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Abstract

Lipids in the body are transported via lipoproteins that are nanoparticles comprised of lipids and 

amphipathic proteins termed apolipoproteins. This family of lipid surface-binding proteins is over-

represented in human amyloid diseases. In particular, all major proteins of high-density 

lipoproteins (HDL), including apoA-I, apoA-II and serum amyloid A, can cause systemic 

amyloidoses in humans upon protein mutations, post-translational modifications or 

overproduction. Here, we begin to explore how the HDL lipid composition influences amyloid 

deposition by apoA-I and related proteins. First, we summarize the evidence that, in contrast to 

lipoproteins that are stabilized by kinetic barriers, free apolipoproteins are labile to misfolding and 

proteolysis. Next, we report original biochemical and biophysical studies showing that increase in 

triglyceride content in the core of plasma or reconstituted HDL destabilizes the lipoprotein 

assembly, making it more labile to various perturbations (oxidation, thermal and chemical 

denaturation and enzymatic hydrolysis), and promotes apoA-I release in a lipid-poor/free 

aggregation-prone form. Together, the results suggest that decreasing plasma levels of triglycerides 

will shift the dynamic equilibrium from the lipid-poor/free (labile) to the HDL-bound (protected) 

apolipoprotein state, thereby decreasing the generation of the protein precursor of amyloid. This 

prompts us to propose that triglyceride-lowering therapies may provide a promising strategy to 

alleviate amyloid diseases caused by the deposition of HDL proteins.
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INTRODUCTION

1.1 Apolipoproteins are prominent in human amyloid diseases

Lipoproteins are protein-lipid nanoparticles that transport lipids in the aqueous environment 

of plasma, lymph and cerebrospinal fluid. Protein constituents of these nanoparticles, termed 

apolipoproteins (apos), form a family of amphipathic lipid surface-binding proteins that are 

central to cardiovascular health and disease, but are also prominent in amyloid diseases, or 

amyloidoses ([1-5] and references therein). In amyloidoses, normally soluble functional 

globular proteins or peptides misfold to form an intermolecular cross-β-sheet and deposit as 

amyloid fibrils [6]. Of nearly 40 proteins and peptides that are known to deposit in human 

amyloidoses, seven are exchangeable (water-soluble) apolipoproteins. These include wild-

type (WT) or mutant forms of apoA-I, apoA-II, apoA-IV, apoC-II, or apoC-III that deposit in 

systemic amyloidoses; serum amyloid A (SAA) that causes amyloid A (AA) amyloidosis in 

chronic inflammation; apoE that is a key player in Alzheimer’s disease and a ubiquitous 

constituent of amyloid deposits in vivo; along with related lipid surface-binding proteins 

such as α-synuclein and Aβ peptide that deposit in Parkinson’s and Alzheimer’s diseases, 

respectively ([1-6] and references therein). Two of these proteins, apoA-I and apoA-II, are 

the major protein constituents of normal high-density lipoproteins (HDL), while SAA 

becomes a major HDL protein under inflammatory conditions (described below). ApoE and 

apoCs are minor HDL proteins. Deposition of these proteins in amyloid is expected to be 

intimately linked to HDL metabolism, yet little is known about the nature of this link. Here 

we explore the effects of HDL core lipid composition on the amyloid precursor formation by 

the main HDL proteins, particularly apoA-I.

ApoA-I, the major HDL protein that constitutes 75-80% of the total protein mass in normal 

plasma HDL, forms a key structural scaffold and an important functional ligand on the HDL 

surface [7]. Nearly 95% of all circulating apoA-I is bound to HDL, yet a small fraction is 

released in a transient lipid-poor/free state (termed free for brevity) that can carry several 

lipid molecules and is labile to aggregation [8-11]. Free apoA-I can rapidly bind to the 

existing HDL or generate HDL de novo; alternatively, free apolipoprotein can be either 
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catabolized or get misfolded in amyloid [3,8,9]. ApoA-I causes two forms of systemic 

human amyloidosis, hereditary and acquired [12-15]. The hereditary form, AApoAI, is an 

autosomal dominant disorder caused by apoA-I gene mutations nearly 20 of which have 

been identified [12-14,16,17]. In this incurable potentially lethal disease, mutant apoA-I and 

its N-terminal 9-11 kDa fragments deposit in vital organs (kidneys, liver, spleen, heart, 

testes, nerves, etc.) and damage them. The only available treatment for AApoAI is end-stage 

organ transplant. In the acquired form, which is linked to increased plasma triglycerides 

(TG), aging, and oxidation, full-length apoA-I and its fragments deposit as fibrils in tissues 

and atherosclerotic plaques ([14, 18-20] and references therein). Such a fiber deposition 

reduces the mechanical stability of the arterial plaques [21,22], potentially leading to a heart 

attack or a stroke, and has a range of other pathogenic properties ([1,13,18-20] and 

references therein).

ApoA-II is the second-major HDL protein that comprises 15-20% of the total protein mass 

in normal human HDL [23]. This most hydrophobic of all exchangeable apolipoproteins 

binds particularly strongly to mature HDL and modulates HDL metabolism ([23,24] and 

references therein). Mutations leading to a C-terminal extension in human apoA-II cause 

hereditary human amyloidosis (AApoAII) with symptoms resembling those of AApoAI 

[25-28]. At least one case of human AApoAII involving no gene mutations has also been 

reported [29]. The main organs afflicted in AApoAII are kidneys; the available treatment is 

limited to dialysis and organ transplant [27].

Serum amyloid A (SAA) is an acute-phase protein that is dramatically but transiently 

upregulated in inflammation or injury [2]. As a result, SAA can displace HDL proteins, such 

as apoA-I, to become a major HDL protein that importantly influences lipid transport in 

acute inflammation and has emerged as a contributing factor to atherosclerosis [2,30,31]. In 

chronic inflammatory diseases such as rheumatoid arthritis, Crohn’s disease or tuberculosis, 

persistently elevated levels of plasma SAA can cause AA amyloidosis wherein N-terminal 

fragments of SAA, termed AA, deposit as fibrils in kidneys. AA amyloidosis is the major 

complication of chronic inflammation and the major human systemic amyloidosis 

worldwide [32]. If untreated, AA is lethal; the available treatment is anti-inflammatory drugs 

to keep the plasma SAA levels below 0.1 mg/ml. This treatment is not suited for all patients, 

including a subset of AA cases of unknown etiology not associated with chronic 

inflammation. Recent failure of phase-3 clinical trials of a small-molecule drug, Kiacta [33], 

which was designed to block SAA binding to heparan sulfate proteoglycans and thereby 

block SAA dissociation from HDL and AA deposition [34], underscores the urgent need to 

develop new therapies for AApoAI, AApoAII and AA amyloidoses.

Here, we propose one such potential therapy: to use existing or new TG-lowering 

approaches. The basic premise behind this idea is that elevated plasma TG promote the 

release of HDL proteins in an aggregation-prone lipid-poor/free form. Below, we briefly 

summarize the current evidence that, in contrast to lipoprotein assemblies, free 

apolipoproteins form direct protein precursors of amyloid. Next, we report original in vitro 
data showing that elevated TG promote apolipoprotein dissociation from HDL. Finally, we 

outline possible ways to test the role of TG in amyloid deposition by HDL proteins in vivo.
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1.2 Lipid-free but not lipid-bound apolipoproteins are labile to misfolding

The current consensus is that the free apolipoproteins are labile to proteolysis or aggregation 

while lipid-bound apolipoproteins are protected [1,3,25,28]. Proteolytic studies strongly 

support this idea and show that HDL-bound apoA-I is much more resistant to proteolysis 

that lipid-poor and, particularly, lipid-free protein [35,36]. Further support comes from the 

biophysical studies showing that free apolipoproteins such as apoA-I, apoA-II, apoE, and 

apoC-I adapt partially folded conformations in solution and are characterized by low 

structural stability, high flexibility, high aggregating propensity and other molten globule-

like properties [37-40]. These structural properties along with high hydrophobicity of 

apolipoproteins are expected to augment their misfolding in amyloid [3,40]. In contrast to 

low thermodynamic stability of free apolipoproteins, lipoprotein assemblies are stabilized by 

high kinetic barriers [41-43]. Such barriers arise from the transient disruption of extensive 

protein and lipid interactions, which occurs during protein release and may lead to 

lipoprotein fusion and rupture [40-43]. Hence, lipoprotein assembly provides kinetic 

stabilization for apolipoproteins, which is expected to protect them from proteolytic 

degradation as well as from misfolding in amyloid.

To better understand the link between the lipid surface-binding function of apolipoproteins 

and their tendency to form amyloid in vivo, amino acid sequence analysis of ten 

apolipoproteins was performed to identify adhesive segments, or amyloid hot spots, that are 

likely to trigger the conversion of the native highly α-helical structure into the cross-β-sheet 

conformation characteristic of amyloid [3]. One example is apoA-II whose stop-codon 

mutations lead to a 21-residue C-terminal extension that causes human AApoAII [25,26]. 

Bioinformatics analysis revealed that human wild type (WT) apoA-II has unusually high 

sequence propensity to form amyloid; however, it does not form amyloid in vivo because all 

its amyloid hot spots are located in the amphipathic α-helices that tightly bind HDL and are 

thereby protected from misfolding [44]. In contrast, in amyloidogenic apoA-II mutants, the 

C-terminal extension not only forms an additional amyloid hot spot but also cannot fold into 

an amphipathic α-helix; hence, this extension cannot form protective interactions with a 

lipid surface. This explains why the mutant rather than the WT apoA-II causes human 

amyloidosis [44].

Interestingly, in mice, common apoA-II isoforms can cause amyloidosis, even though 

murine apoA-II has lower amyloid-forming sequence propensity than its human counterpart. 

Notably, normal human apoA-II is a disulfide-linked dimer, and its reduction to a monomer 

significantly weakens its binding to the lipid surface ([45,46] and references therein). In 

contrast, murine apoA-II is a monomer that is expected to bind HDL less strongly than the 

dimer and, hence, is less well-protected from misfolding than its human counterpart. 

Collectively, these studies show that tight binding to HDL protects apoA-II from amyloid 

formation in vivo, whereas weaker binding augments it [44].

Surprisingly, human proteins such as apoB (a large non-exchangeable protein that is the 

major constituent of low- and very-low-density lipoproteins) and WT apoA-II, which have 

the highest amyloid-forming sequence propensity comparable to that of Alzheimer’s Aβ42 

peptide [3], are generally not involved in human amyloidoses. In contrast, apoE, which has 

only modest sequence propensity to form amyloid, is a ubiquitous constituent of amyloid 
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plaques in vivo. Overall, the rank order of the sequence propensity to form amyloid (apoB > 

apoA-II > apoC-II > apoA-I, apoC-III, SAA, apoC-I > apoA-IV, apoA-V, apoE) does not 

correlate with the actual protein’s involvement in amyloidosis. Rather, it correlates directly 

with the strength of the protein-lipid binding, which increases with increasing hydrophobic 

moment of a protein. As a result, the propensities to bind lipid surface and to form amyloid 

are both rooted in apolipoproteins’ hydrophobicity. Therefore, functional requirements make 

it difficult to completely eliminate the pathologic aggregation of apolipoproteins, explaining 

why this protein family is over-represented in amyloidoses. To prevent amyloid formation, 

apolipoproteins have evolved protective strategies, such as the sequestration of the amyloid 

hot spots via the native protein-lipid or protein-protein interactions [3].

An overarching conclusion emerging from these studies is that lipid-bound apolipoproteins 

are protected from misfolding via the kinetic barriers stabilizing the lipoprotein assembly 

[41-43]. In addition, lipid binding sites in these proteins often overlap with the amyloid hot 

spots. Therefore, binding to a lipid surface protects these sensitive regions from the 

dangerous solvent exposure [3,44,47]. In contrast, free apolipoproteins are labile, since their 

low structural stability facilitates transient exposure of their amyloid hot spots [40]. This 

conclusion suggests that a shift in the dynamic equilibrium from the HDL-bound (protected) 

to the free (labile) apolipoprotein form can augment amyloidosis. Below we show that such 

a shift can result from an increase in the TG content in human plasma HDL as well as in 

model HDL.

2. MATERIALS AND METHODS

2.1 Materials

Palmitoyl:oleoyl phosphatidylcholine (POPC) and unesterified cholesterol (UC) were from 

Avanti Polar Lipids. Triolein (TO), matrix metalloproteinase MMP-12 (Lot # SLBF6347V) 

and lipoprotein lipase (LpL) from porcine pancreas (# L3126) were from Sigma. 

Monoclonal antiobody for apoA-I (# MAC20-001) was from Meridian Life Sciences. 

CuSO4 (0.5 M solution) and H2O2 (30% solution) were from Fisher Scientific. Human 

myeloperoxidase (MPO) was from Calbiochem (lot # EC1.11.1.7); MPO purity assessed by 

SDS PAGE was >95%, and the purity index was A430/A280=0.75. Cholesterol ester transfer 

protein (CETP), which was purified from human plasma, was a generous gift from Prof. 

Kerry-Ann Rye (University of New South Wales, Australia). Lecithin:cholesterol 

acyltransferase (LCAT) was a generous gift from Prof. John Parks (Wake Forest University, 

USA). All chemicals were of highest purity analytical grade.

2.2 Lipoprotein and apoA-I preparation and remodeling

Human HDL and very low-density lipoproteins (VLDL) were isolated from plasma of 

anonymous healthy volunteers. The plasma was purchased from a local blood bank 

(Research Blood Components, LLC) in full compliance with the Institutional Review Board. 

Single-donor lipoproteins were isolated from fresh EDTA-treated plasma by density gradient 

ultracentrifugation in the density range 1.063-1.21 g/ml for HDL and 0.94-1.006 g/ml for 

VLDL following established protocols [48]. Each isolated lipoprotein fraction migrated as a 

single band on the agarose gel. Lipoproteins were dialyzed against the standard buffer (10 
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mM Na phosphate, pH 7.5), degassed, and stored in the dark at 4 °C. The stock solutions 

were used within 2-3 weeks, during which no protein degradation was detected by SDS 

PAGE and no changes in the lipoprotein electrophoretic mobility were seen on the agarose 

gel.

Human apoA-I was isolated from fresh plasma HDL, purified to ~95% purity, and refolded 

from 6 M guanidine hydrochloride (Gdn HCl) upon extensive dialysis against the standard 

buffer as previously described [10]. ApoA-I stock solution was stored at 4 °C and was used 

within one month.

To obtain reconstituted HDL (rHDL) of controlled composition, model discoidal HDL were 

reconstituted by using the initial molar ratio 80:4:1 of POPC : UC : plasma apoA-I. 

Discoidal particles were prepared by cholate dialysis [49] followed by extensive dialysis 

against the standard buffer. These particles were converted into spherical rHDL upon 

incubation with LCAT following established protocols [50]. Homogeneous spherical rHDL 

were isolated by density gradient centrifugation in the density range 1.063-1.21 g/ml.

To compare lipoproteins from patients’ plasma varying in TG levels, plasma was obtained 

from 25 healthy normolipidemic and normoglycemic volunteers and from 25 subjects that 

have been diagnosed with type-2 diabetes. In the latter group, 4 patients were newly 

diagnosed without previous treatment, 21 patients have been previously treated with 

metformin (~80%) or insulin (~20%), and 70% of them took statins. The glycemic index 

(hemoglobin A1c) in all diabetes patients was 8% or higher. Plasma was obtained at the 

Lipid Laboratory of Hospital de Saint Pau (Barcelona, Spain) with written informed consent 

by the patients and upon approval by the institutional ethics committee. HDL from the 

plasma pools of normolipidemic and diabetic donors, NL-HDL and DM-HDL, were isolated 

by density gradient centrifugation as described above. Protein and lipid composition was 

determined as previously described [51], and the results are shown in table S1 of the on-line 

supplement.

To obtain TG-enriched HDL (TG-HDL), as a source of TG we used human VLDL that are 

the major carriers of TG in plasma. CETP was used as a TG transfer protein that mediates an 

equimolar exchange of cholesterol ester (CE) for TG. Plasma or reconstituted spherical HDL 

(final protein concentration 1 mg/ml) were incubated with VLDL (final TG concentration 5 

mM) and CETP (final concentration 5 units/ml) in standard buffer at 37 °C for 24 h [52]. 

The samples were placed on ice to terminate the reaction, followed by density gradient 

centrifugation to isolate TG-HDL, and by dialysis against the standard buffer.

To obtain triolein-enriched HDL (TO-HDL), lipid microemulsions containing TO and POPC 

were prepared by sonication [53]. These microemulsions (final TO concentration 5mM/l) 

were incubated with HDL (final CE concentration 1 mM/l) and CETP (2.7 units/ml) at 

37 °C for 24 h [50]. Similar incubations carried out in the absence of CETP were used as a 

negative control. The resulting TO-HDL were isolated from the total mixture (CETP-TO-

HDL) by density gradient centrifugation in the density range 1.07–1.21 g/ml, followed by 

dialysis against the standard buffer. Biochemical composition of plasma HDL and of 
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reconstituted HDL before and after their enrichment with either TG or TO is shown in 

supplemental tables S2 and S3.

To probe the effects of HDL enrichment with TG or TO on the protein release and 

lipoprotein fusion, which occur during normal metabolic remodeling of plasma HDL [8], 

chemical and thermal perturbation methods were used. These methods have been previously 

shown to induce apoA-I release and HDL fusion and rupture, which mimic important 

aspects of metabolic HDL remodeling by plasma factors [41,42]. For a denaturant-induced 

remodeling, HDL were incubated with 3 M Gdn HCl at 37 °C for 3 h, followed by extensive 

dialysis against the standard buffer. For thermal remodeling, HDL solutions (containing 3 

mg/mL protein in 10 mM PB, 150 mM Na Cl at pH 7.5) were heated from 5 °C up to 120 °C 

at a rate of 90 °C/h, and the heat capacity Cp(T) was recorded using VP-DSC 

microcalorimeter (MicroCal, MA, USA) as previously described [42]. ORIGIN software 

was used for the data collection and analysis. HDL samples that have been heated in DSC 

experiments to different temperatures were collected and used for further studies.

Oxidation of normal and of TG-rich HDL by using Cu2+, H2O2 or myeloperoxidase (MPO) 

was carried out as previously described [54]. Copper is widely used in vitro to continuously 

monitor lipoprotein oxidation. Lipoprotein oxidation in vivo may occur via several 

pathways, including H2O2. Activated phagocytes use a nicotinamide adenine dinucleotide 

phosphate-oxidase, NOX2, to generate extracellular superoxide that converts into hydrogen 

peroxide, an important oxidant of lipoproteins in vivo [55]. Oxidative enzymes such as 

MPO, which can use H2O2 or Cl− as substrates, also importantly contribute to lipoprotein 

oxidation in vivo ([54] and references therein).

The time course of Cu2+-induced lipid peroxidation was monitored continuously by UV 

absorbance at 234 nm that reports mainly on the conjugated diene formation. HDL solutions 

(0.1 mg/ml protein) were equilibrated at 37 °C and the oxidation was initiated by adding 

CuSO4 to a final concentration of 5 μM. HDL oxidation at 37 °C was monitored at 234 nm 

using Varian Cary Biomelt-300 UV-Vis absorption spectrometer with thermoelectric 

temperature control.

HDL oxidation by H2O2 was triggered by adding 0.3 % H2O2 followed by incubation at 

37 °C for 6 h [54]. Excess H2O2 was removed by extensive dialysis against standard buffer. 

To oxidize HDL using MPO/H2O2/Cl−, HDL solution (0.5 mg/ml protein) was dialyzed 

against 50 mM Na phosphate buffer at pH 7.5 containing 150 mM NaCl and 0.1 mM 

diethylenetriamine pentaacetic acid, and MPO was added to a final concentration of 60 nM. 

The reaction was initiated by adding 50 μM H2O2 in 3 aliquots at 15 min intervals. The 

mixture was incubated at 37 °C for 90 min, and the reaction was quenched by adding a 100-

fold excess of L-methionine [54]. Oxidized TG-HDL obtained by these methods were 

remodeled by incubation with 3 M Gdn HCl as described above, and the products of this 

remodeling were isolated either by SEC or by density centrifugation for further studies. 

Oxidation-induced change in the molecular weight of free apoA-I separated by this method 

was determined by MALDI-TOF as previously described [56].
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Binding of a diagnostic dye thioflavin T (ThT) to apoA-I aggregates was assessed by 

fluorescence. ApoA-I (1 mg/ml) was incubated at 37 °C in phosphate buffer at pH 6.0 with 

continuous stirring; after 24 h, the protein solution was diluted to 0.1 mg/ml apoA-I and 10 

μM ThT was added at 25 °C following published protocols [20]. ThT fluorescence was 

measured using Fluoromax-2 spectrofluorometer with an excitation wavelength of 444 nm 

and 5 nm slit width for excitation and emission.

For HDL processing by a matrix metalloproteinase (MMP), normal plasma HDL (1.5 mg/ml 

protein concentration) were incubated for 2 h at 37 °C with MMP-12 (20 μg/ml) in 200 mM 

NaCl, 10 mM CaCl2, 50 mM Tris at pH 7.6 in the presence of 0.02 mM butylated 

hydroxytoluene. The reaction was stopped by adding EDTA to a final concentration of 15 

mM [57].

For HDL remodeling by lipoprotein lipase, HDL (1 mg/ml, total protein concentration) was 

incubated with 20 units of LpL in standard buffer at 37 °C for 24 h. The reaction mixture 

was immediately loaded and separated on the native PAGE.

2.3 Transmission electron microscopy, gel electrophoresis, immunoblotting, size-exclusion 
chromatography and lipid analysis

To visualize lipoproteins we used negative-stain electron microscopy (EM) with a CM12 

transmission electron microscope (Philips Electron Optics) as previously described [41,42].

For native PAGE, Novex™ 4-20% Tris-glycine gels (from Invitrogen) were loaded with 6 μg 

protein per lane and run to termination at 1,500 V-h under native non-denaturing conditions 

in Tris-glycine buffer. For SDS PAGE, the gels were loaded with 5 μg protein per lane and 

run at 200 V for 1 h under denaturing conditions in SDS-Tris-glycine buffer. All gels were 

stained with Denville Blue protein stain (Denville Scientific).

For Western blotting, the proteins were separated on SDS gels and were transferred to a 

PVDF membrane for 1 h at 100 V, 4 °C. The membranes were blocked for 1 h in Tris-

buffered saline / casein blocking buffer. The blots were probed with antibodies for apoA-I or 

apoA-II in blocking buffer for 1 h. The blots were washed thrice for 10 min each, and were 

visualized by using an ECL system (NEN Life Science Products).

Size-exclusion chromatography (SEC) was performed by using a preparative-grade 

Superdex 16 XK column or a Superose 6 10/300 GL column controlled by an AKTA UPC 

10 FPLC system (GE Healthcare). Samples were eluted by PBS at pH 7.5 at a flow rate of 

0.5 ml/min.

For lipid analysis using thin-layer chromatography, lipids were extracted with 2:1 

chloroform : methanol by Folch method [58] and were dried under nitrogen. Known 

amounts of dry lipids were analyzed using either hexane : ether : acetic acid (70:30:1 molar 

ratio) or chloroform : methanol : water : acetic acid (65:25:4:1 molar ratio) to separate 

apolar or polar lipids, respectively, as previously described [56].

Cholesterol, triglycerides, and phospholipids were quantified using enzymatic assays 

following published protocols [59]. Protein concentration was determined using modified 
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Lowry assay with BSA as standard [60]. All concentrations were measured in triplicate. 

Unless otherwise stated, all experiments reported in this study were repeated at least three 

times to ensure reproducibility.

3. RESULTS

3.1 Human HDL enriched with TG show increased protein release and decreased stability

First, normal human HDL (nHDL) were enriched with TG by incubation with VLDL and 

CETP. The incubation mixture, termed CETP-TG-HDL, was analyzed for protein 

distribution in lipid-bound and free states. SEC and native PAGE showed that HDL 

enrichment with TG caused the release of a small fraction of free protein, and 

immunoblotting revealed that this fraction contained apoA-I but not apoA-II (Figure 1). 

Since VLDL contain little if any apoA-I, the origin of free protein must be HDL. Therefore, 

HDL enrichment in TG promotes apoA-I release under ambient conditions.

TG-HDL were isolated by SEC from CETP-TG-HDL. Negative-stain EM revealed no large 

changes in the particle size upon TG enrichment, and thin-layer chromatography and lipid 

quantification clearly showed an increased TG content in these particles (supplemental 

Figure S1 and Table S2).

Next, TG-HDL were destabilized by incubation with Gdn HCl for 3 h at 37 °C. Incubation 

of nHDL with Gdn HCl was previously shown to induce progressive protein dissociation 

and fusion of the protein-depleted particles to compensate for the loss of the protein moiety 

from the surface; ultimately, such a progressive protein dissociation leads to HDL rupture 

and release of the core lipids that coalesce into droplets [41,42]. SEC and native PAGE data 

in Figure 2 demonstrated that, compared to nHDL, TG-HDL showed more advanced 

denaturant-induced protein dissociation and lipoprotein fusion.

To determine the effects of TG enrichment on the thermal stability of human HDL, nHDL 

and TG-HDL were heated at a constant rate in DSC experiments, and differential heat 

capacity, Cp(T), was continuously recorded to detect HDL fusion and rupture. These HDL 

transitions are endothermic and correspond to high-temperature peaks in the Cp(T) function 

[42]. Our results showed that, compared to nHDL, in TG-HDL these transitions shifted to 

lower temperatures by ~15 °C (Figure 3A). Therefore, TG enrichment greatly destabilizes 

HDL and promotes heat-induced protein release and lipoprotein fusion and rupture.

Next, nHDL and TG-HDL were heated in DSC experiments to 85 °C or to 120 °C to trigger 

lipoprotein fusion or rupture, respectively, followed by the native PAGE analysis. The results 

clearly showed that TG enrichment greatly advanced the extent of the heat-induced HDL 

fusion, rupture and apolipoprotein release (Figure 3B). EM analysis supported this 

conclusion and showed that the fraction of particles that increased in size due to HDL fusion 

and rupture upon chemical or thermal perturbation was greater in TG-HDL as compared to 

nHDL (Figure 4). Together, the results in Figures 1-4 clearly showed that HDL enrichment 

with TG promotes apolipoprotein dissociation at ambient conditions and upon chemical or 

thermal perturbation, and reduces HDL stability to such perturbations.
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3.2 Effect of TG enrichment on HDL oxidation promotes an amyloidogenic outcome for 
apoA-I

Mild oxidation of apoA-I, which starts with methionine sulfoxide formation, promotes the 

misfolding of free full-length human apoA-I and amyloid fibril formation in vitro; this 

process is implicated in the fibril deposition by full-length WT apoA-I in the oxidative 

environment of atherosclerotic plaques in acquired amyloidosis [19,20]. The effect of 

plasma TG on this pathogenic process was unknown. Here we determined how the 

enrichment of human HDL with TG influences the extent of HDL lipid oxidation and 

protein release in the aggregation-prone free form. First, to determine the effect of TG on the 

rate of HDL oxidation, the time course of the copper-induced conjugated diene formation in 

HDL was recorded. This method enables one to continuously monitor lipid peroxidation and 

accurately detect changes in its rate. The results in Figure 5A revealed accelerated lipid 

peroxidation in TG-HDL as compared to nHDL. In fact, TG-HDL showed shorter lag phase 

and an increased rate of the rapid phase of lipid peroxidation evident from an increased 

maximal slope, Vmax, of the absorbance curve, Abs234(t). As a result, the midpoint of the 

rapid oxidation phase decreased from about 80 min in nHDL to 62 min in TG-HDL. 

Consequently, TG enrichment makes HDL significantly more susceptible to oxidation.

Next, we tested the combined effects of TG enrichment and oxidation of HDL on the 

apolipoprotein release. To this end we used hydrogen peroxide, H2O2, to selectively oxidize 

Met residues in apoA-I and apoA-II. The resulting replacement of the apolar Met with the 

polar Met(O) in the apolar lipid binding helical faces of these proteins reduces their affinity 

for lipid [61]. Importantly, such a mild oxidation is thought to mimic the in vivo conditions 

in the arterial wall; free apoA-I oxidized by this method shows Met oxidation that promotes 

fibril formation [19,20]. To promote the apolipoprotein release, mildly oxidized TG-HDL 

were incubated with 3 M Gdn HCl for 3 h at 37 °C, followed by the product separation by 

SEC. The results showed the release of free protein and HDL fusion (Figure 5B, bottom). 

The SEC fractions corresponding to the HDL-bound and free proteins were collected, 

pooled, concentrated and subjected to native and SDS PAGE (Figure 5C, D). SDS PAGE 

showed that, while HDL-bound protein contained both apoA-I and apoA-II, free protein 

released from HDL contained only apoA-I. The upward band shift observed for this free 

protein suggested oxidation (Figure 5D). To ascertain Met oxidation in this protein fraction, 

we used mass spectrometry to compare the molecular mass of intact apoA-I isolated from 

nHDL and of free apoA-I isolated by SEC from the Gdn-treated H2O2-oxidized TG-HDL 

(free fraction in Figure 5B). MALDI-TOF indicated an increase in the molecular mass by 48 

Da, from 28087.5 Da in intact non-oxidized apoA-I to 28135.6 Da in the oxidized apoA-I 

released from TG-HDL (Figure 5D). Such an increase in mass corresponds to three oxygen 

atoms, consistent with the oxidation of all three apoA-I methionines (M86, M112, and 

M148). We conclude that the enrichment in TG makes HDL more susceptible to oxidation, 

and that mild oxidation of TG-HDL promotes preferential release of the Met-oxidized free 

apoA-I.

In addition to H2O2, we also used MPO/H2O2/Cl− system to oxidize TG-HDL. The results 

clearly show that, similar to H2O2, HDL oxidation by MPO/H2O2/Cl− augments protein 
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release from TG-HDL, mainly in the form of free apoA-I monomer with oxidized 

methionines (supplemental Figure S2).

To probe the amyloid-forming properties of this free apoA-I, the protein was concentrated to 

1 mg/ml, dialyzed against phosphate buffer at pH 6.0, and incubated at 37 °C for 24 h 

following published protocols [20]. After incubation, free Met-oxidized apoA-I formed 

visible precipitate, and native PAGE showed massive aggregation (Figure 6A). The 

aggregated protein showed a large increase in ThT fluorescence, indicating amyloid-like 

structural properties (Figure 6B). We conclude that free Met-oxidized apoA-I released from 

TG-HDL upon mild oxidation has increased amyloid-forming propensity.

3.3 Effects of TG enrichment on HDL remodeling by lipolytic and proteolytic enzymes

To determine the effects of TG enrichment on the enzymatic processing of HDL lipids, 

which is involved in metabolic HDL remodeling in plasma, we used LpL that preferentially 

hydrolyzes TG in the lipoprotein core to form di- and monoglycerides and free fatty acids 

[62]. This process depletes the apolar core of HDL, leading to the lipoprotein shrinking and 

release of the excess surface material in the form of apoA-I. Native PAGE in Figure 7A 

showed that HDL hydrolysis by LpL leads to a minimal decrease in the particle size. 

However, in TG-HDL this decrease in size was much more pronounced than in nHDL and 

was accompanied by a release of a greater fraction of free protein. This result is consistent 

with the previous report that HDL enriched in TG become better substrates for the 

lipoprotein and hepatic lipases [63,64].

To determine how TG enrichment affects the proteolytic susceptibility of apoA-I on HDL, 

we used MMP-12. In vivo, MMPs that are present in atherosclerotic lesions acts on HDL 

proteins, leading to their cleavage and subsequent degradation. We chose MMP-12 that was 

previously shown to cleave HDL-bound apoA-I [57], and used nHDL or TG-HDL as 

substrates. SDS PAGE followed by immunoblotting clearly showed that, compared to 

nHDL, apoA-I on TG-HDL was more susceptible to proteolysis (Figure 7B).

In summary, the enrichment of normal plasma HDL with TG augments the hydrolytic 

processing of HDL proteins an lipids. This conclusion is consistent with the previous studies 

of HDL hydrolysis [63-65] and with the destabilizing effect of TG enrichment on the HDL 

assembly described in part 3.1 above.

3.4 Human plasma HDL enriched in triolein show enhanced protein release and reduced 
stability

TG exchange upon HDL incubation with human VLDL can be influenced by various 

proteins and lipids that are present in VLDL. To clearly distinguish the effect of 

triglycerides, we used protein-free TO:POPC emulsions to determine how TO enrichment 

affects structural integrity of human plasma HDL. Unlike plasma lipoproteins whose core 

contains a mixture of asymmetrical TG molecules differing in the acyl chain length and 

unsaturation, TO is a symmetrical triglyceride containing three units of oleic acid. SEC data 

in Figure 8A showed that incubation of plasma HDL with TO emulsions to generate TO-

enriched HDL (TO-HDL, Figure 8B) led to the release of a small but significant fraction of 

apoA-I under ambient conditions. This result, together with the data in Figure 1A, shows 
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that HDL enrichment in TG promotes apoA-I release regardless of the presence of other 

proteins and lipids.

Thermal stability of nHDL and TO-HDL was compared by using DSC (Figure 8C). The 

results showed that the temperatures of HDL fusion and rupture decreased by about 15 °C 

upon HDL enrichment in TO. Next, nHDL and TO-HDL were heated in DSC experiments 

to 90 °C to trigger lipoprotein fusion, followed by a native PAGE analysis (Figure 8D). 

Compared to nHDL, TO-HDL showed more extensive protein release and particle fusion.

We conclude that, similar to TG-HDL, TO-HDL are more prone to protein release and 

particle fusion and rupture as compared to nHDL. Hence, protein release and HDL 

destabilization upon TG enrichment does not depend on the presence of VLDL, the exact 

type of TG, or the nature of the perturbation (thermal, chemical, oxidative, lipolytic or 

proteolytic). Rather, this is a general property of the TG-enriched plasma HDL.

3.5 Reconstituted spherical HDL show enhanced protein dissociation and reduced stability 
upon enrichment in TG

Plasma HDL form a heterogeneous population of particles containing a wide range of 

proteins and lipids. To test whether the effects of TG enrichment on the structural integrity 

of plasma HDL can be reproduced in a simple experimental model, we used reconstituted 

spherical HDL containing apoA-I as their sole protein and either CE alone or both CE and 

TG in the particle core. To this end, discoidal particles, which were reconstituted from 

human apoA-I, POPC and unesterified cholesterol, were used as substrates for LCAT. CE 

generated by LCAT moved to the core of the particles, converting them into spherical 

reconstituted HDL (rHDL). A subset of these rHDL was then enriched in TG by using 

CETP and VLDL; the reconstituted HDL containing both CE and TG in their core (TG-

rHDL) were isolated and analyzed. Lipid composition in rHDL and in TG-rHDL was 

determined using enzymatic assays (Table S3) and was ascertained by thin layer 

chromatography (Figure S3). The particle size and morphology observed by EM were 

typical of human HDL with diameters, 8.5-11.5 nm (Figure S3). DSC data of reconstituted 

HDL showed a single endothermic transition (Figure 9A). In TG-rHDL this transition 

shifted to lower temperatures by ~10 °C and had lower enthalpy as compared to rHDL, 

indicating reduced stability of TG-rHDL. Next, the particles that have been heated in DSC 

experiments to 100 °C (i.e. past their structural transition) were analyzed by native PAGE, 

EM and SEC (Figure 9 B,C,D). Compared to rHDL, TG-rHDL showed more advanced 

protein dissociation and particle fusion. We conclude that, similar to plasma HDL, 

reconstituted HDL show increased apoA-I release and reduced stability of the lipoprotein 

assembly upon TG incorporation.

3.6 Plasma HDL from diabetic patients show enhanced protein release and reduced 
stability

Human HDL described above were obtained from plasma of healthy donors, and enrichment 

of these HDL in TG partially mimicked conditions of high TG in vivo, such as the metabolic 

syndrome, diabetes or obesity. In vivo, such pathologic conditions can involve additional 

changes, including altered protein and lipid composition, post-translational modifications 
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such as glycation, oxidation, etc. To assess the combined effect of these changes on the 

structural stability of human HDL, we used HDL isolated from pooled plasma of patients 

who were either normolipidemic and normoglycemic (NL-HDL) or have been diagnosed 

with diabetes mellitus (DM-HDL). Each group contained 25 patients; one series of 

experiments was performed. Biochemical analysis showed two major differences in the lipid 

and protein content of these HDL, including an ~30% increase in TG and an ~70% increase 

in apoC-III in DM-HDL as compared to NL-HDL (Table S1). The DSC data clearly showed 

a significant low-temperature shift by 4 °C in the fusion and rupture transitions of DM-HDL 

as compared to NL-HDL (Figure S4A). To ascertain that this shift involved changes in the 

protein release from HDL, the particles were heated in DSC experiments to 85 °C to trigger 

HDL fusion, followed by SEC and native PAGE analysis. The results clearly showed 

enhanced protein release from DM-HDL as compared to NL-HDL (Figure S4B, C). 

Furthermore, the kinetics of the copper-induced oxidation clearly showed that DM-HDL 

were more susceptible to oxidation than NL-HDL, as evident form a significant shift in the 

transition midpoint (Figure S4D). These studies of the patient-derived HDL further supports 

our in vitro finding that increased TG content augments HDL oxidation (Figure 5A).

3.7 Summary

Together, our studies consistently show that HDL particles with elevated TG content have 

reduced stability to various perturbations and show enhanced protein release. This effect was 

observed in plasma HDL that have been artificially enriched in either TG or TO (Figures 

1-4), in plasma HDL from normolipidemic vis a vis diabetic patients (Figure S4), and in 

reconstituted HDL with controlled composition (Figure 9). TG-induced protein release was 

detected in TG- and in TO-enriched HDL under ambient conditions (Figures 1A and 8A), 

and was further enhanced upon thermal or chemical perturbation (Figures 2, 3, 4, 7). TG-

rich HDL also showed increased susceptibility to oxidation (Figure 5), lipolysis and 

proteolysis (Figure 7), which is consistent with reduced structural stability of these particles. 

Importantly, we show that the protein released from the mildly oxidized TG-HDL is Met-

oxidized apoA-I (Figure 5) that is prone to misfolding and aggregation in vitro (Figure 6). 

This Met-oxidized species is thought to contribute to the deposition of full-length WT apoA-

I as fibrils in acquired amyloidosis in the oxidative environment of atherosclerotic plaques 

[19,20].

4. DISCUSSION

4.1 Conclusions

Our results clearly show that increasing the TG content in HDL per se promotes 

apolipoprotein release and HDL remodeling, fusion and rupture. These results are consistent 

with the previous in vitro studies by the teams of Rye and Sparks showing that enrichment in 

TG reduces HDL stability and induces conformational changes in apoA-I, which enhance 

the epitope exposure and proteolysis of apoA-I on HDL [65,66] as well as the release of 

apoA-I [52]. Protein dissociation from TG-rich HDL is further amplified by the action of 

oxidants (Figure 5) and by HDL-remodeling plasma factors, including proteases such as 

MMP-12 as well as lipases such as LpL that preferentially process TG-rich HDL and 

promote apolipoprotein release [63,64] (Figure 7). Together, these effects are thought to 
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contribute to low plasma levels of HDL in patients with elevated TG, for example in the 

metabolic syndrome, diabetes and obesity.

Protein release from HDL induced by LpL probably results from shrinking of the HDL core 

upon TG hydrolysis, which increases the surface-to-volume ratio in HDL and generates 

excess surface material that dissociates in the form of lipid-poor/free proteins. In the absence 

of remodeling factors, the molecular underpinnings for the increased protein release and 

reduced structural stability of TG-rich HDL are less well-understood and are probably 

linked to the TG-induced conformational changes in HDL proteins such as those reported 

for apoA-I [65,66]. Furthermore, lipid-poor apolipoproteins such as apoA-I that are released 

from HDL can carry several lipid molecules; e.g. apoA-I monomer can carry up to 12 

molecules of PC, 3-5 molecules of unesterified cholesterol and 2-5 molecules of cholesterol 

esters or TG ([10] and references therein), suggesting a direct interaction between 

apolipoproteins and the core lipids. The biochemical composition of the parent HDL particle 

probably influences the lipid composition in the apolipoprotein released from this particle, 

which may potentially influence the misfolding of this lipid-poor protein.

Lipid-poor/free apolipoproteins released from HDL are labile to proteolytic degradation as 

well as to misfolding and aggregation (reviewed in [1,3]); Met-oxidized free apoA-I is 

particularly labile to amyloid formation (Figure 6) [19,20]. Therefore, increased plasma 

levels of TG, which contribute to oxidative stress, are expected to shift the dynamic 

equilibrium from the HDL-bound to free apolipoproteins and thereby generate the protein 

precursor of amyloid. We speculate that this effect may be one of the contributing factors to 

the observed link between the severity of AA amyloidosis and elevated TG in conditions 

such as obesity, metabolic syndrome and diabetes [67,68].

4.2 Potential therapeutic implications and future studies

Conversely, decreasing TG levels in plasma is expected to enhance apolipoprotein retention 

on HDL and diminish the release of aggregation-prone apolipoproteins. Decreasing the 

generation of the amyloid protein precursor is the general therapeutic strategy pursued for 

various types of amyloidosis [4]. We hypothesize that TG-lowering approaches such as a 

low-fat diet, TG-reducing dietary supplements such as fish oil, and TG-lowering 

therapeutics may potentially help alleviate apolipoprotein deposition in diseases such as 

AApoAI, AApoAII and, perhaps, AA amyloidoses. These approaches probably hold more 

therapeutic potential for AApoAI and AApoAII since, unlike AA, these amyloidoses are not 

associated with the protein overproduction.

The most widely used TG-lowering drugs are fibrates. These PPARα agonists suppress 

apoCIII gene transcription and have recently been proposed as potential therapeutics for a 

new type of amyloidosis caused by a variant apoC-III [4]. Fibrates have complex effects on 

plasma apolipoproteins; for example, fenofibrate upregulates the expression of human and 

murine apoA-II and of human apoA-I, while murine apoA-I is down-regulated [69,70]. 

FIELD study to determine the effects of prolonged administration of fenofibrate to humans 

reported not only a significant reduction in plasma TG levels in patients under study but also 

an ~27% increase in plasma levels of apoA-II, with only marginal changes to apoA-I levels 

[71]. Therefore, although fibrates have a clear therapeutic potential for AApoCIII, they 
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should be considered with caution for AApoAI, and should perhaps not be considered for 

AApoAII. Clearly, other TG-lowering therapies are needed whose prolonged administration 

to humans does not increase apoA-II (in case of AApoAII) and does not significantly change 

the expression levels of apoA-I, since an increase in apoA-I is undesirable in AApoAI while 

a decrease in apoA-I and HDL levels can adversely influence cardiovascular health. This 

goal could be achieved with some statins that, in parallel to cholesterol reduction, also 

decrease TG and are not reported to modify apoA-II levels. Future studies are necessary to 

determine a putative protective role for statins in apolipoprotein-related amyloidoses.

Dietary approaches to a TG reduction may hold promise as a strategy to delay the onset 

and/or progression of apolipoprotein amyloidosis. This idea is consistent with the studies of 

Higuchi’s team of the effects of dietary fats on apoA-II deposition in senescence-accelerated 

mice. These studies showed that the degree of unsaturation in dietary fats correlates directly 

with the rate of amyloid deposition [72], and that caloric restriction significantly reduces 

apoA-II amyloid deposition in these mice [73]. Also, in clinical studies of a cohort of 

patients with a metabolic syndrome, a 16-week low-calorie low-fat diet led to a significant 

decrease in the generation rate and in the fractional catabolic rate of apoA-II [74]. Together, 

these observations point to a potential therapeutic value of dietary fat modifications in 

apolipoprotein amyloidoses.

Future studies should specifically target the effects of TG levels on apolipoprotein 

deposition. A particularly useful model for these studies is the mouse model of human 

AApoAII developed by Benson and colleagues [28]. An important caveat in such studies is 

significant differences between the lipid metabolism in mice and men. For example, normal 

mice lack CETP. Therefore, as the first step, one could use a CETP-overexpressing mouse 

model of human AApoAII to feed these mice either a low-fat or a TG-rich diet to determine 

the effect of TG levels on the development and the progression of AApoAII. Similar in vivo 
studies of the effects of TG levels on AApoAI could be performed once the animal models 

of this disease become available.

Increasing the lipidation degree of apoE has been previously proposed to be of therapeutic 

value for Alzheimer’s disease [75]. Here we propose that increasing the lipidation degree of 

the major HDL apolipoproteins to shift their distribution from free (labile) to HDL-bound 

(protected) state has a therapeutic potential for amelioration of AApoAI, AApoAII and 

perhaps AA, and can probably be achieved via the decrease in plasma TG levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Apo apolipoprotein

AApoAI apoA-I amyloidosis

AApoAII apoA-II amyloidosis

AA amyloid A

SAA serum amyloid A

HDL high-density lipoprotein

VLDL very-low density lipoprotein

rHDL reconstituted HDL

TG triglyceride

TO triolein

CE cholesterol ester

CETP cholesterol ester transfer protein

UC unesterified cholesterol

nHDL native single-donor HDL from plasma of healthy volunteers

TG-HDL nHDL enriched with TG

TO-HDL nHDL enriched with TO

NL normolipidemic

DM diabetes mellitus

LCAT lechithin:cholesterol acyltransfrease

LpL lipoprotein lipase

MMP matix metalloproteinase

DSC differential scanning calorimetry

ThT thioflavin T

EM electron microscopy

SEC size-exclusion chromatography

PAGE polyacrylamide gel electrophoresis

WT wild type
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Highlights

• Apolipoproteins such as apoA-I, apoA-II and SAA can cause systemic 

amyloidoses

• Binding to high-density lipoproteins protects these proteins from 

misfolding

• Free apolipoproteins are intrinsically disordered and labile to 

misfolding

• Increasing triglyceride levels in human or model HDL promotes 

protein release

• Triglyceride-lowering therapies may potentially alleviate 

apolipoprotein amyloidoses
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Figure 1. 
Characterization of human plasma HDL enriched with TG. Incubation mixture containing 

CETP (~70 kDa), VLDL, and HDL (CETP-TG-HDL) was analyzed by (A) SEC using 

preparative-grade Superdex 16 XK column and (B) native PAGE (4-20% gradient, Denville 

Blue protein stain). HDL-bound and free protein fractions are indicated. The void volume in 

SEC (not shown) contains large VLDL particles (40-100 nm). (C) Immunoblots of the HDL-

bound and free protein fractions, which were isolated by SEC from CETP-TG-HDL, show 

that the free protein released from HDL upon enrichment in TG contains apoA-I but no 

apoA-II.
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Figure 2. 
Effects of TG enrichment on the chemical remodeling of plasma HDL under mild 

denaturing conditions. Native or TG-enriched HDL (nHDL and TG-HDL) that were either 

intact or have been incubated in 3M Gdn HCl for 3 h at 37°C were analyzed by (A) SEC 

(preparative-grade Superdex 16 XK column) and (B) native PAGE. SEC data of intact nHDL 

and of intact TG-HDL fully overlap and show a single peak centered circa 100 ml, which 

corresponds to intact-size HDL (not shown). Native PAGE demonstrates that, compared to 

nHDL, TG-HDL show increased dissociation of free protein and lipoprotein fusion upon 

Gdn-induced remodeling.
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Figure 3. 
Effect of TG enrichment on thermal remodeling of plasma HDL. (A) Differential heat 

capacity, Cp(T), recorded by differential scanning calorimetry during heating of nHDL and 

TG-HDL at a constant rate of 90 °C/h. Endothermic transitions corresponding to the 

thermodynamically irreversible lipoprotein fusion and rupture are indicated [42]. Native 

PAGE shows population distribution in nHDL and TG-HDL after heating to 85 °C (B) or to 

120 °C (C) to trigger fusion and rupture, respectively. HDL rupture releases core lipids that 

coalesce into protein-containing lipid droplets and their aggregates [42]. These large species 

can be seen at the top of the gel (nHDL heated to 120°C, panel C) and ultimately become 

too large to enter the gel (TG-HDL heated to 120 °C, panel C). Advanced lipoprotein 

disintegration in TG-HDL after heating to 120 °C leads to massive aggregation of free 

protein (panel C).
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Figure 4. 
Transmission electron micrographs of negatively stained nHDL and TG-HDL that were 

either intact (left), or have been perturbed by a denaturant (incubation with 3 M Gdn HCl at 

37 °C for 3 h; middle), or by heating (to 90 °C at a rate of 90 °C /h, right). Representative 

images are shown on the same scale.
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Figure 5. 
TG enrichment accelerates HDL oxidation that promotes dissociation of methionine-

oxidized free apoA-I. (A) Kinetics of copper-induced oxidation of nHDL and TG-HDL 

monitored by absorbance at 234 nm for conjugated diene formation. (B) Mild oxidation of 

TG-HDL by hydrogen peroxide. TG-HDL that were intact (top), oxidized (middle, marked 

ox-TG-HDL) or oxidized and treated with 3M Gdn HCl (bottom) were analyzed by SEC 

using Superdex-XK 200 column. (C) Native PAGE of the total samples and of the SEC 

fractions of the Gdn HCl-treated ox-TG-HDL that showed fusion and release of free protein 

(panel B). (D) SDS PAGE of the total samples from panel B and their SEC fractions shows 

that free protein released from ox-TG-HDL contains oxidized apoA-I. Molecular mass of 

this free protein, which was determined by MALDI TOF (D, bottom), was increased by 48 

Da compared to unmodified apoA-I, suggesting oxidation of the three methionines (M86, 

M112 and M148).
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Figure 6. 
Aggregation of Met-oxidized free apoA-I released upon mild oxidation of TG-HDL. Free 

protein, which was isolated from mildly oxidized TG-HDL by SEC as described in Figure 2 

legend, was incubated at pH 6 as described in part 3.2 following published protocols [20]. 

(A) SDS PAGE showed massive protein aggregation upon incubation. (B) Thioflavin T 

fluorescence showed a large increase in emission in the presence of this aggregated protein, 

suggesting amyloid formation.
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Figure 7. 
Effect of TG enrichment on the enzymatic hydrolysis of plasma HDL. (A) HDL remodeling 

by LpL. LpL hydrolyses TG in the HDL core leading to apoA-I release accompanied by a 

decrease in the HDL size (see parts 2.2 and 3.3 for detail). Native PAGE shows that this 

process is more advanced in TG-HDL as compared to nHDL. (B) Proteolysis of apoA-I on 

HDL by MMP-12 (see parts 2.2 and 3.2 for detail) monitored by immunoblotting for apoA-I 

shows more advanced protein cleavage on TG-HDL as compared to nHDL. Numbers on the 

right correspond to full-length apoA-I (28 kDa), its N-terminal 26 kDa fragment cleaved 

near the flexible hinge (G185, G168), and its ~14 kDa fragments produced upon apoA-I 

cleavage in the flexible central region near residue 130 [57].
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Figure 8. 
Effect of the triolein enrichment on the protein dissociation and thermal remodeling of 

plasma HDL. (A) SEC (Superdex 16 XK column) of the incubation mixture containing 

CETP, TO:POPC emulsions and HDL (CETP-TO-HDL), which were prepared as described 

in Methods, and of nHDL shows dissociation of an apolipoprotein fraction from HDL upon 

enrichment in TO under ambient conditions. (B) Thin-layer chromatography of TO-HDL 

isolated from the incubation mixture shows an increased amount of TO as compared to 

nHDL. (C) Differential scanning calorimetry of TO-HDL that have been isolated from the 

CETP-TO-HDL incubation mixture and of nHDL. Heat capacity data, Cp(T), show that TO 

enrichment leads to low-temperature shifts in HDL fusion and rupture transitions (rupture 

temperatures are indicated by dotted lines). (D) Native PAGE of nHDL and TO-HDL, which 

have been heated to 90 °C to trigger lipoprotein fusion, shows more extensive lipoprotein 

fusion and protein dissociation in TO-HDL.
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Figure 9. 
Effect of TG enrichment on the protein dissociation and thermal remodeling of reconstituted 

spherical HDL. (A) Heat capacity data, Cp(T), of rHDL and TG-rHDL recorded by DSC 

during heating at a rate of 90 °C/h. The samples that have been heated to 100 °C in DSC 

experiments were analyzed by (B) SEC (Superose 6 10/300 GL column) and (C) native 

PAGE. Intact HDL, fused HDL and the dissociated lipid-poor/free protein are indicated.
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