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SUMMARY
High-density lipoproteins (HDL) prevent atherosclerosis by removing cholesterol from macrophages
and by exerting anti-oxidant and anti-inflammatory effects. Oxidation is thought to impair HDL
functions, yet certain oxidative modifications may be advantageous; thus, mild oxidation reportedly
enhances cell cholesterol uptake by HDL whereas extensive oxidation impairs it. To elucidate the
underlying energetic and structural basis, we analyzed the effects of copper and hypochlorite (that
preferentially oxidize lipids and proteins, respectively) on thermal stability of plasma spherical HDL.
Circular dichroism, light scattering, calorimetry, gel electrophoresis and electron microscopy showed
that mild oxidation destabilizes HDL and accelerates protein dissociation and lipoprotein fusion,
while extensive oxidation inhibits these reactions; this inhibition correlates with massive protein
cross-linking and lipolysis. We propose that mild oxidation lowers kinetic barriers for HDL
remodeling due to diminished apolipoprotein affinity for lipids resulting from oxidation of
methionine and aromatic residues in apolipoproteins A-I and A-II followed by protein cross-linking
into dimers and/or trimers. In contrast, advanced oxidation inhibits protein dissociation and HDL
fusion due to lipid re-distribution from core to surface upon lipolysis and to massive protein cross-
linking. Our results help reconcile the apparent controversy in the studies of oxidized HDL and
suggest that mild oxidation may benefit HDL functions.
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INTRODUCTION
Mature high-density lipoproteins (HDL) are heterogeneous spheroidal particles (d=7–12 nm)
containing apolar lipids (mainly cholesterol esters and triglycerides) in the core and polar lipids
(mainly phospholipids and cholesterol) and proteins (termed apolipoproteins) in their surface.
HDL protect against atherosclerosis via several mechanisms. One is reverse cholesterol
transport in which HDL remove excess cholesterol from the foam cells of arterial macrophages
to the liver for excretion.1–3 In addition, HDL provide antioxidants for low-density
lipoproteins (LDL).4–7 According to the oxidative modification hypothesis, LDL oxidation
and retention in the arterial wall triggers formation of atherosclerotic lesions (4,6–8 and
references therein). The ability of HDL to inhibit formation of toxic lipid hydroperoxides and
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to safely remove them from LDL, together with anti-inflammatory action of HDL, is thought
to contribute to their atheroprotective effects.4–10 At the same time, failure of antioxidants
such as vitamin E to protect against atherosclerosis in clinical trials, together with growing
evidence that the anti-atherogenic action of the lipid-lowering drug probucol is not related to
its antioxidant effects11 and the notion that such cardioprotective activities as exercise or red
wine consumption are pro-oxidant, suggest that not all forms of oxidized lipoproteins are
atherogenic. 9,12

Although the central role of LDL oxidation in atherogenesis is widely accepted9, the role of
HDL oxidation remains contested. Oxidation is generally thought to impair atheroprotective
functions of HDL (13–18 and references therein). Thus, cell cholesterol efflux to HDL, a key
early step in reverse cholesterol transport mediated by ATP-binding cassette transporter A1,
is reportedly impaired upon HDL oxidation.14–19 This impairment has been ascribed to
specific protein modifications such as oxidation of two-to-three Met in the major HDL protein,
apolipoprotein A-I (apoA-I), that occurs at initial stages of HDL oxidation,20–22 along with
tyrosylation and protein cross-linking via the modified Tyr or Lys.13,16,17,23 However,
several studies report that oxidation enhances rather than impairs HDL functions in stimulating
lipid efflux from cells22,24–26 and protecting against atherosclerosis.27 Moreover, a recent
report suggests that mild oxidation by Cu2+ improves HDL function as cholesterol acceptor
from macrophages, while extensive oxidation impairs it.28 Consequently, the discrepancy
among functional studies of oxidized HDL may result, at least in part, from the differences in
the degree of oxidation and/or in specific modifications produced by various oxidants. To test
this hypothesis and to provide the energetic and structural basis for understanding functional
consequences of HDL oxidation, we analyzed HDL stability at various stages of oxidation by
two widely used oxidants, Cu2+ and OCl−.

Oxidation of apoA-I and apoA-II (that comprise 70% and 20% of HDL protein content,
respectively) destabilizes their structures both in lipid-free state and in reconstituted discoidal
complexes with phospholipids that provide models for nascent HDL.29,30 This destabilization
was attributed to Met sulfoxide (MetO) formation in the apolar faces of amphipathic α-helices
that diminishes hydrophobic protein-protein and protein-lipid interactions formed by these
helices.29,30 In contrast, studies of plasma spherical HDL, which revealed oxidation-induced
structural changes in both proteins (such as cross-linking) and lipids (reduced fluidity),23,
31–34 suggested more stable protein-lipid association upon oxidation.32 To resolve this
apparent controversy, we carried out the first comprehensive study of the effects of oxidation
on the structural stability of plasma spherical HDL.

Our earlier work has established a kinetic mechanism of lipoprotein stabilization35 and showed
that thermal or chemical denaturation of spherical HDL involves protein unfolding,
dissociation and particle fusion followed by rupture and release of apolar core lipids.36,37
Importantly, similar protein dissociation and lipoprotein fusion occur during metabolic HDL
remodeling by plasma factors (36–39 and references therein); hence our in vitro studies of
HDL denaturation provide useful models for understanding metabolic HDL remodeling in
vivo. Here, we apply kinetic approach to analyze thermal stability of human HDL that were
oxidized by copper (a two-electron oxidant that preferentially reacts with lipids) or
hypochlorite (a one-electron oxidant that preferentially reacts with proteins and is a product of
myeloperoxidase, an enzyme that oxidizes lipoproteins in vivo.14–17,40) The results reveal
that Cu2+ and OCl− cause similar changes in HDL stability: protein dissociation and HDL
remodeling and fusion are accelerated upon mild oxidation but inhibited upon extensive
oxidation. This result helps reconcile the existing controversy in functional studies of oxidized
HDL and provides the basis for understanding functional consequences of HDL oxidation.
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RESULTS
Effects of Cu2+ oxidation on HDL stability

First, we analyzed structure and stability of HDL that were oxidized by Cu2+ to various stages
(1–7 in Fig. 1) as described in Materials and Methods. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS PAGE) of non-oxidized HDL (nHDL) showed major apolipoproteins
apoA-I (28 kD) and apoA-II (S-S-linked dimer of 17.4 kD) migrating as single bands. Mild
oxidation (stages 1–3) led to formation of three additional bands at 40–90 kD (Fig. 2A); these
narrow bands correspond to apoA-I dimer, trimer, and apoA-I:apoA-II heterodimer that are
formed upon oxidation-induced cross-linking.23,40,41 Further oxidation led to a gradual
replacement of these bands by one broad band (100–200 kD) that encompasses molecular
weight of HDL and reflects intra-particle cross-linking of HDL proteins. This massive cross-
linking first appeared at stage 3 and became predominant at stages 6, 7 of oxidation. Thus, mild
oxidation by Cu2+ leads to limited protein cross-linking into apoA-I-containing dimers and
trimers, while more advanced oxidation results in massive cross-linking of the proteins on HDL
surface.

To test the effects of oxidation on the secondary structure and thermal stability, HDL were
oxidized by Cu2+ to stages 1–7 and were subjected to temperature jumps (T-jumps). HDL
denaturation was triggered by a rapid temperature increase from 25 to 95 °C and the time course
of α-helical unfolding was monitored by circular dichroism (CD) spectroscopy at 222 nm (Fig.
2B, C). Earlier analysis of nHDL revealed two-phase unfolding kinetics (suggested by two-
exponential fitting of the Θ222(t) data), with the fast phase involving partial unfolding of HDL-
bound proteins and slow phase involving further unfolding and partial dissociation of HDL
proteins leading to particle fusion followed by rupture.37 Mild oxidation led to acceleration
of the slow phase (stages 0–2, Fig. 2B) suggesting faster protein unfolding, dissociation and
lipoprotein fusion. Further oxidation (stages 3–7) did not produce additional changes in the
unfolding rate but led to a gradual reduction in the unfolding amplitude (increased negative
CD, Θ222, at 95 °C, Fig. 2C), suggesting that oxidized HDL retained a larger fraction of their
helical structure at high temperatures. This was confirmed by far-UV CD spectra that were
recorded from HDL at 25 °C before or after incubation at 95 °C (Fig. 2D). Prior to heating,
oxidation to stages 1–7 led to a gradual reduction in far-UV CD amplitude across the spectrum,
indicating reduced α-helical protein content upon oxidation. Heating to 95 °C led to irreversible
spectral changes indicating partial protein unfolding. CD amplitude after heating (and hence
the helical structure retained after heat denaturation) gradually increased with increase in the
oxidation degree (Fig. 2C, D). This probably resulted from oxidation-induced protein cross-
linking (Fig. 2A) that induced partial unfolding of HDL proteins prior to heating but reduced
the extent of their unfolding upon heating. In summary, SDS PAGE and far-UV CD data in
Fig. 2 showed that mild oxidation up to stage 2 leads to limited cross-linking of apoA-I and
apoA-II into dimers and trimers and accelerates heat-induced protein unfolding. In contrast,
further oxidation to stages 3–7 leads to extensive intra-particle cross-linking of HDL proteins
and to a reduced extent (rather than increased rate) of their thermal unfolding.

To further test the effects of copper oxidation on lipoprotein stability, CD, light scattering and
DSC data were recorded during HDL heating at a constant rate (Fig. 3). CD and 90° light
scattering at 222 nm (which monitor protein unfolding and changes in the particle size,
respectively) were recorded simultaneously at a scan rate of 11 °C/h (Fig. 3A, B). The results
showed two consecutive transitions involving HDL fusion followed by rupture.37 Mild
oxidation (stages 1, 2) shifts these transitions to lower temperatures; for example, the apparent
temperature of HDL fusion measured by CD or light scattering decreases from 62 °C in nHDL
to 56 °C in HDL oxidized to stage 2 (Fig. 3A–C). This is consistent with the kinetic data
showing that oxidation to stage 2 accelerates protein unfolding (Fig. 2A). Interestingly, the
effect of oxidation on the melting data changes sign upon oxidation to stage 3 and beyond, as
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evident from the gradual increase in the apparent temperatures of HDL fusion and rupture at
these stages (Fig. 3B, C). For example, light scattering heating data of HDL oxidized to stage
6 show an increase in the apparent fusion temperature to about 84 °C (Fig. 3C). Consequently,
mild oxidation destabilizes HDL and promotes protein unfolding and lipoprotein fusion, while
advanced oxidation inhibits these reactions.

Calorimetric studies further confirmed this notion. Differential scanning calorimetry (DSC)
data in Fig. 3D were recorded at a fast heating rate (90 °C/h) using low-salt buffer; as a result,
HDL transitions in DSC experiments were observed at higher temperatures than in CD
experiments (which were carried out using 150 mM NaCl and slow scan rate to shift the
transition temperatures below 100 °C to the range observable by CD). Importantly, the
oxidation-induced changes detected in CD and DSC experiments were similar: mild oxidation
to stage 2 (mHDL) led to large low-temperature shifts in calorimetric transitions indicating
destabilization, while extensive oxidation to stage 7 (oxHDL) eliminated these transitions from
the temperature range accessible by DSC (Fig. 3D). Taken together, our kinetic and melting
data recorded by CD, light scattering or DSC (Fig. 2B, C; Fig. 3) clearly showed that mild
oxidation destabilizes HDL and promotes protein unfolding and lipoprotein fusion and rupture,
while advanced oxidation inhibits these reactions.

To further test the destabilizing effects of mild oxidation on HDL assembly, we compared T-
jump CD data recorded from nHDL and mHDL (oxidized by Cu2+ to stage 2). Compared to
nHDL, mHDL showed faster unfolding at 80–95 °C (Fig. 2B; black and grey lines in Fig. 4A).
Although T-jump data of nHDL were well-approximated by double exponentials,37 similar
data of mHDL could not be fitted with exponential functions, thereby precluding Arrhenius
analysis. Nevertheless, acceleration of the slow unfolding phase in mHDL (stage 2, Fig. 2B)
suggested faster protein dissociation and particle fusion. To test this notion, nHDL and mHDL
were incubated at 85 °C and sample aliquots taken during the first 60 min of incubation were
analyzed by non-denaturing gel electrophoresis (Fig. 4B, C). The results showed that protein
dissociation and particle fusion in nHDL first occured after 2 min of incubation and reached
completion after 30 min (Fig. 4B). In contrast, in mHDL these reactions were well underway
after 1 min incubation and reached completion after 5–10 min (Fig. 4C). Faster protein
dissociation and particle fusion observed in mHDL further confirm their reduced stability as
compared to nHDL.

DSC data in Fig. 3D suggest that, in contrast to nHDL and mHDL, oxHDL (oxidized to stage
7 by Cu2+) do not undergo heat-induced protein dissociation and particle fusion and rupture
in the experimentally accessible temperature range. To test this notion, nHDL and oxHDL were
incubated for 1 h at 95 °C and were analyzed by non-denaturing gel electrophoresis and electron
microscopy (Fig. 5). In contrast to nHDL that disintegrated into fused and ruptured particles
and dissociated protein after heating to 95 °C, oxHDL showed no protein dissociation or
particle fusion even after 60 min incubation at 95 °C (Fig. 5A, right lane). Negative staining
electron microscopy confirmed this result: in contrast to nHDL that ruptured and coalesced
into large lipid droplets after 1 h incubation at 95 °C, oxHDL showed no large changes in their
size and morphology upon heating from 25 to 95 °C (Fig. 5B–E). These results, together with
CD, light scattering and DSC data in Fig. 3, clearly show that, in contrast to mild oxidation,
extensive oxidation by Cu2+ inhibits heat-induced protein unfolding, dissociation and HDL
fusion.

Comparison of the effects of Cu2+ and OCl− oxidation
To test whether the effects of copper oxidation on HDL stability extend to other oxidants, we
analyzed structure and thermal denaturation of human HDL that were oxidized to various stages
by hypochlorite. SDS PAGE of these particles, similar to that of Cu-oxidized HDL, showed
formation of apoA-I dimer, trimer and apoA-I:apoA-II heterodimer at early stages of oxidation
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(Fig. 6, lanes 1, 2), followed by massive intra-particle protein cross-linking into multimers at
later stages (lanes 3–6). Kinetic CD data recorded in T-jumps from 25 to 95 °C of OCl-oxidized
HDL (Fig. 7A, B) were comparable to similar data of Cu-oxidized HDL (Fig. 2B, C) and
showed that mild oxidation (up to stage 2) accelerates protein unfolding, while more advanced
oxidation (stage 3 and above) reduces the extent of the unfolding, i. e. increases the amount of
residual α-helical structure retained upon heat denaturation. Moreover, CD and light scattering
melting data recorded of OCl- and Cu-treated HDL showed similar trends: HDL fusion and
rupture shifted to lower temperatures upon mild oxidation (up to stage 2), while more advanced
oxidation (stages 3 and above) lead to high-temperature shifts in these transitions (Figs. 3C,
7E). Thus, different oxidants produce similar effects on HDL stability that depend critically
on the degree of oxidation and correlate with protein cross-linking.

To monitor oxidative modifications in HDL core, UV/visible absorption spectra were recorded
from HDL that were oxidized to different stages by Cu2+ or OCl− (Fig. 8). In nHDL, absorption
peaks with triple maxima extending from 430 to 485 nm are characteristic of carotenoids that
are present in small amount in the lipoprotein core.42,43 These peaks rapidly declined in
amplitude upon copper oxidation to stages 1, 2 and disappeared at stage 3 and above; a more
gradual decline was observed in hypochlorite-oxidized HDL in which the peaks disappeared
at stage 4. This is consistent with the notion that carotenoids (which are potent antioxidants
preventing or repairing oxidative damage in HDL lipids and proteins) are consumed at early
stages of oxidation,43 and their consumption is faster in Cu- as compared to OCl-oxidized
HDL. Comparison with thin-layer chromatography data shows that carotenoid consumption is
closely followed by lipolysis of phosphatidylcholine (PC) and production of lysoPC that
becomes significant at oxidation stages where the carotenoids disappear (stage 3 in Cu- or stage
4 in OCl-oxidized HDL, Fig. 8).

In summary, copper and hypochlorite produce similar effects on HDL stability that change
sign upon progression of oxidation beyond stage 2 (Figs. 1–9).

DISCUSSION
Changes in HDL stability correlate with protein modifications

Our results show, for the first time, that mild oxidation destabilizes HDL and accelerates protein
dissociation and lipoprotein fusion while extensive oxidation inhibits these reactions. These
results are not limited to a particular oxidant since they are valid for two different reagents:
Cu2+, a one-electron oxidant that directly reacts with HDL lipids but not proteins, and OCl−,
a two-electron oxidant that preferentially reacts with proteins, especially at low oxidant:HDL
ratios corresponding to oxidation stages 1, 2 in Fig. 6–8.44 Thus, oxidation to stages 1, 2 in
OCl-treated HDL involves almost exclusively protein modifications, while similar stages in
Cu-treated HDL also involve significant modifications to the lipids. This suggests that maximal
destabilization of HDL observed at oxidation stage 2 by either reagent is mainly due to protein
modifications.

Oxidation of Met and aromatic groups and limited apoA-I cross-linking destabilize mHDL
What HDL modifications induced by Cu2+ or OCl− can promote or inhibit protein dissociation
and particle fusion? A common protein modification by various reagents is conversion of two-
to-three Met in apoA-I and the sole Met26 in apoA-II to MetO;20–22 Met86 and Met112 in
apoA-I on HDL are modified by most oxidants at early stages (below stage 2), while Met 148
is modified by OCl− at later stages 21,45). Our observation of reduced thermal stability in
mHDL (stage 2, Figs. 2B, 3, 4) is consistent with the earlier studies showing that MetO
formation in apoA-I and apoA-II destabilizes these proteins in solution and in discoidal
lipoproteins.29,30 This probably results from the introduction of polar sulfoxide (S=O) group
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in the lipid-binding faces of the amphipathic apolipoprotein α-helices, which weakens the
hydrophobic interactions formed by these helices.29 Therefore, reduced hydrophobicity of
MetO-containing apoA-I and apoA-II probably contributes to their enhanced dissociation from
spherical mHDL observed upon HDL remodeling by lipid transfer protein24 or by thermal
denaturation (Figs. 2B, 4).

Since MetO are formed at initial stages of oxidation yet maximal HDL destabilization is
observed at stage 2, additional modifications must be involved. Such destabilizing oxidative
modifications may involve aromatic residues located in the lipid-binding helical faces, such as
Phe37 and Phe73 in apoA-I (whose oxidation on HDL was detected by mass
spectrometry45); Trp oxidation in apoA-I (evident from the gradual reduction in the intrinsic
Trp fluorescence intensity16 at oxidation stages 1–7, data not shown); and Tyr modifications
by OCl−.16,19 In addition, HDL stability may be affected by apolipoprotein cross-linking into
dimers and trimers observed at stage 2 (Figs 2A, 6). Such cross-linking is expected to increase
the enthalpy of protein dissociation from the particle surface and hence may stabilize HDL.
On the other hand, limited cross-linking of apoA-I and apoA-II on the surface of spherical
HDL causes conformational changes that increase solvent exposure of particular αhelices,23,
34 which may reduce protein affinity for lipid and hence destabilize HDL. In fact, oxidation
of apoA-I:dimyristoyl PC complexes by OCl−, which affects solely apoA-I leading to dimer
and trimer formation, progressively destabilizes these discoidal HDL, suggesting that spherical
HDL are also destabilized by apoA-I cross-linking into dimers and trimers (S. J., submitted).
Oxidative protein cross-linking in lipoproteins may occur via Lys or Tyr, yet Tyr are cross-
linked by oxidants other than Cu2+ or OCl−,46 suggesting that HDL proteins in our studies
may be cross-linked via Lys. In summary, HDL destabilization upon mild oxidation results, at
least in part, from oxidation of Met and aromatic groups in apolar helical faces followed by
apoA-I cross-linking into dimers and trimers.

Massive protein cross-linking and lipid re-distribution inhibit oxHDL remodeling in vitro
What protein or lipid modifications may prevent protein dissociation and HDL remodeling and
fusion upon advanced oxidation? One possibility is that extensive intra-particle cross-linking
of HDL proteins at oxidation stages 3–7 (Fig. 2A, 6) may prevent their dissociation from the
particle surface and thereby inhibit HDL remodeling. Another cause for fusion inhibition is
increase in lipid charge and polarity upon lipolysis of unsaturated acyl chains; this lipolysis
becomes significant upon completion of antioxidant consumption at oxidation stages 3–4,
leading to accumulation of such products as sterols, lysoPC, and free fatty acids at these and
later stages (Fig. 8). For example, extensive oxidation converts apolar core lipids such as
cholesterol esters into sterols and free fatty acids; these newly formed polar and charged lipids
are expected to move from lipoprotein core to its surface, thereby creating excess surface
material at the expense of the core, which is expected to inhibit fusion47. In summary, increased
resistance of oxHDL to protein dissociation and lipoprotein fusion may result from lipid re-
distribution from core to surface upon oxidative lipolysis and from extensive protein cross-
linking on HDL surface.

Comparison with other lipoproteins
Lipoprotein destabilization upon mild oxidation followed by stabilization upon extensive
oxidation is apparently unique to spherical HDL. In contrast, model discoidal HDL are
progressively destabilized upon protein oxidation (S.J., submitted). We propose that this
difference between HDL disks and spheres results mainly from oxidative modifications to core
lipids that are present only in spherical particles.

Our oxidation studies of spherical plasma LDL are consistent with this notion. They show that,
in contrast to HDL, LDL oxidation in vitro leads to progressive stabilization against lipoprotein
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fusion. We propose that this difference results, at least in part, from the differences in size and
hydrophobicity of the exchangeable HDL proteins, apoA-I (243 a. a.) and apoA-II (70 a. a.),
as compared to the non-exchangeable LDL protein, apoB (4536 a. a.). In contrast to apoA-I
and apoA-II whose oxidative modifications, such as MetO formation or limited cross-linking,
promote protein dissociation and lipoprotein fusion at early stages of oxidation, oxidative
modifications in apoB are apparently insufficient to cause dissociation of this large
hydrophobic non-exchangeable apolipoprotein from LDL surface. As a result, protein
oxidative modifications in LDL are effectively counteracted by the antifusogenic lipid
modifications, such as increased lipid charge and polarity upon lipolysis.47

Functional implications
Lipoprotein fusion and apolipoprotein dissociation are essential steps in metabolic HDL
remodeling in plasma leading to formation of HDL subclasses with distinct functional
properties (5,13,36,38,39 and references therein). Hence, the effects of oxidation on these
reactions may have important functional implications. Our results show that these effects
depend critically on the degree of HDL oxidation and change sign as oxidation progresses
beyond mild stages (Fig. 3C, 7E). Since lipoprotein oxidation in vivo44 probably falls within
the range of mild oxidation (stages 0–2 in our studies), functional consequences of such
oxidation may also depend on its extent. In fact, Pirillo and colleagues recently reported that
mild oxidation of HDL improves its function as cholesterol acceptor by increasing transporter-
mediated lipid efflux from macrophages, apparently via the transient formation of small pre-
β-migrating particles that include lipid-poor apoA-I, while extensive oxidation inhibits this
function.28 Our results help explain this observation; we show that mild oxidation accelerates
protein dissociation and HDL fusion. Thus, mild oxidation is expected to accelerate HDL
metabolism and shift the population distribution among HDL subclasses towards larger
particles and dissociated lipid-poor apoA-I. This lipid-poor apoA-I, which is the primary
acceptor of cell phospholipids and cholesterol (28,48 and references therein), may contribute
to the enhanced cholesterol uptake upon mild oxidation. In addition, protein dissociation that
is promoted by mild oxidation may create packing defects in HDL surface that facilitate
cholesterol incorporation into mHDL. As a result, mild oxidation in vivo may enhance HDL
functions in reverse cholesterol transport. In contrast, extensive oxidation (beyond stage 3)
inhibits protein dissociation and lipoprotein remodeling, which would impair reverse
cholesterol transport.

In summary, oxidation by various agents may alter HDL functions not only by chemically
modifying proteins and lipids but also by altering kinetic stability of the lipoprotein assembly,
and thereby altering the rate of HDL remodeling and/or shifting the population distribution
among HDL subclasses. A unique property of spherical HDL is that the effect of oxidation on
the particle stability and remodeling changes sign, which helps explain the apparent
controversy in the existing reports on HDL oxidation.

MATERIALS AND METHODS
HDL isolation

Human HDL from five 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.48 HDL migrated as a single band on agarose gel. HDL stock solution of 7.5–10
mg/mL protein concentration (measured by modified Lowry assay) was dialyzed against buffer
A (10 mM Na phosphate, pH 7.5, 0.25 mM EDTA, 0.05% NaN3). The stock solution was
stored in the dark at 4 °C and was used in 8 weeks during which no protein degradation was
detected by SDS PAGE and no changes in the protein secondary structure or lipoprotein
stability was observed by CD spectroscopy and DSC.

Gao et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2009 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HDL oxidation and biochemical characterization
HDL oxidation by Cu2+ or ClO− was performed following established protocols.44,46 Briefly,
HDL stock solution was dialyzed extensively at 4 °C against buffer B (10 mM Na phosphate,
pH 7.5), which is the standard buffer used throughout this study. Copper oxidation of HDL
(0.1–2.5 mg/mL protein in buffer B) was initiated by addition of CuSO4 (5–125 μM) to the
final ratio of 50 μM oxidant to 1 mg/mL protein. Conjugated diene formation during lipid
peroxidation at 37 °C was monitored by absorbance at 234 nm using Varian Cary-300 UV/
visible spectrometer with thermoelectric temperature control. Oxidation was stopped by adding
EDTA (using 1:50 Cu2+ to EDTA molar ratio) at different stages (marked 1–7 in Fig. 1).

Hypochlorite-induced oxidation to various stages was achieved by incubating HDL (1 mg/mL
protein in buffer B) for 12 h at 37 °C with NaOCl solutions of 0.09, 0.35, 0.7, 1.3, 2.7, or 5.3
mM concentrations (marked as oxidation stages 1–6, respectively) that correspond to
approximate NaOCl:HDL molar ratios of 7.5:1, 25:1, 50:1, 100:1, 200:1 or 400:1.44 NaOCl
concentration was determined spectrophotometrically using molar absorption coefficient of
350 cm−1 at 292 nm.

Thin-layer chromatography was used as described47 to monitor lysoPC formation. Varian
Cary-300 absorption spectrometer was used to monitor carotenoid consumption at various
stages of HDL oxidation. Non-denaturing gel electrophoresis of HDL at various stages of
oxidation and/or thermal denaturation was carried out by using 10% polyacrylamide
homogeneous gel.37 SDS PAGE was performed using 12% or 15% homogeneous system. The
gels were run at 80 V for 20 min and at 120 V for 2 h and were stained with Coomassie blue.

Circular dichroism spectroscopy and light scattering
CD data were recorded using an AVIV 215 spectropolarimeter with thermoelectric temperature
control as described.37 Briefly, far-UV CD spectra (185–250 nm) and the kinetic and melting
data were recorded from HDL solutions of 33 μg/mL protein concentration in buffer B
containing 150 mM NaCl. Using this salt concentration destabilizes HDL and facilitates
spectroscopic observation of thermal transitions below 100 °C.37 In melting experiments, the
CD data were recorded at 222 nm during sample heating and cooling with 1 °C increment and
300 s accumulation time per data point, which corresponds to the scan rate of 11 °C/h; 90°
light scattering at 222 nm was monitored simultaneously with the CD signal by using
fluorescence accessory.50 In T-jump experiments, the sample temperature was rapidly
increased at time t=0 from 25 °C to higher values, and the time course of the μ-helical unfolding
was monitored at 222 nm. The CD data were normalized to protein concentration and expressed
as molar residue ellipticity [Θ].

Electron microscopy
HDL were visualized at room temperature by negative staining electron microscopy using a
CM12 transmission electron microscope (Philips Electron Optics) as described.36 Particle size
analysis was carried out in PHOTOSHOP computer graphics using 200–300 particles per
image.

Differential scanning calorimetry
Excess heat capacity, Cp(T), was measured from degassed HDL solutions of 2.5–4 mg/mL
protein concentration in buffer B using an upgraded Microcal MC-2 differential scanning
microcalorimeter. The data, which were recorded during sample heating from 5–115 °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.
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Fluorescence spectroscopy
Intrinsic Trp fluorescence was measured using a Fluoromax-2 spectrofluorometer. The spectra
from HDL that were oxidized to various stages were recorded at 25 °C from 300–500 nm using
280 nm excitation wavelength and 5 nm excitation and emission slit widths.

All experiments in this study were repeated 3–5 times to ensure reproducibility.

Acknowledgements

We thank Cheryl England and Michael Gigliotti for help with lipoprotein isolation and biochemical characterization,
Donald L. Gantz for expert help with electron microscopy, and Dr. Donald M. Small for reading the manuscript prior
to publication. This work was supported by the National Institutes of Health grants GM067260 and HL026355.

ABBREVIATIONS
HDL  

high-density lipoprotein

nHDL  
native (non-oxidized) HDL

mHDL  
mildly oxidized HDL

oxHDL  
extensively oxidized HDL

LDL  
low-density lipoprotein

apo  
apolipoprotein

PC  
phosphatidylcholine

MetO  
methionine sulfoxide (S=O double bond)

CD  
circular dichroism

DSC  
differential scanning calorimetry

T-jump  
temperature jump

SDS PAGE  
sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Figure 1.
Time course of HDL oxidation by Cu2+. HDL solution (0.1 mg/mL protein in buffer B (10
mM Na phosphate, pH 7.5)) was incubated at 37 °C with 5 μM CuSO4 for up to 240 min;
oxidation was monitored by absorbance at 234 nm for conjugated diene formation. Numbers
refer to oxidation stages corresponding to different incubation times; HDL oxidation at these
stages was stopped by adding EDTA (1:50 Cu2+:EDTA molar ratio, see Materials and
Methods).
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Figure 2.
HDL protein conformation and kinetic stability at various stages of oxidation by Cu2+. The
data were recorded from solutions of HDL in buffer B (2.5 mg/mL protein (A) or 33 μg/mL
protein, 150 mM NaCl (B–D)) that were oxidized by incubation with CuSO4 as described in
Methods. Numbers correspond to oxidation stages in Fig. 1; 0 stands for nHDL.
(A) Protein cross-linking at various stages of HDL oxidation monitored by SDS PAGE. The
gel was stained with Coomassie blue. A-II stands for S-S linked homodimer.
(B, C) Time course of HDL protein unfolding at various oxidation stages. HDL that were
oxidized to stages 1–7 were subjected to a T-jump from 25–95 °C; protein unfolding was
monitored by CD at 222 nm. Arrows indicate changes in the unfolding rates (B) or amplitudes
(C) upon increase in the oxidation degree.
(D) Effect of HDL oxidation on the protein secondary structure before and after heat
denaturation. HDL samples were oxidized to stages 1–7 and far-UV CD spectra were recorded
at 25 °C. Next, the samples were incubated at 95 °C until CD changes were complete and the
spectra were recorded again at 95 °C.
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Figure 3.
Effect of oxidation by Cu2+ on the apparent transition temperatures in HDL. Numbers
correspond to oxidation stages in Fig. 1. HDL (2.5 mg/mL protein in buffer B), which were
oxidized to various stages by incubation with CuSO4, were used for DSC experiments (D) or
were diluted to 33 μg/ml by buffer B containing 150 mM NaCl for CD experiments (A–C);
the samples were heated at a constant rate of 11 °C/h (A–C) or 90 °C/h (D). The CD (A) and
90° light scattering data (B) were recorded simultaneously at 222 nm during heating and
cooling from 25–98 °C; the data are shifted along Y-axis to avoid overlap. The heating curves
in panels B, C show two consecutive transitions that involve protein unfolding/dissociation
and HDL fusion followed by HDL rupture.37 Negative slopes in the light scattering melting
curves in C may result from an optical artifact and from the temperature dependence of the
refractive index.
(C) Temperature of HDL fusion as a function of oxidation degree determined from the melting
data in panels A, B.
(D) Heat capacity Cp(T) of HDL that were non-oxidized (nHDL), mildly oxidized (stage 2,
mHDL), or extensively oxidized (stage 7, oxHDL) were recorded by DSC during heating at
90 °C/h. The data are shifted along the Y-axis to avoid overlap; HDL fusion and rupture
transitions are indicated.
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Figure 4.
Effect of mild oxidation by Cu2+ on the time course of HDL protein unfolding, protein
dissociation and particle fusion. (A) HDL samples (2.5 mg/mL protein) that were non-oxidized
(nHDL, black) or oxidized to stage 2 (mHDL, grey) were diluted to 33 μg/ml protein in buffer
B containing 150 mM NaCl, and were subjected to T-jumps from 25 °C to 80, 85, 90, or 95 °
C (shown on the lines). The time course of protein unfolding was monitored by CD at 222 nm.
Similar samples of nHDL (B) or mHDL (C) containing 1 mg/mL protein were incubated at 85
°C, the aliquots were taken after 1–60 min of incubation and were subjected to non-denaturing
gel electrophoresis to monitor the time course of protein dissociation and particle fusion. Lane
numbers show incubation times (in min) at 85 °C; molecular size standards are shown in nm.
Normal apoA-I and A-II are highly self-associated at these concentrations, and the proteins
that gradually dissociate from HDL at high temperature run as oligomers 7–8 nm in size (B);
self-association of mildly oxidized proteins (C) may be affected by their reduced
hydrophobicity.
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Figure 5.
Effect of extensive oxidation by Cu2+ on the heat-induced protein dissociation and HDL fusion.
HDL samples (2.5 mg/mL protein in buffer B) that were not oxidized (n) or oxidized to stage
7 (ox) were incubated at 95 °C for 60 min (incubation times are shown on the lines) and were
analyzed by non-denaturing gel electrophoresis (A). Electron micrographs of these HDL were
recorded at 25 °C before (B, C) and after 1 h incubation at 95 °C (D, E).
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Figure 6.
Effects of HDL oxidation to various stages by OCl− on protein cross-linking analyzed by SDS
PAGE. HDL (1 mg/mL protein in buffer B) were incubated with various concentrations of
NaClO (see Methods); lane numbers correspond to approximate oxidant:HDL molar ratios of
(1) 7.5:1, (2) 25:1, (3) 50:1, (4) 100:1, (5) 200:1, (6) 400:1; 0 stands for nHDL. The gel was
stained with Coomassie blue.
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Figure 7.
Effects of oxidation by OCl− on thermal transitions in HDL. HDL samples were oxidized to
stages 1–6 by incubation with various concentrations of NaOCl as described in Fig. 6 and in
Methods. The samples were diluted to 33 μg/mL protein in buffer B containing 150 mM NaCl.
Protein unfolding was triggered by a T-jump from 25–95 °C and was monitored by CD at 222
nm (A, B); arrows indicate changes in the unfolding rates (A) or amplitudes (B) upon increase
in the oxidation degree. In other experiments, similar HDL samples were heated from 25–98
°C at a rate of 10 °C/h, and CD (not shown) and 90° light scattering melting data were recorded
at 222 nm (B, C); the data are sifted along Y-axis to avoid overlap. Apparent temperature of
HDL fusion as a function of oxidation degree determined from these data is plotted in (E).
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Figure 8.
Lipid modifications at various stages of oxidation. HDL were oxidized by Cu2+ (A, C) or
OCl− (B, D) to various stages (shown by numbers and color coded as in Figs. 1, 2, 7).
Absorption spectra at 25 °C were recorded from 300–600 nm to monitor carotenoid
consumption (A, B); at shorter wavelengths, the overall oxidation-induced increase in
absorption is largely due to formation of conjugated diens (Fig. 1). LysoPC formation upon
oxidation-induced PC lypolysis was monitored by thin-layer chromatography (C, D). 0 stands
for nHDL, St for lysoPC standard.

Gao et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2009 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


