transport (RCT), which is the sole pathway of cholesterol removal,
along with their antioxidant, anti-inflammatory and anti-apoptotic action.6,7 Efforts to design
new diagnostic tools and therapies for atherosclerosis to complement statins, low-density
lipoprotein lowering drugs, have focused on raising HDL quantity and, most recently, quality.
1-5 This necessitates understanding of the distinct functional properties of the heterogeneous
HDL population. Our goal is to provide the physicochemical basis for understanding aspects
of functional remodeling of human HDL differing in particle size and protein composition.

HDL heterogeneity reflects multiple stages of HDL remodeling in RCT.8 At an early stage,
interaction of lipid-poor apoA-I with the plasma membrane, mediated by the ATP-binding
cassette transporter A-1, leads to the formation of nascent discoidal HDL. These small particles
are comprised of a cholesterol-containing phospholipid bilayer and two copies of apoA-I whose
amphipathic α-helices wrap around the disk perimeter, conferring particle stability and
solubility (reviewed in 9). Nascent HDL form preferred substrates for lecithin : cholesterol
acyltransferase (LCAT) that is activated by apoA-I and, to a lesser extent, by other
exchangeable (water-soluble) apolipoproteins. Apolar CE produced by LCAT move to the
particle interior, converting disks to small spheroid HDL3 (d=7−9 nm, two copies of apoA-I
per particle) (Fig. 1). Upon further action of LCAT and other plasma factors, such as CE and
phospholipid transfer proteins, small HDL3 are converted to larger HDL2 particles (d=10−12
nm, three-to-four copies of apoA-I per particle). Conversion of HDL3 to HDL2 involves
lipoprotein fusion and dissociation of lipid-poor apoA-I that re-enters RCT.8 After further
remodeling, large HDL2 upload their cargo of CE to the liver via the selective uptake of apolar
lipids mediated by the scavenger receptor SR-BI.11 At this final step, HDL disintegrate and
the dissociated apolipoproteins re-enter RCT or are catabolized.

In addition to apoA-I (243 a. a.) that comprises ∼70% of the total HDL protein mass, nearly
20% of the protein in human HDL is comprised of apoA-II (an S-S-linked dimer of two 77 a.
a. molecules). These two major HDL proteins are distributed on two HDL subclasses: HDL
(A-I) that contain apoA-I only, and HDL(A-I/A-II) that contain both apoA-I and apoA-II in an
approximately 2:1 molar ratio.12 In contrast to apoA-I, whose cardioprotective action is well
established, the function of apoA-II on HDL remains controversial.13-15 Mouse model studies
yielded conflicting results that, depending on the model, suggested pro- or anti-atherogenic
properties of apoA-II (16,17 and references therein). Until recently, the consensus was that
apoA-II is a poor cardioprotector and may even be pro-atherogenic;13,14 however, recent
epidemiologic studies report that apoA-II is cardioprotective.15,17,18 Furthermore, apoA-II
has been proposed to counteract the atheroprotective effects of apoA-I via several mechanisms,
including inhibition of various steps of HDL remodeling in RCT;14,19-22 however, not all
reports claim that apoA-II inhibits HDL remodeling (reviewed in15). For example, some
studies report that apoA-II prevents HDL remodeling and dissociation of lipid-poor apoA-I,
19,21 which is the primary acceptor of cell cholesterol,22 while others report that apoA-II
promotes such remodeling23 and may provide a reservoir of easily exchangeable apoA-I.24
The latter is consistent with the well-established ability of apoA-II to displace apoA-I from
HDL.25 This and other conflicting evidence suggests that apoA-II plays a complex role in
modulating metabolic remodeling of HDL, which may depend on the experimental system.15

We postulate that the effects of apoA-II on HDL remodeling and stability may be closely
related. In fact, HDL remodeling in vivo by plasma factors and in vitro by thermal, chaotropic,
detergent and other perturbations involves similar morphologic transitions, such as protein
dissociation and lipoprotein fusion followed by rupture and release of apolar core lipids.
Consequently, HDL remodeling in vivo and in vitro may be modulated by similar kinetic
barriers.26-31 Therefore, analysis of the effects of apoA-II on HDL stability may help to better
understand the role of this enigmatic protein in metabolic remodeling of HDL.
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ApoA-II is widely believed to enhance HDL stability. Compared to apoA-I and other
exchangeable apolipoproteins, apoA-II is thought to have higher lipid binding affinity and be
practically non-exchangeable under normal physiologic conditions (reviewed in31), even
though it readily dissociates from the particle surface in mice overexpressing human apoA-
II16 or in reconstituted HDL (rHDL).32 Increased lipid binding affinity of apoA-II is attributed
to the high hydrophobicity of its amphipathic α-helices that have ∼50% apolar surface, as
compared to ∼30% in apoA-I and other exchangeable apolipoproteins.33 This may facilitate
deeper penetration of the apoA-II helices into the phospholipid surface and their longer
retention in this surface. In fact, earlier stability studies of mature plasma HDL showed that
apoA-II dissociation starts at higher denaturant concentrations and higher temperatures than
that of apoA-I.34,35 This lead to a widely accepted notion that apoA-II stabilizes HDL
assembly and inhibits its remodeling; however, no comparative stability studies of plasma
spherical HDL(A-I) and HDL(A-I/A-II) have been reported to substantiate this notion.
Moreover, contrary to this notion, studies by Swaney and Palmieri suggested that A-II does
not stabilize the HDL structure through interactions with A-I.36 Furthermore, the existing
report on the stability of model spherical rHDL(A-I) and rHDL(A-I/A-II)37 should be treated
with caution, since it relied on thermodynamic “end-point” measurements after incubation with
denaturant, an approach that may not apply to lipoproteins whose stability is under kinetic
control.26,27,30 Thus, to our knowledge, there is no strong experimental support for the
stabilizing role of apoA-II on spherical HDL.

Moreover, several studies of discoidal rHDL clearly showed that the binary complexes
containing model phospholipid dimyristoyl phosphatidylcholine (DMPC) and apoA-II are less
stable than similar complexes containing apoA-I.32,38 The rank order of the disk stability, A-
I > A-IIdimer > A-IImonomer ≥ C-I, correlated with the protein size rather than hydrophobicity,
which was attributed to higher enthalpy of dissociation of larger proteins from the particle
surface.32 This is consistent with a report that addition of apoA-II to discoidal rHDL(A-I)
destabilizes apoA-I on the hybrid rHDL(A-I/A-II) particles.24 The results of these and other
rHDL disk studies36 challenge the stabilizing role of apoA-II on HDL and suggest that the
effect of apoA-II on the stability of spherical HDL should be re-evaluated.

Here, we report the first kinetic stability study of human plasma HDL(A-I) and HDL(A-I/AII),
as well as of HDL2 and HDL3. Despite distinct differences in protein and lipid composition,
function, and cardioprotective properties of the larger, more buoyant, lipid-rich HDL2 and
smaller, denser, protein-rich HDL3,1,3,8,10,39-42 their stability studies have been limited to
one work that used “end-point” measurements after incubation with Gdn HCl and reported
higher stability of larger particles.43 Our results show that, contrary to the existing notions, i)
the stability of plasma spherical HDL increases with decreasing particle size, and ii) compared
to apoA-I, apoA-II has no detectable stabilizing effect on plasma spherical HDL and has a clear
destabilizing effect on model discoidal rHDL, which increases with increasing A-II/A-I ratio.
These results prompt us to re-evaluate the roles of particle size and protein composition in HDL
stability, and help reconcile some of the conflicting reports on the role of apoA-II in HDL
remodeling.

RESULTS
Effects of particle size on the stability of plasma spherical HDL

First, we analyzed thermal denaturation of human plasma HDL2 and HDL3 that were isolated
by density centrifugation (Fig. 2A).44 In kinetic experiments, HDL denaturation was triggered
by a rapid temperature increase (T-jump) from 25 °C to a higher constant value, and the time
course of α-helical protein unfolding was monitored by circular dichroism (CD) spectroscopy
at 222 nm. Thermal unfolding of HDL proteins has two-phase kinetics: the first (fast) phase
corresponds to unfolding of HDL-anchored protein, and the second (slow) phase involves
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dissociation of a protein fraction and particle fusion followed by rupture.29 The results in Fig.
2B showed that, at any temperature explored, the second unfolding phase is faster in HDL2
than in HDL3, implying that HDL2 are remodeled faster and thus are less stable than HDL3
(Fig. 2B). This was confirmed by the melting data recorded during HDL heating at a constant
rate by far-UV CD for protein unfolding, by 90° light scattering for changes in the particle size,
and by differential scanning calorimetry (DSC) for the heat effects of HDL transitions (Fig.
2C, D). The heat capacity data in Fig. 2D (recorded from HDL in low-salt solution at 90 °C/h
heating rate) showed two peaks. The first peak reflects apoA-I dissociation and HDL fusion
into larger lipoprotein-like particles, and the second sharper peak reflects particle rupture, i.e.
release of core lipids that coalesce into large droplets accompanied by dissociation of apoA-I
and apoA-II (29,35 and references therein). In HDL2, these transitions occurred at lower
temperatures compared to HDL3; for example, rupture was centered at 107 °C in HDL2 and
114 °C in HDL3 (Fig. 2D). Earlier, we showed that the temperatures of HDL fusion and rupture
decrease upon i) reduction in the heating rate, which is characteristic of slow kinetically
controlled reactions with high activation energy,26,29 and ii) increasing salt concentrations to
near-physiologic range, and thereby shielding favorable electrostatic interactions on HDL.29
Here, to reduce the temperature of HDL transitions below 100 °C (i.e., to the range observable
by spectroscopy), we reduced the heating rate to 6 °C/h and increased the salt concentration
to 150 mM NaCl. The resulting CD (not shown) and 90° light scattering melting data (Fig. 2C)
were consistent with the DSC data and showed lower transition temperatures for HDL2 as
compared to HDL3. For example, a large increase in the light scattering corresponding to
HDL2 rupture and lipid coalescence into large droplets was observed above 90 °C, whereas
HDL3 rupture did not occur until above 100 °C under these conditions (Fig. 2C, grey and black
lines). Taken together, the results in Fig. 2 clearly show that HDL2 are less stable than
HDL3.

Next, the time course of protein dissociation and particle remodeling was analyzed by
nondenaturing polyacrylamide gel electrophoresis (PAGE) (Fig. 3A). HDL2 and HDL3 were
incubated at 85 °C and the aliquots taken after 1−60 min of incubation were analyzed. In
HDL2, progressive protein dissociation was accompanied by an increase in the particle size
due to fusion (Fig. 3A) and, eventually, rupture (observed by electron microscopy, data not
shown). Interestingly, in HDL3 these transitions were preceded by an additional step that
converted small HDL3 into larger HDL2-size particles (Fig. 3A). This additional step, which
mimics aspects of HDL3 fusion into HDL2 during RCT,27 is probably responsible for the
higher stability of HDL3 compared to HDL2 (Fig. 2).

Protein dissociation during incubation at 85 °C was further analyzed by Western blotting using
antibodies against apoA-I (not shown) and apoA-II (Fig. 3B). Dissociated protein that was first
observed by non-denaturing PAGE after 1 min incubation in HDL2 and after 2 min in HDL3
(Fig. 3A) was apoA-I, while dissociated apoA-II was not detected until 20 min of incubation
in HDL2 and 30 min in HDL3 (Fig. 3B). Thus, the protein that dissociated from HDL during
the first 10−15 min of incubation at 85 °C was a fraction of apoA-I, followed by further
dissociation of apoA-I and apoA-II. This is consistent with the earlier studies showing two
distinct stages in HDL denaturation corresponding to two calorimetric transitions (Fig. 2C). In
the first transition, dissociation of a sub-population of apoA-I causes HDL fusion, and in the
second transition, further dissociation of apoA-I and apoA-II causes HDL rupture and release
of apolar lipids.29,35 Moreover, the results in Fig. 3 confirm that HDL3 are more stable than
HDL2 and show that, despite relative enrichment of HDL3 in apoA-II,10 apoA-II dissociates
from HDL3 slower than from HDL2 (Fig. 3B).

Does higher stability of HDL3 result from their smaller size or from their enrichment in apoA-
II? To test the effects of particle size, HDL were separated by density centrifugation into
multiple fractions from 1.08−1.21 g/mL (Fig. 4A). Higher-density lipoproteins are smaller,
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since proteins are denser than lipids, and the protein:lipid ratio increases with surface:volume
ratio since proteins are located on the surface whereas lipids form the particle core. The thermal
stability of each fraction was assessed in kinetic and melting experiments by far-UV CD, 90°
light scattering and turbidity (Fig. 4). The melting data in Fig. 4B, C were recorded at a very
slow heating rate (6 °C/h), facilitating the observation of HDL rupture below 100 °C. The
results clearly show that the smaller the particle, the higher the rupture temperature (Fig. 4B,
C) and the slower the protein unfolding (Fig. 4D). Therefore, smaller spherical HDL are more
stable than their larger counterparts.

Effects of A-II on the stability of plasma spherical HDL
To differentiate between the effects of the particle diameter and apoA-II content, HDL2 and
HDL3 were isolated by density centrifugation, followed by immunoaffinity chromatography
to separate HDL3(A-I/A-II) from HDL3(A-I).12 Size homogeneity of the final preparations
was confirmed by non-denaturing PAGE and by negative staining electron microscopy (EM);
protein composition was confirmed by sodium dodecyl sulfate (SDS) and by non-denaturing
PAGE followed by Western blotting using antibodies for apoA-I or apoA-II (Fig. 5A). Analysis
by CD, light scattering and turbidity in melting and kinetic experiments showed that the
stability of HDL3(A-I/A-II) was comparable or slightly lower that that of HDL3(A-I) (Fig. 5B-
D). Similarly, the stability of HDL2(A-I/A-II) was comparable to that of HDL2(A-I); a similar
effect was observed in total HDL (data not shown). We conclude that, contrary to the accepted
notion, apoA-II has no detectable stabilizing effect on plasma spherical HDL(A-I/A-II) as
compared to size-matched HDL(A-I). Therefore, higher stability of HDL3 may not result from
their enrichment in apoA-II as compared to HDL2.

Effects of A-II on the stability of reconstituted discoidal HDL
The absence of a stabilizing effect of apoA-II on plasma spherical HDL is consistent with
earlier studies of discoidal rHDL reconstituted from model phospholipids such as DMPC (14:0,
14:0) and apoA-I and/or apoA-II, which provide simple structural and functional models for
nascent HDL.24,32,36,38 Thermal denaturation of the apoA-I:DMPC and apoA-II:DMPC
binary discoidal complexes showed that the former are more stable,32,38 a result that is
independent of the disk diameter.46 To test whether this result extends to ternary complexes
of DMPC with apoA-I and apoA-II, we prepared such hybrid complexes varying in A-II:A-I
molar ratio.24 EM analysis of these hybrid particles confirmed that the disk size and
morphology remained invariant upon addition of apoA-II; protein composition of these hybrid
disks was confirmed by Western blotting (not shown). Melting data of these rHDL(A-I/A-II)
disks, taken together with similar data of rHDL(A-I) and rHDL(A-II) disks, as well as their
kinetic T-jump data showed a clear trend: the higher the apoA-II content the lower the disk
stability (Fig. 6).

This result is consistent with stability studies by Durbin and Jonas who used discoidal rHDL
with lipid composition ((16:0,18:1)-PC and cholesterol) that was representative of plasma
HDL; incorporation of increasing amounts of apoA-II into these apoA-I-containing rHDL
reportedly destabilized the apoA-I molecule and eventually displaced it from the rHDL surface.
24 In summary, our results using discoidal rHDL showed that the disk stability gradually
decreases with increasing apoA-II/apoA-I ratio, a result that is consistent with the earlier
studies.24,32,38 Taken together, our stability studies of plasma spherical and model discoidal
HDL (Fig. 5, 6) refute the widely accepted notion of specific stabilizing interactions formed
by A-II on HDL.
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DISCUSSION
Large lipid-loaded HDL are less stable: Physical origins and functional implications

Our studies of human HDL have revealed that smaller spherical particles are more stable than
their larger, lipid-loaded counterparts. This is evident from far-UV CD, 90° light scattering,
turbidity, DSC and non-denaturing PAGE data showing slower denaturation kinetics and
higher apparent temperatures of fusion and rupture in smaller particles (Fig. 2, 4). Higher
stability of smaller particles is consistent with an additional denaturation step observed by non-
denaturing PAGE in HDL3, i.e. fusion of HDL3 into HDL2-size particles (Fig. 3). The kinetic
barrier associated with this step probably decelerates HDL3 disintegration and thereby
increases HDL3 stability as compared to HDL2. Increased stability of HDL3 does not result
from their enrichment in apoA-II, since our melting and kinetic data clearly show that the
stability of HDL3(A-I/A-II) is comparable or lower than that of HDL3(A-I) (Fig. 5). Therefore,
higher stability of smaller HDL must result from other factors; these may include higher
surface-to-core and protein-to-lipid ratios in smaller particles, as well as their distinct lipid
composition. Thus, compared to large HDL, small HDL have reduced content of
sphingomyelin and increased content of free fatty acids,41, 47 which may affect particle fusion
and rupture.

Increased stability of smaller particles reported here is consistent with recent study by Pownall
and colleagues of HDL disruption by streptococcal serum opacity factor that causes HDL
fusion and dissociation of an fraction of apoA-I; the authors use kinetic approach to show that
smaller HDL undergo slower disruption and fusion than their larger counterparts.48 This
suggests that increased stability of smaller particles is not limited to thermal denaturation but
extends to HDL perturbation by other factors.

The rank order of particle stability reported here, HDL3>HDL2, is consistent with distinct
functional properties of these HDL subclasses (1,8,41 and references therein). Small protein-
rich HDL play dominant roles at early stages of RCT as preferential acceptors of cell cholesterol
and substrates for LCAT, while large CE-loaded HDL2 bind with higher affinity to SR-BI
receptor at the final stage of RCT; this high-affinity binding was proposed to promote selective
CE uptake from lipid-rich over lipid-poor HDL.49,50 We propose that receptor-mediated
selective uptake of apolar lipids resembles aspects of HDL rupture upon denaturation, since
both these reactions involve HDL disintegration, release of apolar lipids and dissociation of
apoA-I and apoA-II.51 Thus, reduced stability of HDL2 (i.e., increased propensity to fuse and
rupture), together with their increased affinity for HDL receptor,49 may contribute to
preferential lipid uptake from these large CE-loaded particles over their smaller protein-rich
counterparts.

This argument may not apply to discoidal particles containing only a few molecules of CE.
Such rHDL were used to assess the influence of particle size on SR-BI-mediated selective
uptake of CE.50 The results showed comparable efficiency of CE uptake from large and small
particles, which is consistent with comparable stability of rHDL disks of different diameters
reported in our work (46 and references therein). This suggests that the size of spherical, but
not necessarily discoidal, HDL (i.e., the size of the HDL core) is an important determinant of
the particle stability and the efficiency of CE uptake.

Recently, we proposed an inverse correlation between HDL stability and function: less stable
HDL and their precursors tend to undergo faster metabolic remodeling at early stages of RCT,
which may accelerate cholesterol removal and benefit cardioprotection.46,51,52 The results
reported here support this notion and extend it to the final stage of RCT. In fact, according to
epidemiological studies, HDL2 are more cardioprotective than HDL3 (1,39,40,42 and
references therein), which may result, in part, from the enhanced ability of HDL2 to mediate
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cell cholesterol efflux and CE uptake via the SR-BI receptor.42,49 We propose that reduced
stability of HDL2 revealed in this work (Fig. 2-4) may accelerate these and other functional
reactions in RCT and thereby contribute to the strong cardioprotective action of HDL2.

ApoA-I stabilizes HDL at least as well as apoA-II
Our studies of plasma spherical HDL clearly show that HDL(A-I/A-II) have comparable or
slightly lower stability than the size-matched HDL(A-I) (Fig. 5). Although this result
challenges the widely accepted notion of the stabilizing role of apoA-II on HDL, it is consistent
with the earlier studies of discoidal rHDL24,32,36,38 and with our current data showing that
the higher the AII/A-I ratio, the lower the disk stability (Fig. 6). Taken together, these results
refute supposed specific stabilizing effects of apoA-II on HDL disks or spheres, such as the
formation of salt bridges between apoA-I and apoA-II, which were proposed to stabilize HDL
assembly and inhibit its remodeling.21 Thus, the inhibitory effects of apoA-II on HDL
remodeling by plasma factors, such as LCAT and lipid transfer proteins,14,19-21 may not
result from the direct stabilizing action of apoA-II on HDL. Possible reasons for these effects
may include conformational changes in apoA-I induced by apoA-II, including partial or
complete displacement of apoA-I from the HDL surface, which may hinder LCAT activity,
23,24 competition between apoA-II and apoA-I for binding to LCAT and other plasma factors,
etc.

In this and other studies showing destabilization of discoidal rHDL upon increasing apoA-II/
apoA-I ratio, this ratio varied from 100% apoA-II to 100% apoA-I (Fig. 6). In comparison, in
human spherical HDL(A-I/A-II) that contain approximately 2 mol apoA-I per 1 mol apoA-II,
12 apoA-II comprises only about 24% of the total protein mass. This may partially explain
why the observed difference in stability of size-matched human HDL(A-I) and HDL(A-I/A-
II) is very small (Fig. 5). Artificial enrichment of human HDL(A-I/A-II) with A-II may increase
this difference and help directly compare the effects of high apoA-II content in HDL disks and
spheres. However, the results in Fig. 5 clearly show that at physiologic A-II/A-I ratios, apoA-
I on human HDL is at least as stabilizing as apoA-II.

How can one reconcile the lack of apoA-II-induced HDL stabilization with the high
hydrophobicity of this protein? Although the fraction of the apolar α-helical surface (thought
to form the lipid binding site in the exchangeable apolipoproteins) is larger in apoA-II (about
1/2 as compared to 1/3 in apoA-I), the total helical length is smaller in this smaller protein (18
kD as compared to 28 kD for apoA-I). As a result, the total apolar helical area is comparable
in apoA-II and apoA-I, which is consistent with comparable stability of plasma HDL(A-I/A-
II) and HDL(AI) (Fig. 5).

How can one reconcile the lack of stabilizing effects of apoA-II on HDL(A-I/A-II) with the
observation that apoA-I starts dissociating from these particles at lower temperatures and lower
denaturant concentrations as compared to apoA-II?34,35 ApoA-I forms two distinct
populations on plasma HDL that manifest themselves in two consecutive transitions observed
by DSC, CD, light scattering and EM (Fig. 2B, C, Fig. 5B, C): a labile population that
dissociates concomitantly with HDL fusion, and a tightly bound population that dissociates
upon HDL disintegration, rupture and release of apolar core (reviewed by Pownall and
Ehnholm31). Even though apoA-II does not dissociate from HDL until particle rupture,29,
34,35 our results show that the presence of apoA-II on human HDL has no large effect on either
the fusion or the rupture transition (Fig. 5). Therefore, HDL fusion and rupture are apparently
driven by apoA-I dissociation, while apoA-II plays the role of a “passive bystander” rather
than an important stabilizing factor in these transitions. This conclusion is consistent with the
notion that apoA-I is a key determinant of the structural and functional properties of HDL
subclasses, whereas apoA-II is probably a modulator of RCT rather than its strong determinant.
15,31
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Roles of the particle size and apoA-II content in HDL stability
In summary, our results show, for the first time, that the stability of human plasma HDL i)
decreases with increasing particle diameter, and ii) is comparable for size-matched HDL(A-I)
and HDL(A-I/A-II). This shifts our understanding of the key determinants for the stability and
remodeling of human HDL and suggests that, in mature human HDL of normal composition,
the particle diameter but not the apoA-II content importantly influences lipoprotein stability.
Therefore, the existing controversy regarding the effects of apoA-II on HDL remodeling may
stem, in part, from the indirect effects of apoA-II on the particle stability, e.g. through changes
in the particle size. Such changes depend on the availability of other proteins and lipids, which
is different in different experimental systems. For example, in mice overexpressing human
apoA-II, a reduction in HDL size was observed in direct proportion to the level of apoA-II
expression,16 which may explain the increased particle stability upon increase in apoA-II
levels. Another example is in vitro remodeling of rHDL by CE transfer protein leading to
formation of the large and small particles from HDL(A-I) but only small particles from HDL
(A-I/A-II).21 ApoA-I dissociation was observed from the former but not the latter particles,
which may reflect higher stability of the smaller particles (rather than the putative stabilizing
salt bridges between apoA-I and apoA-II proposed by the authors21).

Although many earlier studies recognized the importance of HDL size and used homogeneous-
size particle preparations in their functional and stability studies, they usually conducted
spectroscopic measurements after HDL incubation with Gdn HCl to determine HDL stability
(37,43,53,54 and references therein). However, HDL denaturation is a slow kinetically
controlled reaction, hence such “end-point” data depend strongly on the length of incubation,
and their interpretation is often inconclusive if not implausible; thus, such data suggested near-
zero stability of human HDL27 or destabilization of apoA-II upon transfer from aqueous
solution to DMPC disks.37 We propose that using a quantitative kinetic approach in denaturant-
or T-jump experiments,27,29 together with the melting experiments in qualitative stability
studies (Figs. 2-4), yields a much more accurate assessment of lipoprotein stability. This
approach helps resolve some of the existing controversies regarding lipoprotein stability, such
as the effects of particle size and apoA-II content reported here.

MATERIALS AND METHODS
Isolation of plasma HDL subclasses

Human HDL from six healthy volunteers were used. Single-donor HDL were isolated from
fresh EDTA-treated plasma by density gradient ultracentrifugation in the density range 1.063
−1.21 g/mL.44 HDL migrated as a single band on agarose gel. HDL stock solution (8−10 mg/
mL protein measured by a modified Lowry assay) was dialyzed against buffer A (10 mM Na
phosphate, pH 7.6, 1 mM EDTA, 0.05% NaN3) and stored in the dark at 4 °C. The stock solution
was used within 8 weeks during which no protein degradation was detected by SDS PAGE
and no changes in the protein secondary structure or lipoprotein stability were observed by CD
spectroscopy and DSC.

HDL2 and HDL3 were separated from human HDL by density gradient ultracentrifugation.
44 Briefly, HDL solutions were adjusted to 1.125 g/mL density by KBr and were
ultracentrifuged in a Beckman Ti50.2 rotor at 4 °C for over 55 h. The density fractions from
1.063−1.125 g/mL (HDL2) and 1.125−1.210 g/mL (HDL3) were collected and used for further
studies. The particle size was confirmed by negative staining EM (Fig. 2A) and by 10% non-
denaturing PAGE (Fig. 3A, 0 lanes).

HDL(A-I) and HDL (A-I/A-II) were separated by immunoaffinity chromatography following
published protocols.12 Briefly, monoclonal antibodies against apoA-II (Biodesign) were
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covalently attached to cyanogen bromide-activated Sepharose 4B beads (GE Healthcare). HDL
were incubated with the beads at 4 °C overnight. HDL(A-I), which did not bind to the beads,
were collected and dialyzed against buffer A. Column beads were washed with solution
containing 0.01 M Tris, pH 8.0, 150 mM NaCl until no eluted protein was detected by UV
absorption. HDL(A-I/A-II), which were eluted by a solution of 0.1 M acetic acid, pH 2.88,
were immediately neutralized in 1 M Tris, pH 8.0 and dialyzed against buffer A. Protein
composition in HDL(A-I) and HDL(A-I/A-II) was confirmed by SDS PAGE (not shown) and
by nondenaturing PAGE followed by Western blotting using antibodies for apoA-I or apoA-
II (Fig. 5A).

Reconstitution of model discoidal rHDL
Discoidal rHDL were reconstituted from DMPC (95+% purity, Avanti Polar Lipids) and apoA-
I and/or apoA-II. Single-donor human apoA-I and apoA-II were isolated from delipidated
plasma HDL as described.32 Protein purity assessed by SDS PAGE was >95%. Binary
complexes of DMPC with apoA-I or apoA-II, rHDL(A-I) and rHDL(A-II), were obtained by
spontaneous reconstitution after overnight co-incubation of protein and lipid (1:4 mg/mg ratio)
at 24 °C, followed by centrifugation at 13,000 rpm to remove excess lipid. Discoidal rHDL(A-
I/A-II) of varying A-I/A-II content were obtained following established protocols24 by
incubating rHDL(A-I) disks with apoA-II using various A-II:A-I molar ratios from 1:5 to 1:2;
under these conditions, apoA-II reportedly binds to discoidal rHDL without changing particle
size or displacing apoAI.24 In addition, hybrid rHDL(A-I/A-II) were prepared by incubating
lipid with a mixture of both proteins37 (1:4 protein:lipid weight ratio) using a broad range of
apoA-I/ apoA-II molar ratios listed in Fig. 6C; non-denaturing PAGE showed that all protein
was incorporated in these rHDL. Non-denaturing PAGE followed by Western blotting using
antibodies against apoA-I or apoA-II was used to confirm the presence of both proteins in
hybrid rHDL. rHDL were visualized by negative staining EM to confirm their discoidal
morphology.

Gel electrophoresis and electron microscopy
Plasma HDL from various subclasses (intact or at various stages of thermal denaturation) were
analyzed by non-denaturing PAGE (8% or 10%) and by SDS PAGE using a homogeneous
system (12%) or a gradient (5−12%). The gels were run at 80 V for 20 min and at 120 V for 2
h and were stained with Coomassie blue. For Western blots, the proteins were transferred to a
PVDF membrane for 1 h at 100 V. The membranes were blocked in 10 mM Tris-HCl, pH 7.5,
150 mM NaCl, 0.1% Tween-20, 5% non-fat milk buffer, probed with antibodies for apoA-I or
apoA-II in the blocking buffer, and visualized using ECL system (NEN Life Science Products).

Plasma and reconstituted HDL were visualized at 22 °C by negative staining EM using a CM12
transmission electron microscope (Philips Electron Optics) as described.27 Particle size
analysis was carried out in Photoshop computer graphics using 200−300 particles per image.

Circular dichroism, light scattering and turbidity
CD, light scattering and turbidity data were recorded using AVIV 400 or AVIV 62DS
spectropolarimeters with thermoelectric temperature control. Briefly, far-UV CD spectra (185
−250 nm), kinetic data, and melting data were recorded from HDL solutions of about 33 μg/
mL protein concentration in buffer B (10 mM Na phosphate, pH 7.6, 1 mM EDTA, 0.05%
NaN3, 150 mM NaCl). Near-physiologic salt concentration was used to destabilize HDL and
facilitate spectroscopic observation of their thermal disruption below 100 °C.29 In the melting
experiments, CD data were recorded at 222 nm during sample heating and cooling with 1 °C
increment and 300−600 s accumulation time per data point, which corresponds to a scan rate
of 11−6 °C/h; 90° light scattering at 222 nm was monitored simultaneously with the CD signal
by using fluorescence accessory in the AVIV 400 instrument.45 Heat-induced turbidity
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changes were monitored by measuring dynode voltage in CD experiments.45 In T-jump
experiments, HDL denaturation was triggered by a rapid temperature increase from 25 °C to
higher constant values and the time course of the α-helical unfolding was monitored at 222
nm. The dead time in these experiments (<60 sec) is much smaller than the typical time scale
of protein unfolding, dissociation and lipoprotein fusion (minutes to hours). For protein
unfolding that is coupled to protein dissociation and lipoprotein fusion, the unfolding rate k(T)
measured in a T-jump to temperature T is related to kinetic lipoprotein stability ΔG*(T) at this
temperature as ΔG* = -RT ln k(T). The CD data were normalized to protein concentration and
expressed as molar residue ellipticity, [Θ].

Differential scanning calorimetry
Excess heat capacity, Cp(T), was measured using an upgraded Microcal MC-2 differential
scanning microcalorimeter from degassed HDL solutions of 2.5 mg/mL protein concentration
in buffer A containing 10 mM NaCl. The data, which were recorded during sample heating
from 5 to 115 °C at a rate of 90 °C/h, were corrected for buffer baseline and normalized to
protein concentration. ORIGIN software was used for the analysis and display of CD and DSC
data.

All chemicals used in this work were of highest purity analytical grade. All experiments were
repeated three to six times to ensure reproducibility.
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ABBREVIATIONS
HDL, high-density lipoprotein
rHDL, reconstituted high-density lipoprotein
apo, apolipoprotein
HDL(A-I), HDL containing apolipoprotein A-I only
HDL(A-I/A-II), HDL containing both apopolipoprotein A-I and A-II
RCT, reverse cholesterol transport
CE, cholesterol ester
LCAT, lecithin:cholesterol acyltransferase
SR-BI, scavenger receptor class B type I
DMPC, dimyristoyl phosphatidylcholine
CD, circular dichroism
DSC, differential scanning calorimetry
EM, electron microscopy
T-jump, temperature-jump
SDS, sodium dodecyl sulfate
PAGE, polyacrylamide gel electrophoresis
EDTA, ethylenediamine tetraacetic acid
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Figure 1.
Cartoon representation of the major subclasses of plasma HDL differing in shape and size and
their interconversions. Nascent discoidal HDL, mature spherical HDL3 (small, two copies of
apoA-I per particle) and mature spherical HDL2 (large, three to four copies of apoA-I per
particle) are shown. ApoA-II comprises ∼23% by weight of the total protein in HDL3 (i.e. one
copy of apoA-II per particle), but only ∼10% in HDL2; CE content in HDL2 is nearly double
of that in HDL3.10 LCAT reaction converts discoidal into small spherical HDL; further
remodeling into large spherical HDL is mediated by LCAT and by cholesterol ester and
phospholipid transfer proteins (CETP and PLTP).
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Figure 2.
Comparison of thermal stability of human plasma HDL2 and HDL3.
(a) Negative staining electron micrographs of HDL2 and HDL3 used in our stability studies.
(b) Kinetic data of HDL2 (gray) and HDL3 (black) recorded in T-jumps from 25 to 85−95 °C
(final temperatures are indicated on the lines); the time course of the protein unfolding was
monitored by CD at 222 nm. Sample conditions are 33 μg/mL protein in buffer B (10 mM Na
phosphate, pH 7.6, 1 mM EDTA, 0.05% NaN3, 150 mM NaCl).
(c) Melting data recorded by 90° light scattering to monitor changes in the particle size upon
HDL heating and cooling at a constant rate of 6 °C/h. The directions of the temperature changes
are shown by arrows; the data are shifted along the y-axis to avoid overlap. Sample conditions
and color-coding are as in panel a. Negative slopes in the light scattering data result from an
optical artifact of the CD instrument and from the temperature dependence of the refractive
index.45 HDL fusion (that causes a small increase in the particle size) and rupture (that causes
lipid coalescence into large droplets leading to a large increase in the light scattering29) are
indicated.
(d) Excess heat capacity Cp(T) recorded by DSC upon HDL heating at a rate of 90 °C/h. Sample
conditions are 2.5 mg/mL protein in buffer A (10 mM Na phosphate, pH 7.6, 1 mM EDTA,
0.05% NaN3) containing 10 mM NaCl. The data are shifted along the Y-axis to avoid overlap;
the distance between the ticks is 1 kcal/mol·K. HDL fusion and rupture are indicated.
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Figure 3.
Time course of the heat-induced protein dissociation and particle fusion in HDL2 and HDL3.
(a) HDL (1 mg/mL protein in buffer A) were incubated at 85 °C, and the aliquots taken after
1−60 min of incubation (as indicated on the lanes) were subjected to non-denaturing PAGE.
Molecular size standards (St) are shown in nm. (b) Non-denaturing PAGE followed by Western
blotting using antibodies against apoA-II. Circles indicate the first appearance of the total
protein (a) and of apoA-II (b) dissociated from HDL2. Increased band intensity observed in
HDL3 as compared to HDL2 reflects higher content of apoA-II in HDL3.10
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Figure 4.
Effect of the particle size on the stability of plasma spherical HDL. (a) HDL were separated
by density into four fractions, from small dense (dark) to large buoyant (light); the density of
these fractions ranged from 1.068−1.089, 1.089−1.101, 1.101−1.125, and 1.125−1.21 g/ mL.
The particle size was confirmed by non-denaturing PAGE (4−12% gradient, top panel). Each
fraction was heated and cooled from 25 to 98 °C at a rate of 6 °C/h, and 90° light-scattering
(b) and turbidity (c) melting data were recorded at 222 nm. Arrows show directions of the
temperature changes. (d) Time course of the HDL protein unfolding in a T-jump from 25 to
95 °C monitored by CD at 222 nm. Sample conditions in (b-d) are 33 μg/mL protein in buffer
B.
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Figure 5.
Comparison of thermal stability of HDL(A-I/A-II) and HDL(A-I). HDL3(A-I/A-II) (black) and
HDL3(A-I) (grey) were isolated by immunoaffinity,12 and their protein composition was
assessed by non-denaturing PAGE followed by Western blotting using antibodies for apoA-I
and apoA-II (a). Time course of HDL protein unfolding monitored by CD in a T-jump from
25−80 °C (b). Melting data recorded at 222 nm by CD (c) and 90° light-scattering (d) during
HDL heating at a constant rate of 6 °C/h. Sample conditions in (b-d) are 33 μg/mL proteins in
buffer B.
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Figure 6.
Effects of apoA-II on thermal stability of discoidal rHDL. Sample conditions are 20 μg/ mL
protein in buffer A. DMPC complexes containing apoA-I alone (grey line), apoA-II alone
(circle), or both apoA-I and apoA-II (black line) were heated at a rate of 11 °C/h, and the
melting data were recorded at 222 nm by CD (a) and 90° light scattering (b). Black lines
correspond to AII:A-I molar ratio of 1:2; the data at other ratios (not shown to avoid overlap)
demonstrated a similar trend. (c) Time course of rHDL protein unfolding monitored by CD in
a T-jump from 25−80 °C; arrow indicates increase in the apoA-II:apoA-I ratio (molar fractions
are listed in the table). Increase in apoA-II:apoA-I ratio reduces the apparent melting
temperature (a, b) and accelerates the denaturation of rHDL (c), indicating reduced stability.
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