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Abstract

Plasma lipoproteins are assemblies of lipids and apolipoproteins that mediate lipid transport and 

metabolism. High-density lipoproteins (HDL) remove excess cell cholesterol and provide 

protection against atherosclerosis. Important aspects of metabolic HDL remodeling, including 

apolipoprotein dissociation and lipoprotein fusion, are mimicked in thermal denaturation. We 

report the first study of the protein–lipid complexes by pressure perturbation calorimetry (PPC) 

beyond 100 °C. In PPC, volume expansion coefficient αv(T) is measured during heating; in 

proteins, αv(T) is dominated by hydration. Calorimetric studies of reconstituted HDL and of 

human high-density, low-density, and very low-density lipoproteins reveal that apolipoprotein 

unfolding, dissociation, and lipoprotein fusion are endothermic transitions without detectable 

volume changes. This may result from the limited applicability of PPC to slow kinetically 

controlled transitions such as thermal remodeling of lipoproteins and/or from the possibility that 

this remodeling causes no significant changes in the solvent structure and, hence, may not involve 

large transient solvent exposure of apolar moieties. Another conclusion is that apolipoprotein A-I 

in solution adsorbs to the phospholipid surface; protein hydration is preserved upon such 

adsorption. We posit that adsorption to a phospholipid surface helps recruit free apolipoprotein to 

the plasma membrane and facilitate HDL biogenesis.
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Lipids in the body are transported in the form of lipoproteins that are noncovalent 

macromolecular assemblies of specific proteins (termed apolipoproteins) and lipids. Mature 

lipoproteins are spherical nanoparticles containing a core of apolar lipids (mainly cholesterol 

esters and triacylglycerides) and an amphipathic surface comprised of polar lipids (mainly 

phospholipids and cholesterol) and apolipoproteins (refs 1 and 2 and references therein). 

Plasma lipoproteins form several major classes differing in particle size, density, protein and 

lipid composition, and function (Figure 1). High-density lipoproteins (HDLs, or “good 

cholesterol”, d = 8–12 nm) remove excess cell cholesterol via the reverse cholesterol 

transport pathway and have other cardioprotective properties (for recent reviews, see refs 1, 

3, and 4). As a result, plasma concentrations of HDL, HDL cholesterol, and the major HDL 

protein, the exchangeable (water-soluble) apolipoprotein A-I (apoA-I, 28 kDa), correlate 

inversely with the risk of developing atherosclerosis (refs 5 and 6 and references therein). 

Low-density lipoproteins (LDL, or “bad cholesterol”, d ~ 22 nm) are the main plasma 

carriers of cholesterol that deliver it to the peripheral cells. Elevated plasma levels of LDL, 

LDL cholesterol, and the main LDL protein, the non-exchangeable (water-insoluble) 

apolipoprotein B (apoB, 550 kDa), are strong risk factors for atherosclerosis.7–9 Very low-

density lipoproteins (VLDL, d = 40–100 nm), which contain both exchangeable (apoE and 

apoCs) and nonexchangeable (apoB) apolipoproteins, are direct metabolic precursors of 

LDL and an independent risk factor for cardiovascular disease.9–11

During metabolism, plasma lipoproteins undergo dynamic remodeling by lipolytic enzymes, 

lipid transporters, lipid transfer proteins, and lipoprotein receptors.11,12 Such remodeling 

involves apolipoprotein binding to and dissociation from the lipid surface, incorporation and 

esteriflcation of cholesterol, hydrolysis of phospholipids and triacylglycerides, etc. 

Previously, we showed that important aspects of this remodeling, including apolipoprotein 

dissociation and lipoprotein fusion and rupture, are mimicked in thermal or chemical 

denaturation of HDL, LDL, and VLDL.13–16 We demonstrated that the rate of HDL 

remodeling, which correlates with lipoprotein function,17 is determined by kinetic barriers 

that result, in part, from transient disruption of the protein and lipid packing interactions 

during protein dissociation and lipoprotein fusion (ref 18 and references therein) (Figure 2). 

To test whether these kinetic barriers have a significant contribution from the transient 

solvent exposure of the apolar moieties during lipoprotein remodeling, in this work we use 

pressure perturbation calorimetry (PPC) to analyze volumetric and hydration properties of 

all major lipoprotein classes.

PPC has been developed in conjunction with differential scanning calorimetry (DSC) to 

determine the volume expansion coefficient of solutes, αv(T) = 1/V(∂V/∂T)P, by measuring 

small heat effects resulting from sample contraction (or expansion) upon application (or 
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release) of small ~5 bar pressures for approximately 1 min.19 In reversible reactions, these 

heat effects are linked to volume changes via the Maxwell equation, (∂Q/∂P)T = −T(∂V/∂T)P 

= −TVαv.19,20 In proteins, αv(T) is relatively small (10−4–10−3) and is dominated by 

hydration that is distinct for charged, polar, and apolar groups.21 Furthermore, protein 

unfolding upon heating involves volume expansion or contraction manifested as a positive or 

negative peak in αv(T). Integration of this peak yields a relative volume change upon 

unfolding, ΔVunf = ΔV/V, where ΔV = VU − VF is the difference in specific volume V of the 

unfolded (U) and folded (F) protein.22 In lipids, αv(T) depends largely on the mechanical 

properties of the lipid assembly and is higher than in proteins, reaching 10−2–10−1 at the 

chain melting transition in phosphatidylcholines (PCs).23 The existing PPC measurements of 

lipids have largely focused on volume changes involved in this chain melting transition in 

lipid vesicles.23–26

Recently, we reported the first PPC analysis of the chain melting transition in 

apolipoprotein–PC complexes that provide models for nascent “discoidal” HDL.27 We also 

conducted PPC analysis of lipid-free apoA-I in solution over a broad temperature range that 

encompasses protein unfolding centered at Tm = 60 °C. The results demonstrated that apoA-

I unfolding involves a relatively large negative volume change (ΔVunf = −0.33%) and 

showed the importance of charged groups for apolipoprotein hydration.27 In this work, we 

analyze a variety of model and plasma lipoproteins by PPC over a temperature range that 

encompasses lipoprotein heat denaturation.

MATERIALS AND METHODS

Isolation of Human Lipoproteins

Lipoproteins from plasma of three healthy volunteers were used. The blood was donated at a 

blood bank according to the rules of the institutional review board and with written consent 

from the donors. Single-donor lipoproteins were isolated from fresh EDTA-treated plasma 

by density gradient ultracentrifugation in density ranges of 1.063–1.21 g/mL for HDL, 

1.019–1.063 g/mL for LDL, and 0.94–1.006 g/mL for VLDL.28 Lipoproteins from each 

class migrated as a single band on the agarose and nondenaturing gels. Lipoprotein stock 

solutions were dialyzed against standard buffer (10 mM sodium phosphate, pH 7.5), 

degassed, and stored in the dark at 4 °C. The stock solutions were used in 2–3 weeks during 

which no protein degradation was detected by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis and no changes in the lipoprotein electrophoretic mobility were detected by 

the agarose gel.

Reconstitution of Model HDL

ApoA-I was isolated and purified from human plasma HDL and refolded as described.29 

Protein concentrations were determined with a modified Lowry assay. Ultrapure lipids, 

including dimyristoyl PC [DMPC (14:0, 14:0)], dipalmitoyl PC [DPPC (16:0, 16:0)], 

palmitoyl oleoyl PC [POPC (16:0, 16:1)], and unesterified cholesterol (Ch), were from 

Avanti Polar Lipids. Reconstituted HDL (rHDL) comprised of apoA-I and DMPC were 

obtained by thin film evaporation.29,30 Briefly, DMPC was dissolved in 2 parts chloroform 

and 1 part methanol and dried under nitrogen to produce a uniform film. Residual solvent 
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was removed under vacuum. The film was resuspended in standard buffer and vortexed to 

prepare multilamellar vesicles (MLV). The protein in standard buffer was added to MLV, and 

the mixture was incubated overnight at 24 °C to form rHDL. ApoA-I:DMPC molar ratios 

used in our experiments ranged from 1:5 to 1:50. Model rHDL comprised of apoA-I, DPPC, 

and cholesterol were prepared by cholate dialysis using a 1:80:4 apoA-I:DPPC:Ch molar 

ratio as described.30 Sodium cholate was removed by extensive dialysis against standard 

buffer; uncomplexed protein was removed by gel filtration. Formation of rHDL was 

confirmed by negative stain electron microscopy (EM) and nondenaturing gel 

electrophoresis (NDGE).

Preparation of Multilamellar and Small Unilamellar Vesicles (MLV and SUV, respectively)

MLV were prepared by thin film evaporation. The lipid film was dispersed in PBS (10 mM 

sodium phosphate buffer, 150 mM NaCl, and 0.1 mM EDTA at pH 7.5) and vortexed. To 

obtain SUV, the MLV suspension was sonicated on ice at 35% amplitude with a 4 s pulse by 

using a Branson sonicator with a microprobe. After the solution became translucent, it was 

centrifuged for 10 min at 12000 rpm. Negative stain EM showed that the resulting SUV 

were homogeneous and ranged in size from 25 to 30 nm. These SUV were used for further 

studies within 4 h of preparation.

Lipoprotein Characterization

Thin-layer chromatography was used for qualitative analysis of the lipid composition in 

rHDL. The lipids were extracted using a 2:1 chloroform/methanol mixture by the Folch 

method31 and dried under N2. Known amounts of dry lipids were analyzed using a 

methanol/water/acetic acid mixture (65:25:4:1) to separate polar lipids.

NDGE was performed using 4 to 15% gradient gels. Lipoprotein samples containing 10 μg 

of protein were run for 2 h at 120 V. The gels were stained with Denville protein stain 

(Denville Scientific). The particle diameters were assessed from comparison with the high-

molecular weight standards (GE Healthcare).

Negative stain EM was performed to visualize intact and heated lipoproteins and SUV by 

using a CM12 transmission electron microscope (Philips Electron Optics) as described.13

Size-exclusion chromatography (SEC) was used to separate various protein-containing 

fractions in the protein–lipid systems. The samples were run on a Superose 6 10/300 GL 

column (GE Biosciences Inc., Piscataway, NJ) at a flow rate of 0.5 mL/min in standard 

buffer containing 150 mM NaCl. The protein size was assessed from the calibration plot (R2 

= 0.95) obtained by using molecular-size markers (from Bio-Rad) that were run under the 

same conditions as the samples.

Circular dichroism (CD) spectroscopy was used to monitor protein unfolding in lipid-free 

and lipid-bound states. Heat-induced changes in CD were recorded at 222 nm for α-helical 

unfolding as described29 using an AVIV 400 spectropolarimeter with a thermoelectric 

temperature controller. Typically, far-UV CD melting data were recorded from solutions of 

0.02 mg/mL protein concentration during heating and cooling at a rate of 11 °C/h. The data 

were normalized to protein concentration and expressed as molar residue ellipticity, [Θ]. 
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Near-UV CD spectra (250–350 nm) were recorded from solutions of 0.5 mg/mL protein 

concentration placed in a 5 mm cell and are reported as molar ellipticity.

Differential Scanning and Pressure Perturbation Calorimetry

DSC and PPC data, Cp(T) and αv(T), respectively, were recorded by using a VP-DSC 

microcalorimeter (MicroCal) equipped with a PPC accessory. The sample and reference 

cells (cell volume of 0.5 mL) were filled with a degassed sample and matching buffer 

solutions and heated from 5 to 115 °C at a rate of 90 °C/h in DSC or at a rate of 80 °C/h in 

PPC. In DSC experiments, a 1.8 bar pressure was applied to the cells to prevent bubble 

formation; differential heat capacity Cp(T) was recorded in mid-gain mode, and the buffer–

buffer baselines were subtracted from the data. In PPC experiments, 5 bar pressures were 

applied to the cells in a programmed regime in the context of a DSC experiment. The heat 

effects associated with such pressure changes were used to determine the volume expansion 

coefficient of the solute on an absolute scale, αv(T). Buffer–buffer, buffer–water, and water–

water baselines that were used for the PPC data analysis were fitted by fourth-order 

polynomials. The partial specific volumes of lipoproteins, which were based on the weighted 

average of the partial specific volumes of the protein and lipid and/or on the published 

values (Table S1 of the Supporting Information), were used to calculate αv(T). The PPC data 

were recorded in mid-gain, low-noise mode with a 1 s filter time and a 0.5 °C temperature 

increment.

All experiments in this study were repeated three to five times to ensure reproducibility.

RESULTS

PPC of Human Plasma Lipoproteins

Figure 3 shows EM and calorimetric data of human HDL and LDL. Mature human HDLs 

undergo heat-induced remodeling that has been characterized by DSC, CD, light scattering, 

EM, and NDGE (refs 13 and 14 and references therein). Two irreversible transitions were 

observed: (i) dissociation and unfolding of a fraction of apolipoprotein and concomitant 

HDL fusion into larger HDL-like particles (broader heat capacity peak in Figure 3B) and (ii) 

additional protein unfolding and dissociation, along with lipoprotein rupture and release of 

core lipids that coalesce into droplets (sharper peak in Figure 3B). Remarkably, despite large 

changes in the particle size observed in these transitions by EM (Figure 3A), NDGE, and 

turbidity,14 PPC detects no changes in volume expansion coefficient αv(T) at high 

temperatures (Figure 3C). Hence, HDL heat denaturation in aqueous solution is an 

endothermic transition without detectable volume changes.

The results in Figure 3 reveal that, similar to HDL, heat denaturation of LDL is an 

endothermic transition without volume changes that can be detected by PPC. Compared to 

HDL, human LDL have a relatively large cholesterol ester-rich core that undergoes a 

reversible smectic-to-disorder phase transition at near-physiologic temperatures (refs 32 and 

33 and references therein). DSC data of this and earlier studies show that this lipid core 

transition is endothermic, and integration of the PPC peak corresponding to this transition 

shows that it involves an increase in volume (ΔV/V) = 0.26 ± 0.2% (low-temperature peak in 
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panels E and F of Figure 3). At high temperatures, LDL undergo irreversible remodeling 

into larger and smaller LDL-like particles followed by particle rupture, release of apolar 

lipid, and coalescence into droplets observed by EM (Figure 3D), which is accompanied by 

substantial β-sheet unfolding in apoB observed by far-UV CD.15 These endothermic LDL 

transitions correspond to two heat capacity peaks observed by DSC (Figure 3E). Notably, 

PPC shows no changes in αv(T) at high temperatures encompassing these LDL transitions 

(Figure 3F). Hence, despite distinct differences in the particle size and protein conformation 

in HDL (~80% α-helix in apoA-I) and LDL (α/structure in apoB), neither HDL nor LDL 

exhibit changes in αv(T) during thermal denaturation in PPC experiments.

Similar to LDL, human VLDL undergo a reversible smectic-to-disordered phase transition 

in the lipid core at near-physiologic temperatures.34 At higher temperatures, VLDL undergo 

irreversible remodeling into larger and smaller lipoprotein-like particles followed by 

lipoprotein rupture, release of apolar lipids, and coalescence into lipid droplets; these 

morphologic transitions are accompanied by partial unfolding of the VLDL proteins.16 

Difficulties in the experimental analysis of these large fat-loaded particles have limited their 

earlier calorimetric studies to <60 °C. We obtained the first high-temperature DSC and PPC 

data encompassing heat denaturation of VLDL (Figure S1 of the Supporting Information). 

At low temperatures that encompass the smectic-to-disorder phase transition in core lipids, 

integration of the PPC peak from about 20 to 40 °C shows that the volume change in this 

transition is ΔV/V = 1.62 ± 0.5%, much larger than that in LDL (0.26%), which is consistent 

with the much larger core size in VLDL as compared to LDL. At high temperatures between 

40 and 100 °C, the DSC and PPC data in Figure S1 of the Supporting Information clearly 

show that, similar to HDL and LDL, heat denaturation of VLDL is endothermic and involves 

no detectable changes in αv(T). Taken together, our results reveal that heat denaturation of 

all major classes of human plasma lipoproteins shows no detectable changes in αv(T) and, 

hence, no volume changes in PPC experiments.

Another result of our PPC studies is the inverse correlation between the measured value of 

αv(T) and the lipoprotein diameter (Table S2 of the Supporting Information). Because 

lipoprotein diameter increases with increasing lipid to protein ratio, this result reflects a 

higher content of lipid in larger lipoproteins as well as the higher αv of lipids compared to 

proteins.

PPC of Model Discoidal rHDL

Volumetric properties of protein–lipid complexes were further explored by using model 

discoidal rHDL reconstituted from apoA-I and polar lipids. First, we studied apoA-

I:DPPC:Ch complexes that provide a model for nascent plasma HDL that are also comprised 

mainly of apoA-I, diacyl PCs, and 5–10 mol % cholesterol (ref 29 and references therein). 

The apoA-I:DPPC:Ch complexes used in our work had diameters d~9.6 nm, as observed by 

NDGE and EM (Figure 4A), and contained two to three molecules of apoA-I per complex.35 

Heating of these complexes led to apoA-I unfolding observed by CD (Figure 4B), along with 

dissociation of a fraction of apoA-I and fusion of the lipoproteins into vesicles observed by 

NDGE and EM (Figure 4A). SEC of the heat-denatured rHDL showed three distinct protein-

containing fractions: vesicles formed upon rHDL fusion, intact rHDL, and dissociated 
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monomolecular apoA-I (peaks 1–3, respectively, in Figure S2A of the Supporting 

Information). Thin-layer chromatography detected the presence of lipids in each of these 

fractions (Figure S2B of the Supporting Information). PPC data recorded from the isolated 

lipid-poor apoA-I (fraction 3) were similar to those of lipid-free apoA-I (black squares in 

Figure 5B) and showed large negative volume changes upon protein unfolding near 60 °C 

(data not shown).

The thermodynamic irreversibility of the heat denaturation of various rHDL, which was 

reported previously,17,29,36 is evident from the hysteresis in the CD melting data (Figure 4B) 

and from the observation of lower apparent melting temperatures (Tm,app) at slower heating 

rates.36 As a result, increasing the heating rate from 11 °C/h (in CD experiments) to 90 °C/h 

(in DSC experiments) led to an increase in the Tm,app of apoA-I:DPPC:Ch complexes from 

88 to 103 °C (Figure 4B,C).

The DSC data of the apoA-I:DPPC:Ch complexes showed two endothermic transitions. The 

peak at 42 °C reflects the chain melting transition in DPPC,24 and the peak at 103 °C 

reflects thermal denaturation of rHDL (Figure 4C). The PPC data showed only one peak at 

42 °C but no changes in αv(T) at higher temperatures. Thus, similar to the core-containing 

plasma lipoproteins but in contrast to lipid-free or lipid-poor apoA-I, thermal denaturation of 

the apoA-I:DPPC:Ch complexes that involves apoA-I unfolding29 shows no changes in 

αv(T) and, hence, no detectable volume changes. Because changes in volume upon protein 

unfolding in solution are dominated by protein hydration,19,21 the PPC results in Figures 3 

and 4 suggest that in plasma or model lipoproteins these hydration effects may be 

eliminated.

What is the apolipoprotein hydration behavior in a mixture of rHDL and lipid-free apoA-I? 

To this end, we used binary mixtures of apoA-I and DMPC varying in protein:lipid ratio 

from 1:0 (lipid-free apoA-I) to 1:50 (most of apoA-I incorporated into rHDL). In contrast to 

DPPC (16:0, 16:0), shorter chain PCs such as DMPC (14:0, 14:0) can spontaneously 

reconstitute with apolipoproteins to form discoidal rHDL. The mixtures of apoA-I and 

DMPC were incubated overnight at 24 °C to ensure formation of the complex,30 and the size 

and morphology of the resulting complexes were analyzed by EM and NDGE (Figure S3 of 

the Supporting Information). The results were in excellent agreement with the earlier study 

of a similar system and showed formation of discrete populations of rHDL varying in size 

from ~7.7 to 10 nm (Figure S3 of the Supporting Information) and containing two to three 

copies of apoA-I.35 Increasing the lipid content led to a gradual increase in the rHDL 

population and in size redistribution toward larger particles observed by EM and NDGE 

(Figure S3 of the Supporting Information).

This trend was reflected in the calorimetric data shown in Figure 5. DSC data of lipid-free 

apoA-I showed a broad peak centered at 60 °C (Tm) corresponding to protein unfolding, 

while apoA-I:DMPC rHDL showed two characteristic heat capacity peaks. The peak at Tc = 

26 °C reflects the chain melting transition in DMPC-containing rHDL, and the peak at 88 °C 

(Tm,app) reflects heat denaturation of rHDL (ref 29 and references therein). DSC data in 

Figure 5A show that, in agreement with the earlier study of a similar system,37 increasing 

the lipid:protein ratio led to a gradual conversion of lipid-free apoA-I into rHDL. PPC data 
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showed a similar trend: an increase in the lipid:protein ratio led to a gradual reduction in the 

negative peak at 60 °C (Tm) corresponding to the unfolding of lipid-free apoA-I, with a 

concomitant increase in the positive peak at 26 °C (Tc) corresponding to the DMPC chain 

melting transition in rHDL (Figure 5B). At a 1:50 apoA-I:DMPC ratio when most of the 

protein was incorporated into rHDL, the PPC peak that reports on the unfolding of the lipid-

free protein nearly disappeared. Importantly, rHDL denaturation, which was observed by 

DSC at 88 °C (Tm,app), was not detected in the PPC data (Figure 5A,B). Thus, in a mixture 

of lipid-free apoA-I and apoA-I:DMPC rHDL, changes in volume upon thermal unfolding 

were observed only in the lipid-free protein.

Analysis of Apolipoprotein Mixtures with Lipid Vesicles

Is formation of a tight protein:lipid complex necessary to eliminate the volume changes 

during apolipoprotein unfolding observed by PPC? To this end, we first used a mixture of 

apoA-I and DPPC MLV. DPPC does not spontaneously form lipoproteins upon incubation 

with apoA-I, as evident from the SEC and NDGE data (Figure 6A and Figure S4A of the 

Supporting Information). However, SEC data recorded under conditions when apoA-I was 

substantially self-associated showed that addition of MLV led to a large shift in the apoA-I 

peak toward smaller species, suggesting dissociation of protein oligomers (black and gray 

lines in Figure 6A). NDGE results supported this notion and showed distinctly different 

migration patterns of apoA-I in the absence and presence of DPPC MLV (Figure S4A of the 

Supporting Information). Hence, even though apoA-I does not spontaneously form tight 

complexes with DPPC MLV, it creates weak interactions with the lipid surface that help 

disperse protein oligomers.

To test whether these weak protein–lipid surface interactions affect protein stability, we 

recorded heating and cooling data of the apoA-I mixture with DPPC MLV (1:100 

protein:lipid molar ratio) by CD at 222 nm to monitor α-helical unfolding (Figure S4B of 

the Supporting Information). These data could be superimposed with similar data recorded 

from lipid-free apoA-I in solution under otherwise identical conditions, indicating that the 

protein stability did not change in the presence of DPPC MLV. This was confirmed by DSC 

of the apoA-I mixture with DPPC MLV that showed two endothermic transitions (Figure 

6B). The sharp heat capacity peak at 42 °C (Tc) with the pre-transition at 37 °C, which is 

characteristic of the chain melting transition in DPPC MLV (ref 24 and references therein), 

could be fully superimposed with a similar peak recorded from DPPC MLV alone (not 

shown). This is consistent with the absence of spontaneous remodeling of DPPC MLV by 

apoA-I. The broad peak centered at Tm = 60 °C (Figure 6B) reflects unfolding of lipid-free 

apoA-I (ref 27 and references therein). Therefore, the apoA-I unfolding assessed by CD and 

DSC is not affected by the presence of DPPC MLV.

The PPC data recorded from the apoA-I mixture with DPPC MLV showed only one 

dominant peak at Tc = 42 °C corresponding to the chain melting transition in MLV (Figure 

6C). The shoulder of this large peak could potentially mask the much smaller PPC peak 

corresponding to apoA-I unfolding at Tm = 60 °C. To clearly resolve these two peaks by 

PPC, we used a mixture of lipid-free apoA-I and POPC SUV. POPC was chosen because it 

does not spontaneously reconstitute with apoA-I to form rHDL and has a low Tc = −4 °C, 
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which helps resolve the lipid chain melting from the protein unfolding transition. 

Furthermore, POPC (16:0, 16:1) is representative of HDL phospholipids, most of which also 

contain 16–18 carbon acyl chains with at least one double bond in the sn-2 position. SUV 

were used because, in contrast to MLV, all phospholipid head-groups in SUV are solvent-

exposed and available for interactions with the protein. This allowed us to use lower lipid 

concentrations in the PPC experiments, which helped observe the volume effects during 

protein unfolding (Figure 7).

To test for protein–lipid association, we subjected the mixtures of apoA-I with POPC SUV 

to SEC and NDGE. The results showed that at a 1:40 apoA-I:POPC molar ratio, most of the 

protein was free in solution, with only a small fraction (~15%) associated with SUV (Figure 

7A). In contrast, at a 200:1 lipid: protein ratio, nearly all protein (~90%) was associated with 

SUV (Figure 7A,B). SEC data clearly show that such progressive protein–lipid association 

caused no detectable shift in the SUV peak (gray lines in Figure 7A), indicating the absence 

of progressive apoA-I-induced remodeling of SUV (25–30 nm) into smaller rHDL (~10 nm). 

This result was confirmed by NDGE (Figure 7B, central lane) and EM (data not shown). 

Taken together, our SEC and EM data showed that adhesion of apoA-I to the SUV surface 

does not remodel SUV into smaller lipoproteins.

To test whether adhesion to POPC SUV affects protein conformation, we used far- and near-

UV CD spectroscopy. Far-UV CD spectra of apoA-I that was free in solution or associated 

with SUV fully overlapped, indicating that SUV did not induce any secondary structural 

changes in apoA-I (data not shown). Near-UV CD spectra of apoA-I in solution in the 

presence and absence of SUV could be superimposed in the wavelength range above 280 nm 

that is dominated by Trp. Consequently, no insertion of Trp into the lipid bilayer takes place 

upon adhesion of apoA-I to POPC SUV. In contrast, near-UV CD of plasma HDL and 

various apoA-I-containing rHDL, including apoA-I:POPC complexes, showed large spectral 

changes, including a change in sign of the peak at 295 nm corresponding to Trp (Figure 7C). 

This reflects rearrangement of the aromatic groups when the protein is transferred from 

solution to lipoprotein, including the four Trp residues located in the N-terminal half of 

apoA-I. We conclude that, in contrast to aromatic repacking upon formation of tight 

lipoprotein complexes, adsorption of apoA-I to SUV does not cause any large 

conformational changes in the protein, particularly in its N-terminal part.

Consistent with this notion, far-UV CD melting data from apoA-I that was free in solution or 

adsorbed to POPC SUV fully superimposed (Figure S5 of the Supporting Information), 

indicating that adsorption of protein to SUV did not affect its thermal stability. Furthermore, 

the heating and cooling CD data of the mixture of apoA-I with SUV showed no hysteresis 

(Figure S5 of the Supporting Information) and no scan rate effects, indicating reversible 

protein unfolding. This contrasts with the hysteresis and large scan rate effects observed in 

the melting data of rHDL and HDL, which are hallmarks of irreversible kinetically 

controlled transitions (Figure 4B).14,18,29,36 Hence, in contrast to irreversible unfolding of 

apoA-I in lipoproteins, the unfolding of free apoA-I in solution or in the presence of POPC 

SUV is thermodynamically reversible. Taken together, our results are consistent with the 

adsorption of apoA-I to the vesicle surface, as opposed to penetration of the protein into the 

lipid surface which involves high kinetic barriers.39
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Next, we recorded DSC and PPC data of a mixture of apoA-I with POPC SUV. Because of 

instrumental limitations of VP-DSC, such data could be recorded only by using a 

lipid:protein molar ratio of no more than 40:1 while maintaining a protein concentration of 

at least 0.5 mg/mL that is necessary to monitor apoA-I unfolding by PPC.27 This 

lipid:protein ratio is close to that found in rHDL; hence, sufficient lipid was present in the 

samples to significantly affect apolipoprotein hydration. Nevertheless, the calorimetric data 

of apoA-I that was free in solution27 or in the presence of SUV were similar and showed 

endothermic protein unfolding at Tm = 60 °C observed by DSC, accompanied by a negative 

volume change observed by PPC (Figure 8A,B). Consequently, the presence of the available 

lipid surface did not eliminate the volume effects in protein unfolding. We conclude that 

apoA-I retains its hydration upon adsorption to the phospholipid surface.

DISCUSSION

The PPC analysis reported here reveals a surprising result: apolipoprotein unfolding during 

lipoprotein heat denaturation involves no detectable changes in expansion coefficient αv(T) 

and, hence, no detectable volume changes. This result was observed in a variety of 

lipoproteins, including model discoidal and plasma spherical HDL containing exchangeable 

apoA-I as their sole or main protein, plasma LDL containing the non-exchangeable apoB as 

their main protein, and plasma VLDL containing both exchangeable (apoE and apoCs) and 

non-exchangeable (apoB) proteins (Figures 3 and 4 and Figure S1 of the Supporting 

Information). The absence of volume changes in the lipid moiety of these lipoproteins near 

Tm,app is not surprising, because these lipids do not undergo phase transitions in the 

temperature range of lipoprotein denaturation. The absence of volume changes upon protein 

unfolding in lipoproteins was unexpected and was in stark contrast with the relatively large 

negative volume change (ΔV/V ≅ −0.3%) observed upon unfolding of lipid-free apoA-I in 

solution27 or in the presence of lipid vesicles (Figure 8).

What is the physical origin of the lack of changes in αv(T) upon lipoprotein heat 

denaturation monitored by PPC? One possibility is that the negative and positive volume 

changes resulting from changes in hydration of the charged, polar, and apolar groups cancel 

out, an effect observed in a variant of staphylococcal nuclease.22 However, such a 

coincidence is extremely unlikely to occur in a wide variety of lipoproteins studied in our 

work. Another possibility is that ΔVunf(Tm) decreases at higher Tm because of the increased 

thermal disorder in the solvent.40 This probably contributes to a reduction in ΔVunf upon 

unfolding of apoA-I in highly thermostable lipoproteins, such as human HDL or apoA-

I:DPPC:Ch rHDL, which show Tm,app near 100 °C (Figures 3B and 4C). However, this 

effect cannot explain the lack of volume changes observed in less thermostable lipoproteins, 

such as LDL, VLDL, or apoA-I: DMPC rHDL, that show lower Tm,app from about 60 to 

90 °C.

Another possible reason for the lack of observable changes in αv(T) is the slow rate constant 

k(T) and irreversible character of lipoprotein denaturation. If the relaxation time of the 

transition, τ = 1/k(T), is much longer than the pressure pulse used in the PPC experiments 

(30–60 s), the extent of the reaction during the pressure pulse may not be sufficient to 

produce heat effects observed by PPC. Furthermore, in an irreversible transition, the heat 
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effect is expected to be observed upon pressure increase but not necessarily pressure release. 

This limits the applicability of PPC for the analysis of slow irreversible transitions, such as 

lipoprotein heat denaturation. Our spectroscopic temperature-jump studies showed that the 

rate constant of lipoprotein denaturation k(T) rapidly increases with temperature and is 

associated with a high Arrhenius activation energy (enthalpy) Ea of 25–50 kcal/mol.14,46 As 

a result, at T < Tm,app for the DSC transitions, the relaxation time of the reaction is τ = 10–

1000 min, too slow to be detected by PPC; however, at T > Tm,app, lipoprotein heat 

denaturation occurs on a time scale of minutes to seconds, which is amenable to PPC 

analysis (see Figure S6 of the Supporting Information for additional details). Together, these 

data suggest that the absence of observable changes in αv(T) of lipoproteins at T > Tm,app 

cannot be attributed solely to the slow transition kinetics.

Another possible explanation for the lack of volume changes at high temperatures is the 

absence of large changes in hydration during lipoprotein heat denaturation. This explanation 

is consistent with the fluorescence spectra showing that, in the heat-denatured lipoproteins, 

the Trp residues remain substantially sequestered from the solvent (Figure S7 of the 

Supporting Information). If correct, this implies that thermal remodeling of lipoproteins, 

which includes unfolding and partial dissociation of the protein, along with lipoprotein 

fusion and rupture, does not involve substantial transient solvent exposure of apolar protein 

or lipid groups (Figure 2). This explains why the kinetic barriers involved in lipoprotein 

remodeling are dominated by enthalpy that results from the transient disruption of the 

protein and lipid packing interactions during protein dissociation and lipoprotein fusion 

(Figure 2) (ref 18 and references therein). Importantly, the absence of detectable volume 

changes at high temperatures does not necessarily apply to ambient temperatures at which 

the volume changes should be tested by other methods such as pressure denaturation.47,48

Another result of this study is the preferential adsorption of lipid-free apoA-I to the 

phospholipid surface. Such adsorption was detected by SEC in the mixtures of apoA-I and 

DPPC MLV (Figure 6A) and by SEC and NDGE of the apoA-I/POPC SUV mixtures 

(Figure 7A,B). Adsorption of apoA-I to the phospholipid surface was also reported in 

several earlier studies that used optical and spectroscopic techniques together with 

isothermal titration calorimetry.39,41,42 Our CD and DSC data show that such adsorption has 

no detectable effect on the protein thermal stability or unfolding reversibility (Figures S4 

and S5 of the Supporting Information and Figure 8A) and, hence, does not involve high 

kinetic barriers characteristic of penetration of the protein into the phospholipid surface. 

Furthermore, CD and PPC data (Figures 7C and 8B) suggest that the protein conformation 

and hydration remain intact upon adsorption of apoA-I to POPC SUV. Because 

apolipoprotein hydration is dominated by charged groups,27 the water-mediated adsorption 

of apoA-I to the phospholipid surface is probably driven, in part, by electrostatic 

interactions; a similar conclusion was reached in the earlier studies that used alternative 

current polarography.41 Hydrophobic interactions are also expected to be important, 

particularly those involving the apolar C-terminal part of apoA-I that forms the primary lipid 

binding site and is critical for self-association (ref 39 and references therein). Two lines of 

evidence indicate the importance of hydrophobic interactions for adsorption of apoA-I to the 

phospholipid surface: such adsorption disrupts apoA-I oligomers, as indicated by SEC and 

NDGE (Figures 6A and 7B), and is abolished upon deletion of the highly hydrophobic C-
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terminal segment of residues 190–243 from apoA-I.43 We conclude that both electrostatic 

and hydrophobic protein–lipid interactions are involved in adsorption of apoA-I to the 

phospholipid surface.

In addition to the HDL-bound protein that comprises more than 90% of all plasma apoA-I, 

~5% of apoA-I is present as monomolecular lipid-poor species.44 This species is particularly 

metabolically active and is key to HDL biogenesis, because it interacts with the ABCA-1 

transporter on the plasma membrane of peripheral cells and forms the primary acceptor for 

cell cholesterol (refs 4 and 45 and references therein). We speculate that lipid-poor apoA-I 

that dissociates from HDL is preferentially absorbed to the cell surface, which helps recruit 

apoA-I for interactions with ABCA-I at an obligatory early step of HDL biogenesis
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ABBREVIATIONS

HDL high-density lipoprotein

rHDL reconstituted HDL

LDL low-density lipoprotein

VLDL very low-density lipoprotein

apo apolipoprotein

PC phosphatidylcholine

DMPC dimyristoyl PC (14:0, 14:0)

DPPC dipalmitoyl PC (16:0, 16:0)

POPC palmitoyl oleoyl PC (16:0, 16:1)

MLV multilamellar vesicles

Ch unesterified cholesterol

DSC differential scanning calorimetry

PPC pressure perturbation calorimetry
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CD circular dichroism

EM electron microscopy

NDGE nondenaturing gel electrophoresis

SEC size-exclusion chromatography
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Figure 1. 
Lipoproteins and lipid vesicles used in this work. Nascent HDL are discoidal particles (d ~ 

10 nm) comprised of a phospholipid bilayer with the apolipoprotein wrapped around the 

disk perimeter in an α-helical double-belt conformation. Mature lipoproteins have an apolar 

lipid core and polar surface that is comprised of apolipoproteins embedded in a cholesterol-

containing phospholipid monolayer. The major HDL protein, apoA-I (28 kDa), and other 

exchangeable apolipoproteins (apoE, apoCs, etc.) are highly α-helical. The major LDL 

protein, apoB (550 kDa), is non-exchangeable. VLDL contain comparable amounts of the 

nonexchangeable (apoB) and exchangeable (apoE and apoCs) apolipoproteins.
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Figure 2. 
Kinetic barriers modulate HDL remodeling in vivo and in vitro. The putative high-energy 

transition state that involves protein dissociation and lipoprotein fusion is illustrated. Small 

and large spherical HDL form structurally and functionally distinct subclasses in human 

plasma. During reverse cholesterol transport, small HDL are remodeled into large HDL by 

plasma factors; such remodeling involves apoA-I dissociation and HDL fusion. Similar 

apoA-I dissociation and HDL fusion occur during thermal or chemical denaturation.13,14,17
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Figure 3. 
Heat-induced remodeling of HDL (A–C) and LDL (D–F) analyzed by negative stain 

electron microscopy and calorimetry. Electron micrographs of human plasma HDL (A) and 

LDL (D). The lipoproteins (2 mg/mL protein in 10 mM sodium phosphate, pH 7.5) were 

either intact or heated in a context of a DSC experiment at a rate of 90 °C/h from 5 to 115 °C 

and cooled to 22 °C prior to EM analysis. DSC data of HDL are shown in panel B and those 

of LDL in panel E. Heat capacity peaks corresponding to irreversible lipoprotein fusion and 

rupture are indicated. “Core” indicates the peak corresponding to the reversible smectic-to-

disorder phase transition in the core cholesterol esters in LDL.32,33 The calorimetric 

enthalpy of this lipid core transition is ~504 ± 100 kcal/mol per particle (an average LDL 

contains ~1200 molecules of cholesterol ester). Such a transition is not observed in HDL 

whose core is too small to form the smectic phase. PPC data of HDL (C) and LDL (F) were 

recorded under conditions similar to those used to record the DSC data but at a rate of 

80 °C/h. The volume change ΔV/V involved in the core transition in LDL, which was 

determined by integration of the αv(T) peak, is 0.25 ± 0.2%. The accuracy in the 

determination of ΔV/V reflects small batch-to-batch variations in the lipoprotein 

composition that affect the absolute value of αv(T) and ΔV/V.
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Figure 4. 
Heat-induced remodeling of discoidal rHDL reconstituted from human apoA-I, DPPC, and 

cholesterol. (A) Nondenaturing gel electrophoresis and negative stain EM of rHDL that were 

intact or heated to 110 °C and cooled to 22 °C. NDGE shows that such heating leads to 

irreversible remodeling of intact rHDL (d ~ 9.6 nm) into dissociated apoA-I and protein-

containing vesicles (d ≥ 25 nm). EM shows intact rHDL as discoidal particles with 〈d〉 = 9.6 

nm stacked on edge (illustrated in a cartoon), which is characteristic of the negative stain 

preparations. EM of the heated particles shows stacks of collapsed SUVs (d ~ 30 nm) that 

are products of rHDL fusion. (B) Thermal denaturation of rHDL monitored by CD at 222 

nm for α-helical unfolding. The samples (0.02 mg/mL protein in 10 mM sodium phosphate, 

pH 7.5) were heated and cooled from 5 to 98 °C at a rate of 11 °C/h. The apparent melting 

temperature (Tm,app) corresponding to the inflection point in the heating curve is indicated. 

(C) DSC data of rHDL (1 mg/mL protein in standard buffer) were collected upon heating at 
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a rate of 90 °C/h. Tc indicates the peak temperature of the chain melting transition in DMPC. 

The peak at Tm,app corresponds to thermal denaturation of rHDL. (D) PPC data of rHDL 

recorded under conditions similar to those used to record the DSC data. The chain melting 

transition in DPPC is observed at Tc; no peak in αv(T) is detected near Tm,app.
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Figure 5. 
Calorimetric data of apoA-I–DMPC samples differing in protein:lipid ratios. ApoA-I:DMPC 

molar ratios are indicated. DSC (A) and PPC (B) data were recorded during heating from 5 

to 100 °C at rates of 90 and 80 °C/h, respectively. Fresh rHDL samples containing 0.5 

mg/mL protein in 10 mM sodium phosphate buffer (pH 7.5) were used in each experiment. 

The chain melting phase transition at Tc, lipoprotein denaturation at Tm,app, and unfolding of 

lipid-free and lipid-poor apoA-I at Tm are indicated.
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Figure 6. 
Size-exclusion chromatography and calorimetric data of apoA-I mixed with DPPC MLV. 

The protein concentration is 0.5 mg/mL in 10 mM sodium phosphate buffer (pH 7.5), and 

the protein:lipid molar ratio is 1:100. (A) SEC profile of lipid-free apoA-I (black) and a 

mixture of apoA-I with DPPC MLV (gray). Lipid-free apoA-I at 0.5 mg/mL is typically self-

associated.38 SEC data indicate that the protein from this batch is predominantly hexameric 

in solution in the absence of lipid (although the presence of higher-order oligomers cannot 

be excluded) but becomes largely monomeric in the presence of DPPC MLV. (B) DSC data 

recorded during heating from 5 to 100 °C at a rate of 90 °C/h. The peak at Tc = 42 °C with a 

pre-transition at 37 °C is characteristic of the chain melting transition in DPPC MLV. The 

peak at 60 °C (Tm) reflects apoA-I unfolding in solution. (C) PPC data recorded under 

conditions similar to those used to record the DSC data. Because of the large amplitude and 

width of the PPC peak corresponding to the chain melting transition at 42 °C (Tc), the 

protein unfolding transition at 60°C cannot be resolved.

Jayaraman et al. Page 22

Biochemistry. Author manuscript; available in PMC 2017 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Adsorption of apoA-I to POPC SUV assessed by size-exclusion chromatography, 

nondenaturing gel electrophoresis, and near-UV circular dichroism. The protein 

concentration was 0.5 mg/mL in 10 mM sodium phosphate buffer saline (pH 7.5). 

Protein:lipid molar ratios are 1:0 (lipid-free protein, black), 1:40 (gray), and 1:200 (light 

gray). (A) SEC shows that apoA-I is self-associated (hexameric) in the lipid-free sate but 

becomes predominantly monomeric in the presence of SUV. An increase in POPC 

concentration leads to a progressive increase in the level of SUV-bound apoA-I, with a 

concomitant decrease in the level of the free protein. (B) NDGE (4 to 20% gradient) of two 

different batches of apoA-I at a 1:0, 1:40, or 1:200 protein:lipid molar ratio. Bands 

corresponding to lipid-free oligomeric apoA-I and SUV-associated apoA-I are indicated. (C) 

Near-UV CD spectra of apoA-I in solution that is lipid-free (black) or contains POPC SUV 

at a 1:200 protein:lipid ratio (dark gray). The spectrum of rHDL comprised of apoA-I, 

POPC, and cholesterol, which was recorded under similar buffer conditions and protein 

concentrations, is shown for comparison (light gray). The CD peak at 295 nm corresponding 

to Trp is indicated.
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Figure 8. 
Calorimetric data of apoA-I in a solution containing POPC SUV. The protein:lipid molar 

ratio was 1:40; the protein concentration was 0.5 mg/mL in 10 mM sodium phosphate buffer 

saline, pH 7.5. The samples were heated from 5 to 100 °C at a rate of 90 °C/h in DSC (A) or 

80 °C/h in PPC (B). Tm indicates the temperature of apoA-I unfolding.
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