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Synopsis

High-density lipoproteins (HDL) remove cell cholesterol and protect from atherosclerosis. The
major HDL protein is apolipoprotein A-I (apoA-1). Most plasma apoA-I circulates in lipoproteins,
yet ~5% forms monomeric lipid-poor/free species. This metabolically active species is a primary
cholesterol acceptor and is central to HDL biogenesis. Structural properties of lipid-poor apoA-I
are unclear due to difficulties in isolating this transient species. We used thermal denaturation of
human HDL to produce lipid-poor apoA-1. Analysis of the isolated lipid-poor fraction showed
protein:lipid weight ratio 3:1, with apoA-I, phosphatidylcholine and cholesterol ester at
approximate molar ratios of 1:8:1. Compared to lipid-free apoA-I, lipid-poor apoA-I showed
slightly altered secondary structure and aromatic packing, reduced thermodynamic stability, lower
self-associating propensity, increased adsorption to phospholipid surface, and comparable ability
to remodel phospholipids and form reconstituted HDL. Lipid-poor apoA-I can be formed by
heating of either plasma or reconstituted HDL. We propose the first structural model of lipid-poor
apoA-l which corroborates its distinct biophysical properties and postulates the lipid-induced
ordering of the labile C-terminal region. In summary, HDL heating produces folded functional
monomolecular lipid-poor apoA-I that is distinct from lipid-free apoA-1. Increased adsorption to
phospholipid surface and reduced C-terminal disorder may help direct lipid-poor apoA-I towards
HDL biogenesis.
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High-density lipoproteins (HDL) are nanoparticles containing two or more protein
molecules and from about 160 to 300 lipids per particle (ref. [1] and references therein).
HDL surface is comprised of amphipathic proteins and polar lipids, mainly
phosphatidylcholine (PC) and unesterified cholesterol (Ch). These lipids are thought to form
a bilayer in nascent discoidal HDL, with the protein molecules wrapped around the disk
perimeter [1, 2]. Mature spherical HDL contain a core of apolar lipids, mainly cholesterol
esters (CE), that are sequestered between the protein-containing PC monolayers [2-4]. HDL
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are the primary vehicles of cholesterol removal from peripheral cells via the reverse
cholesterol transport pathway, and possess other cardioprotective properties [5-8]. It is well-
established that the risk of developing atherosclerosis correlates inversely with the plasma
levels of HDL and the main HDL protein, apolipoprotein A-1 (apoA-I, 243 a. a.) [2, 5-8].
The current consensus is that both quantity and quality of HDL are important for
cardioprotection [9-12]. This notion stems from the observation that plasma HDL form an
heterogeneous population of particles differing in shape (nascent discoidal or mature
spherical), size (d=7.7-12 nm), charge, protein and lipid composition, and function [2].
Understanding the distinct properties of these subspecies is part of the on-going efforts to
design new HDL-based biomarkers and therapies for atherosclerosis [13, 14]. One
potentially important but elusive target of these studies is lipid-poor apoA-I.

Although over 90% of plasma apoA-I is found in lipoproteins, nearly 5% is present as
transient lipid-poor or lipid-free species that is generated either de novo by the liver or
intestine or via the metabolic remodeling of mature HDL by lipases and lipid transfer
proteins [15-18]. Lipid-poor/free apoA-I1 is particularly metabolically active and is rapidly
incorporated into lipoproteins, either by binding to the existing particles or by forming new
ones [18, 19]. Importantly, lipid-poor/free apoA-1 has been proposed to act as the primary
acceptor of cell cholesterol and phospholipids via the interaction with the plasma membrane
mediated by the ATP-binding cassette transporter ABCAL [20-22]. This interaction
promotes the efflux of cholesterol from peripheral cells to lipid-poor/free apoA-I at an
essential early step of HDL biogenesis. This step is central to the reverse cholesterol
transport from cholesterol-overloaded macrophages in the arterial wall, which significantly
contributes to the cardioprotective action of apoA-I and HDL. Therefore, the presence of
adequate amounts of biologically active lipid-poor/free apoA-I in the arterial wall is
essential for the cardioprotection [22]. However, excess of lipid-poor/free apoA-I is not
necessarily beneficial, since this labile species is susceptible to proteolysis and is rapidly
catabolized and/or cleared by the kidney [18, 23]; in contrast, clearance of the larger
lipoprotein particles is hampered by the glomerular filtration barrier [23]. Hence, optimal
removal of cell cholesterol probably requires a balance between the production of lipid-
poor/free apoA-I, its recruitment in HDL biogenesis, and its catabolism [18]. Our goal is to
provide the molecular basis underlying this delicate balance. To this end, we have
determined the biophysical and structural properties of a lipid-poor form of apoA-1 that
dissociates from HDL upon heating. We propose that this form provides a useful model for
studying the lipid-poor apoA-I that is central to HDL biogenesis in vivo.

Despite its functional importance as a primary acceptor of cell cholesterol, the overall
conformation and stability of lipid-poor apoA-I are not well defined, in part, because of the
difficulty in obtaining this transient species and its apparent heterogeneity. The methods
used to isolate and characterize lipid-poor apoA-1 from plasma include preparative gel
electrophoresis [24-26], size exclusion chromatography [27] and isotachophoresis [28].
Analytical techniques using 2D electrophoresis [24-26, 29, 30] and isotachophoresis [31]
have been developed to quantify lipid-poor apoA-I in plasma. These methods produce
minimal amounts of lipid-poor apoA-1, and the apparent size and electrophoretic mobility of
this labile species can vary depending on the sample concentration [25] and the method of
preparation. This leads to variability in the reported lipid content that ranges from 1 to 30
lipid molecules (mostly phospholipid and some cholesterol) per apoA-I molecule.
Nonetheless, the consensus is that lipid-poor apoA-1 is monomeric (ref. [32, 33] and
references therein), as opposed to HDL that contain 2-5 molecules of apoA-I per particle
[1-4]. Lipid-poor apoA-I can also be obtained via the interaction of lipid-free apoA-1 with
cells overexpressing ABCAL [32, 33]. The resulting lipid-poor species contains apoA-I
monomer associated with several PC molecules, with the overall conformation and lipid
binding properties similar to those of free apoA-1 [33].
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Here, we used for the first time heat denaturation of HDL to produce milligrams of human
lipid-poor apoA-I and carry out its physicochemical analysis. Earlier we postulated that
thermal denaturation mimics important aspects of metabolic remodeling of HDL during
reverse cholesterol transport, including lipoprotein fusion, rupture and apolipoprotein
dissociation [34-36]. In the current work, we show that the apolipoprotein dissociated upon
HDL fusion and rupture comprises folded functional lipid-poor apoA-I whose structural,
stability, self-association and lipid binding properties are significantly different from those
of the lipid-free protein monomer. We propose that these distinct properties help protect
lipid-poor apoA-I from catabolism and direct it towards HDL biogenesis.

MATERIALS AND METHODS

Isolation of human lipoproteins

Lipoproteins from single-donor plasma of three healthy volunteers were used. Fresh
ethylenediaminetetraacetic acid-treated plasma was obtained from the blood bank according
to the rules of the institutional review board and with written consent from the donors.
Lipoproteins were isolated by density gradient ultracentrifugation in the density range
1.063-1.21 g/mL for HDL [37]. HDL migrated as a continuous band on the agarose and
non-denaturing gels. Lipoprotein stock solutions were dialyzed against 10 mM Na
phosphate, pH 7.5 (which is the standard buffer used in this work), degassed, stored at 4 °C,
and used during 2-3 weeks. To ensure reproducibility, all experiments in this study were
repeated 3-5 times by using plasma from three different donors. The key results of this work
were fully reproducible for all batches explored.

Reconstitution of model HDL

Single-donor apoA-1, which was obtained by HDL delipidation using 6M Gdn HCI
following established protocols [38], was purified to 95% purity and refolded as described
(ref. [39] and references therein). The protein obtained by this method contains less than one
PC molecule per apoA-I, as indicated by mass spectrometry [32], and is essentially lipid-
free. Lipids, including dimyristoyl PC (DMPC), palmitoyl PC (POPC), and cholesterol (Ch),
were 95+ % pure from Avanti Polar Lipids. Discoidal rHDL containing human apoA-I,
POPC and Ch were prepared by cholate dialysis [40] using apoA-1:POPC:Ch molar ratio of
1:80:4, and were isolated by density gradient centrifugation to remove uncomplexed protein.
Spherical reconstituted HDL (rHDL) were obtained from these discoidal apoA-I: POPC:Ch
complexes via the lecithin-cholesterol acyltransferase reaction [40] as described in the
supplement. Biochemical composition of the rHDL was determined by using a modified
Lowry assay for protein, Bartlett assay for PC, and colorimetric analysis for Ch. [ref. [41]
and references therein].

Characterization of HDL and the products of their thermal remodeling

Molecular size of intact lipoproteins and the products of their heat denaturation were
assessed by non-denaturing gel electrophoresis (NDGE) using 4-20% gradient gels.
Samples containing 10 pg protein were run for 2 h at 120 V. The gels were stained with
Denville protein stain. 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 [34]. To establish the absence of lipid peroxidation upon heating, intact
and heated HDL were analyzed by UV absorbance at 234 nm for conjugated diene
formation, and by TLC as described [41] (Fig. S1).

Size-exclusion chromatography (SEC) was used to separate and characterize the protein-
containing fractions. The samples were run on a Superose 6 10/300 column (GE
Biosciences) at a flow rate of 0.5 mL/min in standard buffer containing 150 mM NaCl. The
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protein size was assessed from the calibration plot (R2=0.95) by using molecular-size
markers (Biorad) [42].

The lipid-poor protein peak fraction obtained from the heat-denatured lipoproteins was
purified by SEC. The net charge of the purified species, which was assessed by agarose gel
electrophoresis as described [41], showed pre-f electrophoretic mobility (supplemental Fig.
S2). The absence of lipoprotein particles was confirmed by NDGE and EM. Lipid
composition in this fraction and in intact HDL was determined by TLC as described [41].
Protein composition was determined by SDS PAGE using 10-20 % gradient. In addition,
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry was used as
described in the supplement to compare protein composition in HDL and in the lipid-poor
protein (Fig. S3).

Circular dichroism (CD) and fluorescence spectroscopy

CD data were recorded by using an AVIV 400 spectropolarimeter with thermoelectric
temperature controller, to monitor apolipoprotein secondary and tertiary structure and
thermal unfolding. Far-UV CD spectra (190-250 nm) were recorded from samples of 0.02
mg/mL protein concentration. Heat-induced changes were monitored at 222 nm for a-helical
unfolding during sample heating and cooling at a rate of 10 °C/h. Far-UV CD data were
normalized to protein concentration and expressed as molar residue ellipticity, [©]. Protein
a-helical content was assessed from the value of [©] at 222 nm, [©]222 [41]. Near-UV CD
spectra were recorded from 250-350 nm using solutions of 0.5 mg/mL protein concentration
placed in a 5 mm cell, and were reported as molar ellipticity.

Trp emission spectra were recorded at 22 °C using a Fluoromax-2 spectrofluorometer. The
samples contained 0.1 mg/mL protein in standard buffer. The excitation wavelength was 295
nm, and the emission was recorded from 310-450 nm with 3 nm excitation and emission slit
widths. The wavelength of maximum fluorescence, Amax, Was determined from the peak
position in the uncorrected spectra.

Differential scanning and pressure perturbation calorimetry (DSC and PPC)

DSC and PPC data were recorded by using a VP-DSC microcalorimeter (MicroCal) as
described [42, 43]. In DSC, the samples (1 mg/mL protein in standard buffer) were heated
from 5-115 °C at a rate of 90 °C/h. Differential heat capacity, Cy(T), was recorded in mid-
gain mode; the buffer—buffer baselines were subtracted. In PPC, the heat effects associated
with pressure jumps by +5 bar were used to determine volume expansion coefficient of the
solute on an absolute scale, a,(T)=1/V-(0V/0T)p. The PPC data were recorded in mid-gain,
low-noise mode as described [42, 43]. Partial specific volumes used for the data processing
were 0.735 cm3 g~ for free protein and 0.805 cm?3 g~ for lipid-poor apoA-I; the latter is
based on the value of 1.02 cm?3 g~1 for 100% lipid and the protein:lipid weight ratio of 3:1.

Lipid binding and clearance

The ability of apoA-I to bind to the surface of POPC small unilamellar vesicles (SUV) was
assessed by SEC. Homogenous SUV (d~22 nm) of POPC (16:0, 16:1) were prepared as
described [42, 44]. Apolipoprotein binding to the POPC surface was rapid, as evidenced by
the SEC data recorded immediately after mixing apoA-1 with POPC SUV. Such rapid
adsorption is distinct from the apolipoprotein insertion into the bilayers of shorter-chain
phospholipids such as DMPC (14:0, 14:0) and their remodeling to form reconstituted HDL.
The latter was assessed by clearance of DMPC multilamellar vesicles (MLV) at 24 °C at
which the protein-DMPC reconstitution is fastest [45]. The time course of lipid clearance
was monitored by absorbance at 325 nm using Varian Cary Biomelt spectrometer as
described [46]. The protein:lipid molar ratio was 1:80, which is typical of discoidal rHDL
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[40]. To eliminate the effects of protein self-association on the clearance kinetics, we used
20 pg/mL protein concentration at which apoA-I is fully monomeric.

RESULTS

Heating of human HDL leads to apolipoprotein dissociation

Human plasma HDL were heated from 10 °C to 115 °C in differential scanning calorimetry
(DSC) experiments, and the products of thermal denaturation were analyzed by NDGE and
SEC (Fig. 1). HDL heating produced no changes in UV absorbance at 234 nm or in the lipid
composition assessed by TLC (Fig. S1), indicating the absence of heat-induced lipid
peroxidation. This and earlier studies of HDL showed two DSC peaks corresponding to two
irreversible transitions (Fig. 1A). Circular dichroism (CD) spectroscopy, negative stain
electron microscopy (EM) and NDGE showed that the first broad transition reflects partial
apolipoprotein unfolding, dissociation, and HDL fusion; the following sharp transition
involves additional apolipoprotein unfolding, dissociation and lipoprotein rupture and
release of apolar core lipids that coalesce into droplets [35]. Such protein-containing lipid
droplets, along with fused HDL and dissociated protein, were clearly observed by NDGE
and/or SEC of HDL samples that had been heated to 115 °C (Fig. 1B, C). This work focuses
on the dissociated protein fraction that eluted in SEC near 18 mL (Fig. 1C). EM does not
detect any lipoprotein-like particles in this fraction (data not shown).

The dissociated protein was purified by SEC and characterized by NDGE and SEC. The
protein fraction that peaked at 18 mL was collected and subjected to a second SEC run,
collected, and concentrated to 1 mg/mL. At this concentration, lipid-free apoA-1 isolated
from human plasma is largely self-associated [47] and shows batch-to-batch variations in the
degree of self-association, from dimers to higher-order oligomers. For example, in the SEC
profile in Fig. 2A, lipid-free apoA-1 elutes as an apparent hexamer, when injected at a
concentration of 1 mg/mL. In contrast, SEC of the protein dissociated from heated HDL
invariably showed a single peak whose position was consistent with the elution volume of
monomeric apoA-1 (~18 mL) (Fig. S4B). Because of the relatively broad nature of the peak,
the presence of dimers could not be excluded (Fig. 2A). By NDGE this dissociated protein
was similar to lipid-free apoA-1 but was less self-associated (Fig. 2B), as confirmed by
chemical crosslinking (data not shown). Its pre-f3 mobility on the agarose gel (Fig. S2) was
also similar to that of lipid-free apoA-I. In summary, our gel electrophoresis and SEC data
show that HDL heating leads to dissociation of a protein-rich fraction that has similar
electrophoretic mobility to lipid-free apoA-I but is less prone to self-association.

Biochemical analysis of the protein-rich fraction dissociated from heated human HDL

The SEC-purified protein-rich fraction was analyzed by SDS PAGE and mass spectrometry
for protein composition. The results clearly showed the major protein, apoA-1 (28 kDa), but
no minor HDL proteins such as apoA-I1 (17 kDa) or apoCs (6-9 kDa) (Fig. 3A and
supplemental Fig. S3). For lipid analysis of the protein-rich fraction, the lipids were
extracted from samples containing 0.50-0.85 mg protein. Based on the initial protein content
and the dry weight of the extracted lipids, the protein-rich fraction contained 73-74%
protein and 26—27% lipid by weight. Thin-layer chromatography (TLC) analysis of the
lipids extracted from this fraction showed the presence of PC and CE but no significant
amounts of any other lipids (Fig. 3B). Comparison of the TLC band intensities suggested
that 8-10% of the total lipid weight was CE and 90-92% was PC. In summary, the protein
fraction dissociated from heated human HDL contained apoA-1, PC, and a small amount of
CE. Considering the average molecular weights of PC (780 Da) and CE (670 Da), our
results suggest that each apoA-I molecule in the dissociated protein binds, on average, 8-9
molecules of PC and 1 molecule of CE. Notably, these average values do not necessarily
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represent the true stoichiometric ratios because of the possible heterogeneity of the lipid-
poor species which may contribute to the broad peak width in SEC (Fig. 2A, grey line).

Conformation of the lipid-poor apoA-I dissociated from human HDL

Protein conformation of the lipid-poor apoA-I was assessed by CD and fluorescence
spectroscopy. Far-UV CD spectra of lipid-poor apoA-I were similar to those of the free
protein but showed a slight reduction in intensity corresponding to about 7% reduction in the
a a-helical content (Fig. S4A). Since under conditions of our far-UV CD experiments (0.02
mg/mL protein) both lipid-free and lipid-poor apoA-1 are largely monomeric, this spectral
difference reflects small lipids-induced secondary structural changes in the monomolecular
apoA-1. This contrasts with the increase in the a-helical content upon conversion from free
protein to lipoprotein particles containing multiple protein copies.

Near-UV CD spectra of lipid-poor and free apoA-I show a large negative peak near 295 nm
corresponding to Trp (Fig. 4A). In contrast, plasma and model HDL show a positive CD
peak at these wavelengths [42]. Therefore, the overall aromatic packing in lipid-poor apoA-I
resembles that of lipid-free protein but is very different from that in HDL. Compared to
lipid-free apoA-1, lipid-poor apoA-I shows a small red shift in the Trp peak, along with the
spectral changes at 260-280 nm reflecting mainly Tyr contribution (Fig. 4A), which
indicates distinctly different environment of the aromatic groups. Furthermore, tertiary
structure of lipid-poor apoA-1 was probed by Trp emission recorded under conditions where
both lipid-free and lipid-poor apoA-1 is largely monomeric. Compared to lipid-free protein,
lipid-poor protein showed a red shift in the wavelength of maximal fluorescence (Fig. 4B)
which is consistent with the red shift in the near-UV CD peak (Fig. 4A) and suggests more
polar Trp environment. Taken together, our spectroscopic results show that, despite overall
structural similarity, there are small but significant differences between the monomolecular
lipid-poor and lipid-free apoA-1: compared to free protein, lipid-poor apoA-I has slightly
lower a-helical content and slightly altered aromatic packing, with increased polarity of the
Trp environment.

Thermal denaturation of lipid-poor apoA-I dissociated from human HDL

Thermal stability of the lipid-poor apoA-1 was assessed by far-UV CD and calorimetry. In
CD experiments, lipid-poor or lipid-free apoA-I (0.02 mg/mL protein in standard buffer)
was heated and cooled from 10 to 75 °C at a constant rate of 10 or 80 °C/h, and a-helical
unfolding and refolding was monitored at 222 nm, ©,,,(T). Similar to lipid-free protein,
lipid-poor apoA-I showed thermodynamically reversible unfolding evident from the close
superimposition of the heating and cooling CD data (Fig. 5A) and from the lack of the
heating rate effects on these data (not shown). This is in stark contrast with the
thermodynamically irreversible unfolding of lipoproteins characterized by the hysteresis and
large scan rate effects in the melting data [35, 48]. Consequently, similar to lipid-free protein
but in contrast to HDL or rHDL, lipid-poor apoA-I is stabilized by a thermodynamic
mechanism. Furthermore, compared to lipid-free apoA-1, lipid-poor apoA-I showed a
decrease in the melting temperature T, by 5 °C, suggesting lower thermodynamic stability
(Fig. 5A, B, C).

In DSC experiments, heat capacity Cp(T) was recorded from 1 mg/mL protein solutions
during heating from 10-90 °C. Lipid-free apoA-I showed a major peak centered at T,=60
°C that corresponds to a-helical unfolding; in addition, a shoulder near 45 °C was observed
(black line in Fig. 5B). A similar but less well resolved shoulder was observed by using less
sensitive calorimeter and higher apoA-1 concentrations, and was attributed to tertiary
structural unfolding [39]. To test for possible heat-induced changes in the quaternary protein
structure, we used SEC to analyze 0.5-1.0 mg/mL protein solutions at 22 °C prior to and
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immediately after heating to final temperatures ranging from 40 to 90 °C. The results
showed that lipid-free apoA-I, which was oligomeric prior to heating, dissociated into
monomers upon heating to 45 °C and beyond (Fig. S4B), but gradually self-associated upon
prolonged incubation at ambient temperatures. This suggests that the shoulder near 45 °C in
the DSC peak reflects oligomer dissociation rather than tertiary structure unfolding in lipid-
free apoA-I. The absence of this shoulder from the consecutive DSC scans of lipid-free
apoA-I1 strongly supports this notion (supplemental Fig. S4C).

The DSC data of lipid-poor apoA-1 show only the main peak corresponding to a-helical
unfolding (Fig 5B, grey line). The absence of the low-temperature shoulder in this peak is
consistent with the monomolecular state of lipid-poor apoA-I observed by SEC (Fig. 2A).
Hence, DSC and SEC data consistently show that lipid-poor apoA-I is less prone to self-
association as compared to lipid-free apoA-I. Furthermore, DSC and CD data consistently
show that lipid-poor apoA-1 has T, about 5 °C lower than the free protein.

The latter result is supported by pressure perturbation calorimetry (PPC) data showing a
negative peak in the volume expansion coefficient a\/(T) corresponding to protein
unfolding. Consistent with the DSC results, this transition is centered at T,,= 55 °C in lipid-
poor apoA-I and at 60 °C in lipid-free apoA-I (Fig. 5C). Furthermore, in lipid-poor apoA-I
the value of ay/(T) at any temperature is slightly higher than that in lipid-free protein (Fig.
5C), reflecting higher expansivity of lipid as compared to protein [ref. [42] and references
therein]. Integration of the an/(T) peak indicates that, similar to lipid-free apoA-I [43], lipid-
poor apoA-1 shows a relatively large volume contraction upon unfolding, AV/Va-0.3%.
Also, similar to free apoA-I, lipid-poor apoA-1 shows a reduction in thermal expansivity
upon unfolding, Aay/(T)<0, which has not been detected in any other proteins [43]. Since
large negative AV and Aay/(T) are observed not only in free apoA-I that is self-associated
but also in lipid-poor apoA-I that is largely monomeric under conditions of our calorimetric
experiments (Fig. 5C), these values reflect unique hydration properties of the apoA-I
molecule. We propose that these values reflect increased charged residue hydration resulting
from disruption of multiple salt bridges upon a-helical unfolding in apoA-I [43]. This notion
is supported by the rapid decline in ay/(T) of lipid-free and lipid-poor apoA-I observed upon
heating from 5 to 40 °C, which indicates dominant effects of the charged residue hydration
[43].

In summary, our CD, DSC and PPC melting data indicate that lipid-poor apoA-1 undergoes
thermal unfolding that is reversible, endothermic, and involves negative volume changes.
Such unfolding behavior is similar to lipid-free apoA-1 but is in stark contrast with the
apoA-I-containing lipoproteins whose heat denaturation occurs at higher temperatures, is
thermodynamically irreversible, and shows no detectable volume changes by PPC [42].
Furthermore, compared to lipid-free apoA-I, lipid-poor apoA-I has lower T, suggesting
lower thermodynamic stability (Fig. 5). Also in contrast to lipid-free apoA-I that self-
associates in near-neutral low-salt solutions above 0.1 mg/mL protein concentrations, lipid-
poor apoA-1 remains monomeric at 0.5-1.0 mg/mL protein (Fig. 2). This is supported by our
limited cross-linking studies with bis(sulfosuccinimidyl)suberate which detected monomeric
lipid-poor protein under conditions when the free apoA-1 forms oligomers (data not shown).

Lipid binding and lipid clearance by lipid-poor apoA-I

To compare the lipid binding ability of lipid-poor and lipid-free apoA-I, we first assessed the
protein adsorption to the phospholipid surface by using SUV of POPC as a model
membrane. Apolipoproteins such as apoA-I rapidly adsorb to the surface of POPC vesicles
but do not spontaneously remodel them into smaller particles [49, 50]. To compare such
adsorption, lipid-poor and lipid-free apoA-1 at 0.5 mg/mL protein concentration were
incubated for 12 h at 22 °C in the presence of POPC SUV at 1:100 protein:lipid molar ratio,
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followed by SEC and NDGE analyses (Fig. 6). The results in Fig. 6 A—C support the notion
that, in contrast to lipid-free apoA-1, lipid-poor apoA-I is less prone to self-association and
does not form high-order oligomers at 0.5 mg/mL protein in the absence of SUV. Upon
addition of SUV, all lipid-poor apoA-I rapidly adsorbed to the lipid surface (Fig. 6A, C). In
contrast, addition of POPC SUV promptly disrupted self-association of lipid-free apoA-I,
but only a fraction of the monomeric protein was able to bind the SUV surface (Fig. 6B, C);
the distribution between monomeric lipid-free and SUV-bound apoA-1 did not change upon
24 h incubation, suggesting an equilibrium between the two species. Furthermore, our SEC,
NDGE (Fig. 6) and EM data (not shown) demonstrate that incubation of POPC SUV with
lipid-poor or lipid-free apoA-I does not lead to vesicle remodeling into smaller particles. In
summary, our results show that lipid-poor apoA-I adsorbs to the POPC surface more readily
than the lipid-free protein.

In contrast to POPC, vesicles of shorter-chain PCs such as DMPC (14:0, 14:0) can be
spontaneously remodeled by apolipoproteins to form discoidal rHDL that resemble nascent
plasma HDL. To test for such remodeling, we used absorption spectroscopy to monitor the
time course of turbidity changes upon addition of apoA-1 to the suspension of MLV of
DMPC. DMPC clearance by lipid-poor and lipid-free apoA-I showed very similar time
course, including similar initial rate and similar overall amplitude of turbidity changes (Fig.
7A). EM data showed that DMPC incubation with lipid-poor or free apoA-I at 1:80
protein:lipid molar ratio led to formation of very similar discoidal rHDL (Fig. 7B). NDGE
results confirmed this observation and showed that the particle size distribution in these
rHDL was very similar and that all protein was incorporated into rHDL (lanes 3, 4 in Fig.
S5). To test whether lipid-poor and lipid-free apoA-I form similar rHDL with physiologic
lipids such as POPC, we reconstituted apoA-1: POPC complexes by cholate dialysis using
lipid-free or lipid-poor apoA-I. The resulting rHDL had similar size, morphology (Fig. 7C),
secondary structure, and stability (CD and DSC data not shown). Taken together, our results
show that lipid-poor and lipid-free apoA-I have comparable ability to remodel phospholipids
and form rHDL.

In summary, compared to lipid-free apoA-I, lipid-poor apoA-1 adsorbs more readily to the
POPC surface (Fig. 6) but has similar ability to insert into the DMPC surface and gradually
remodel it to form rHDL (Fig. 7). This illustrates the fact that protein adsorption and
penetration into the phospholipid surface are distinct events.

Lipid-poor apoA-I dissociated from model rHDL

To test whether the composition of the parent particles affects the properties of the lipid-
poor apoA-1 that dissociates upon heating, we used rHDL of controlled composition.
Discoidal apoA-1:POPC:Ch complexes (POPC:A-1:Ch molar ratio 80:4:1, <d>=9.6 nm)
were reconstituted by cholate dialysis and were converted into spherical CE-containing
rHDL (<d>=9.3 nm) via the lecithin-cholesterol acyltransferase reaction [51] (see
supplement for detail). These purified spherical rHDL were heated to 110 °C at a rate of 90
°C/h in DSC experiments (Fig. S6A). The EM, NDGE and SEC data in Fig. S6 show that,
similar to spherical plasma HDL, heating of spherical rHDL led to formation of fused and
ruptured particles and dissociation of monomolecular apoA-I (fraction 3, Fig. S6D). TLC
analysis of this purified fraction showed that it contained PC and CE (Fig. S6D, lane 3).
NDGE and SEC showed that this fraction was indistinguishable from the lipid-poor apoA-I
dissociated from plasma HDL (Fig. 3). Hence, similar to plasma HDL, thermal remodeling
of spherical rHDL also leads to dissociation of monomolecular lipid-poor apoA-I that
contains PC and CE.

The lipid-poor apoA-I that dissociated from spherical rHDL or from plasma HDL had very
similar secondary structure and stability (CD data not shown). Furthermore, all these lipid-
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poor species cleared DMPC MLV and formed very similar discoidal complexes with
DMPC. Consequently, lipid-poor apoA-I that dissociated from plasma HDL or from
spherical rHDL upon heating beyond 100 °C fully retained its lipid binding function.

DISCUSSION

Physicochemical properties of lipid-poor apoA-I

We show that thermal denaturation of HDL generates milligrams of lipid-poor apoA-1 that
provides a useful model for studying the transient lipid-poor species formed in vivo. The
yield of the lipid-poor protein obtained by this method is 10-15% of the initial protein
content in HDL. The resulting monomeric lipid-poor protein is folded and functional, as
evident from the far- and near-UV CD spectra and the ability to clear lipid and form rHDL
(Figs. 4,5, 7, S2A).

The lipid-poor protein formed upon heating of plasma HDL has apparent Stokes diameter
d=7.1+0.4 nm (Fig. 2B), molecular weight Mw~37 kDa (based on Mw(apoA-1)=28 kDa and
3:1 w/w protein:lipid ratio), and contains one apoA-I, eight-to-nine PC, and one CE. The
composition, conformation, self-association, and lipid binding properties of this species
resemble those of the lipid-poor apoA-I formed upon interaction of free apoA-I with
ABCALl-expressing cells [32, 33, 52]. For example, Fielding’s team reported that ABCA1
facilitates extracellular conversion of free apoA-I into a monomeric lipid-poor species that
promotes reverse cholesterol transport [52]; this species has d~7.2 nm and Mw~34 kDa,
comparable to those observed in our work. Phillips’ group reported transient formation of
monomolecular lipid-poor apoA-I upon interaction of free apoA-1 with ABCAL-
overexpressing cells, followed by conversion of this lipid-poor into lipid-rich HDL-like
form [33]. The size (d=7.5+0.4 nm), composition (one apoA-I, three-to-four PC, and one-to-
two Ch) and the a-helical content of this transient lipid-poor species are comparable to those
observed in our work. Parks’ team reported formation of various-size products upon apoA-I
incubation with ABCA1-expressing cells [32]. The smallest product (d~7.1 nm, one apoA-I
and five-to-nine PC) was similar to the lipid-poor protein of our study, while the larger
products were discoidal HDL. Our results reveal that heating of core-containing spherical
HDL (plasma or reconstituted) generates lipid-poor apoA-I that contains PC and a small
amount of CE (Fig. 3B, S4E). This suggests that apoA-1 can interact with the sterols in the
parent HDL, either directly or via the PC.

We propose that the relative flexibility of the secondary structural elements, which is
characteristic of the molten globule [39], helps to accommodate several lipid molecules
varying in their number with minimal perturbations to the structure of the apoA-1 monomer.
Importantly, our CD and calorimetric melting data reveal that lipid-poor apoA-I has low
thermodynamic stability (Fig. 5A—C) that is slightly lower than that of free protein, AG(25
°C)~2.5 kcal/mol [39]. This contrasts with high kinetic stability of HDL and other
lipoproteins [34-36, 42]. Consequently, high Kinetic stability does not necessarily result
from the apolipoprotein-lipid binding, but is characteristic of large macromolecular
complexes such as HDL that contain at least 2 copies of apoA-I and over 150 lipid
molecules. We propose that low thermodynamic stability facilitates conformational changes
in the lipid-poor apoA-I monomer, such as domain swapping, which are required for its
dimerization and HDL formation.

The general drawback of low thermodynamic stability is that it facilitates protein
degradation. In fact, compared to HDL, lipid-poor/free apoA-I is rapidly catabolized in
normal and in pathologic conditions [18]. The latter include Tangier disease, an HDL
deficiency disorder resulting from loss of function of ABCAL [54], as well as acute phase
response in which lipid-poor apoA-I is displaced from HDL by serum amyloid protein [55].
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We envision two mechanisms that help to direct lipid-poor apoA-I towards HDL biogenesis
as opposed to degradation. One is suggested by our SEC data showing that apoA-I,
particularly in its lipid-poor form, readily adsorbs to the phospholipid surface (Fig. 6). Such
adsorption must be rapid since it involves no high-energy barriers associated with lipid
penetration and remodeling. We hypothesize that this rapid adsorption, which in lipid-poor
apoA-1 may be mediated by its lipid moiety, helps recruit the protein to the plasma
membrane for HDL biogenesis. Furthermore, apoA-I adsorption to the PC surface involves
the hydrophobic C-terminal segment 190-243 [ref. [33] and references therein]. In lipid-free
apoA-I, this flexible segment is highly susceptible to proteolysis [49]. Adsorption of this
segment to the PC surface, along with its reduced flexibility in lipid-poor apoA-I (described
below), is expected to reduce its proteolytic degradation.

Structural model of lipid-poor apoA-I

We propose a structural model for the lipid-poor apoA-I monomer which is based on
previous low-resolution structural studies of apoA-I [2, 56, 57] and the high-resolution x-ray
crystal structure of the C-terminal truncated lipid-free protein, A(185-234)apoA-I, recently
solved by Mei and Atkinson [58]. Our model is consistent with the physicochemical
properties determined in this and earlier studies [32, 33, 59] and takes advantage of the
modular structure of apoA-1 comprised of ten 11/22-mer tandem repeats with high
propensity to form amphipathic a-helices [60, 61]. These repeats are punctuated by Pro that
induce helical kinks, and/or Gly that confer flexibility to the polypeptide chain. In the
crystal, A(185-243)apoA-1 forms an antiparallel dimer that adopts a highly a-helical semi-
circular conformation with central repeats 5 (residues 121-142) in registry [58], in
agreement with the “double belt” model postulated for apoA-1 on HDL [1-4, 60]. The dimer
stability is conferred by two bundles at its termini. Each bundle is comprised of the N-
terminal segments from one apoA-1 molecule (residues 1-100), while an additional helical
segment (repeats 6—7) comes from the second molecule (Fig. 8A). Since the highly
hydrophobic C-terminal repeats 8-10 form the primary lipid binding site in apoA-I, and
deletion of repeat 10 prevents formation of lipid-poor species [33], the C-terminal repeats
probably interact with the lipids in lipid-poor apoA-I. To sequester the apolar lipid moieties
in the lipid-poor apoA-I, this C-terminal segment must fold against the protein molecule
[33]. We posit that such folding can be accomplished by pivoting of the polypeptide chain
around two flexible Gly-containing hinges (Fig. 8B). The first hinge is formed by G185 and
(G186, a pair of highly conserved Gly that confer flexibility to the polypeptide chain of
apoA-1 which is necessary for its adaptation to various environments [61]. The second hinge
likely encompasses G129 and/or G145 in the central part of apoA-I that has increased
flexibility both on HDL and in the crystal structure of lipid-free A(185-243)apoA-1 [58]. We
hypothesize that pivoting around these hinges can pack repeats 8-10 and 6-7 against the N-
terminal bundle in lipid-poor apoA-1 (Fig. 8C). In fact, packing of repeats 6—7 against the N-
terminal bundle was observed in the crystal structure of lipid-free A(185-243)apoA-I, in
which repeats 67 from one molecule interact with the N-domain from the second molecule
within the dimer (Fig. 8A). In monomeric apoA-1, all repeats must belong to the same
molecule (Fig. 8C), suggesting “domain swapping” of repeats 6—7 upon apoA-lI monomer-
to-dimer conversion [58].

The crystal structure of A(185-243)apoA-I solved by Mei and Atkinson demonstrates the
propensity of apoA-1 to form dimers that resemble the intermediate species during formation
of nascent HDL from the monomeric protein. Our current data provide novel information on
the conformation of monomeric lipid-poor protein and the similarities and differences
between it and the lipid-free apoA-I monomer. We propose that, despite the overall
structural similarity of lipid-free and lipid-poor apoA-I monomers, the distinct differences in
their behavior result, in part, from the packing of the C-terminal region. In the lipid-free
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protein, the C-terminal segment 185-243 is largely disordered and flexible [ref. [33] and
references therein]. We speculate that in lipid-poor protein, the lipid sequestration between
the C-terminal and the N-terminal segments [33] increases the ordering of the C-terminal
segment and packs it against the three N-terminal segments in the bundle. This explains the
reduced self-associating propensity of the lipid-poor protein observed in this (Fig. 2) and
earlier studies [32, 33], and its reduced susceptibility to proteolysis at R188 [59].
Furthermore, in the lipid-poor protein, the interactions of the N-terminal bundle with the C-
terminal segment and/or the bound lipids induce subtle changes in the Trp packing in the N-
domain (W8, W50, W72, and W108) detected by near-UV CD and fluorescence (Fig. 4).
These interdomain interactions also slightly reduce the thermodynamic stability of the N-
domain, as observed by CD, DSC and PPC (Fig. 5). Such reduced stability is consistent with
the increased Trp polarity in lipid-poor apoA-I observed by CD and fluorescence (Fig. 4),
and with a slightly reduced a-helical content observed by far-UV CD. We speculate that this
reduced stability primes the N-domain for the conformational rearrangement that is
necessary for HDL formation [62].

Taken together, our CD, fluorescence and calorimetric data (Figs. 4, 5, S2) along with the
biophysical data from Phillips’ group [33] indicate that lipid-poor and lipid-free apoA-I
monomers adopt similar overall conformation (Fig. 8C), particularly in their N-terminal
domain, but have distinct dynamic properties, particularly in their C-terminal segment 186—
243. In the lipid-free protein, this hydrophobic segment is largely unordered and forms the
primary self-association and lipid binding site [ref. [33] and references therein]. We posit
that in the lipid-poor protein this segment is less flexible due to its direct involvement in
lipid sequestration.

Potential functional implications

We speculate that the subtle structural and dynamic differences between the lipid-poor and
the lipid-free apoA-1 monomer help direct the lipid-poor species towards HDL biogenesis as
opposed to degradation. Compared to the lipid-free protein, lipid-poor apoA-1: i) is better
protected from the post-translational modifications and proteolytic degradation of its most
labile C-terminal part [33, 59], ii) adsorbs more readily to the phospholipid surface (Fig. 6),
which helps to recruit the protein from plasma to the cell membrane for HDL biogenesis,
and iii) has reduced thermodynamic stability (Fig. 5), which facilitates conformational re-
arrangement of the apoA-l1 monomer necessary for its dimerization and HDL formation [62].
Taken together, these properties could help to shift the balance, from protein degradation to
HDL biogenesis, and thereby contribute to the removal of excess cell cholesterol by lipid-
poor apoA-I.

Supplementary Material

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

HDL high-density lipoprotein

rHDL reconstituted HDL

apo apolipoprotein

PC phosphatidylcholine

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

POPC palmitoyloleoyl PC (16:0,16:1)

Ch unesterified cholesterol

CE cholesterol ester

MLV multilamellar vesicles

SuUv small unilamellar vesicles

DSC differential scanning calorimetry

PPC pressure perturbation calorimetry

CD circular dichroism

EM electron microscopy

NDGE non-denaturing gel electrophoresis

SEC size-exclusion chromatography

TLC thin-layer chromatography

PBS phosphate buffer saline

ABCAL1l ATP-binding cassette transporter Al
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Figure 1.

Thermal denaturation products of plasma spherical HDL. Human plasma HDL solutions of 4
mg/mL protein concentration in 10 mM Na phosphate, pH 7.5 (which is the standard buffer
used throughout this work) were heated from 10 to 115 °C at a rate of 90 °C/h. Heat
capacity, Cy(T), was recorded by differential scanning calorimetry (DSC) (A). The DSC
peaks centered near 85 and 105 °C reflect HDL fusion and rupture, respectively. (B) Non-
denaturing gel electrophoresis (NDGE) of HDL that were intact or heated to 115 °C and
cooled to 22 °C in a DSC experiment. (C) Size exclusion chromatography (SEC) of HDL
that were intact (black) or heated to 115 °C and cooled to 22 °C (grey). Protein-containing
fractions in panels B and C are indicated.
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Figure 2.

Isolation of the protein-rich fraction from the thermally denatured plasma HDL. Human
HDL were heated to 115 °C as described in Figure 1. The protein-rich peak fraction marked
“dissociated protein” in the SEC chromatogram in Fig. 1C was isolated and subjected to a
second run of SEC (A) and NDGE (B). The protein concentration was 1 mg/mL in standard
buffer and in 10 mM PBS, pH 7.5 for NDGE and SEC, respectively. At these
concentrations, lipid-free apoA-I forms high-order oligomers (apparent hexamers in panel
A, black line). The lipid-poor protein obtained upon HDL heating is less self-associated
(predominantly monomers) as it appears by SEC analysis (panel A, grey line).
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Figure 3.

Biochemical composition of the protein-rich fraction isolated from heated HDL. The
protein-rich fraction was isolated from thermally denatured human HDL as described in Fig.
2. Protein and lipid compositions of this fraction were assessed by 10-20 % gradient SDS
PAGE (A) and thin-layer chromatography (TLC) (B), respectively. Intact HDL are shown
for comparison. The main lipid and protein constituents of HDL are indicated.
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Tertiary structure of lipid-poor (grey) and free apoA-I (black) in standard buffer monitored
by near-UV circular dichroism (CD) and fluorescence spectroscopy at 25 °C. (A) Near-UV
CD spectra recorded from solutions of 0.5 mg/mL protein concentration. Aromatic groups
dominating specific spectral regions are indicated. Vertical lines mark the main Trp peak.
(B) Trp emission spectra recorded from samples of 0.1 mg/mL protein concentration
(excitation at 295 nm). The wavelength of maximal fluorescence, Amax, is indicated.
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Comparison of thermal stability of lipid-poor (grey) and lipid-free (black) apoA-I in
standard buffer. (A) Heat-induced unfolding of the a-helical protein structure was monitored
by CD at 222 nm. The samples (0.02 mg/mL protein) were heated and cooled from 5-98 °C
at a rate of 80 °C/h. The melting temperature T, corresponding to the inflexion point in the
heating curves is indicated. (B) Differential heat capacity, Cp(T), recorded by DSC during
heating of 1 mg/mL protein solution at a rate of 90 °C/h. In lipid-free apoA-1, which is
highly self-associated at this concentration (Fig. 2B), the shoulder near 45 °C represents
oligomer dissociation and the main peak at T,,=60 °C represents monomer unfolding (black
line). Lipid-poor apoA-I1, which is less prone to self-association (Fig. 2), shows only one
main peak at T,=55 °C (grey line). (C) Thermal expansion coefficient, a,(T), measured by
pressure perturbation calorimetry (PPC) during heating. Protein concentration was 0.5 mg/
mL in standard buffer. Similar to lipid-free apoA-I, lipid-poor protein showed: i) a negative
peak in Aa,,(T) corresponding to a relatively large volume decrease upon unfolding, AV/V~
-0.3 %, and ii) a reduction in thermal expansion coefficient upon unfolding, Aa,<0, which
is unique to apoA-1 [43]. Compared to the lipid-free protein, lipid-poor apoA-I shows lower
peak temperature, T,,=55 °C, and higher absolute value of a.(T) that is indicative of the
presence of lipids that have higher a,, than the protein [42, 43].
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Figure6.

Apolipoprotein adsorption to phospholipid surface. Protein-containing fractions formed
upon adsorption of lipid-poor or lipid-free apoA-1 to POPC SUV were detected by SEC (A,
B) and NDGE (C). Protein concentration was 0.5 mg/mL in 10 mM PBS, pH 7.5; at this
concentration, lipid-free apoA-I is significantly self-associated. ApoA-1:POPC molar ratio
was 1:100 (open circles in A, B). Solid lines show protein in the absence of POPC SUV. (C)
For NDGE (4-20 % gradient), 10 g of protein from a 0.8 mg/mL solution were loaded per
lane. Lipid-free apoA-I at this concentration is largely self-associated. Bands corresponding
to apoA-1 in solution or bound to SUV (d>22 nm) are indicated.
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Figure7.

Clearance of lipid vesicles and formation of discoidal rHDL by lipid-poor or lipid-free
apoA-1. (A) Time course of spontaneous clearance of multilamellar vesicles (MLV) of
dimyristoyl phosphatidylcholine (DMPC) by lipid-poor (grey) or lipid-free (black) apoA-I
monitored by turbidity at 24 °C. The final sample concentrations are 80 pug/mL DMPC and
20 pg/mL apoA-I in standard buffer; at this concentration, lipid-free apoA-I is fully
monomeric. Data for DMPC MLYV in the absence of the protein are shown as a control (thin
line). (B) Electron micrographs of the negatively stained discoidal complexes formed upon
DMPC clearance by lipid-poor (bottom) or lipid-free (top) apoA-1 at 24 °C. Discoidal rHDL
particles are stacked in rouleaux formation. NDGE of these particles is shown in
supplemental Fig. S5. (C) Discoidal apoA-1:POPC complexes reconstituted by cholate
dialysis using lipid-poor (bottom) or lipid-free (top) apoA-I and visualized by negative-stain
EM.
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Figure8.

Cartoon illustrating molecular dimer observed in the crystal structure of the C-terminally
truncated apoA-1 by Mei and Atkinson (A), and the proposed folding of the lipid-poor apoA-
I monomer in a compact conformation (B). In panel A, molecule 1 (black solid lines) and
molecule 2 (grey dotted lines) within the dimer are related by 2-fold symmetry axis passing
through the middle of sequence repeat 5. Amino acid sequence of apoA-1 is comprised of
the N-terminal 43 residues (encoded by exon 3) followed by residues 44-243 (encoded by
exon 4) that form 11- or 22-mer sequence repeats punctuated by Pro or Gly. These repeats
have high propensity to form amphipathic class-A a-helices that have high affinity for lipid
surface [60, 61]. Repeats 5-10 encompassing residues 121-243 are shown by line arrows
and numbered. Gly positions in the C-terminal half of the molecule are indicated. The N-
terminal part of apoA-1 forms a loosely folded “buckle” (shown by an oval). We posit that in
monomeric lipid-poor apoA-I repeats 6, 7 and 8-10 from the same molecule pack against
this N-terminal “buckle” by pivoting around two Gly-containing flexible hinges, G129 and
G185, G186 (circular arrows, panel B). The resulting conformation of the lipid-poor apoA-I
monomer is shown in panel C. In lipid-free apoA-I, the C-terminal repeats 8-10 (residues
186-243) are highly flexible and susceptible to cleavage by enteropeptidase at R118 [59]. In
lipid-poor apoA-I (panel C), the lipids (not shown) are packed between the N- and the C-
terminal parts of the molecule.
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