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ABSTRACT. Very-low-density lipoproteins (VLDL) are metabolic precursors of low-density lipoproteins
(LDL) and a risk factor for atherosclerosis. Human VLDL are heterogeneous complexes containing a
triacylglycerol-rich apolar lipid core and polar surface composed of phospholipids, a nonexchangeable
apolipoprotein B, and exchangeable apolipoproteins E and Cs. We report the first stability study of VLDL.
Circular dichroism and turbidity data reveal an irreversible heat-induced VLDL transition that involves
formation of larger particles and repacking of apolar lipids but no global protein unfolding. Heating rate
effect on the melting temperature indicates a kinetically controlled reaction with high activation energy,
Ea Arrhenius analysis of the turbidity data reveals two kinetic phases Ryith 53 £ 7 kcal/mol that
correspond to distinct morphological transitions observed by electron microscopy. One transition involves
VLDL fusion, partial rupture, and dissociation of small spherical partiales (/—15 nm), and another
involves complete lipoprotein disintegration and lipid coalescence into droplets accompanied by dissociation
of apolipoprotein B. The small particles, which are unique to VLDL denaturation, are comparable in size
and density to high-density lipoproteins (HDL); they have an apolar lipid core and polar surface composed
of exchangeable apolipoproteins (E and possibly Cs) and phospholipids. We conclude that, similar to
HDL and LDL, VLDL are stabilized by kinetic barriers that prevent particle fusion and rupture and
decelerate spontaneous interconversion among lipoprotein classes and subclasses. In addition to fusion,
VLDL disruption involves transient formation of HDL-like particles that may mimic protein exchange
among VLDL and HDL pools in plasma.

Plasma lipoproteins, including high-, low-, intermediate-, 50% of the total VLDL protein content. Metabolic remodel-
and very-low-density lipoproteins (HDLLDL, IDL, and ing by lipolytic enzymes converts VLDL into LDL that
VLDL), are macromolecular complexes of lipids and proteins contain apoB as their sole protein, while the dissociated apoE
(termed apolipoproteins) that mediate lipid transport and and apoCs enter the HDL pod,@). Structural and stability
metabolism and are central in the development of coronary properties of HDL and LDL have been intensely investigated
artery disease. HDL are antiatherogenic, LDL are proathero- by spectroscopic and calorimetric methods (1@fsl1 and
genic, and VLDL are not only direct metabolic precursors references therein), yet structural studies of VLDL have been
of LDL but also an independent risk factor for atherosclerosis limited to nondenaturing conditiondZ—14). Here we report
(1—8). VLDL are the major carriers of triacylglycerols (TG) the first stability study of human VLDL.

in plasma. Human VLDL form heterogeneous populations  Qur recent thermal and chemical denaturation analyses
of spherical particles that contain an apolar core composedhave shown that HDL and LDL are stabilized by kinetic
mainly of TG and cholesterol esters (CE) and polar surface parriers, and have revealed distinct kinetic steps in the
composed of a cholesterol-containing phospholipid mono- disruption of these lipoproteins9¢11). The first step
layer and proteins. The proteins include one copy of involves partial protein dissociation and lipoprotein fusion
nonexchangeable apolipoprotein B (apoB, 550 kDa) and that compensates for the particle surface depletion of the
multiple copies of exchangeable apolipoproteins, mainly protein moiety; the next step involves additional protein
apoE (34 kDa) and apoCs«® kDa), that comprise over  dissociation leading to lipoprotein rupture and release of the
apolar core. These results prompted us to propose that kinetic
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proteins) are expected to result in distinctly different
morphological transitions in these lipoproteins. In fact, clear
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kinetic temperature-jump (T-jump) experiments, the sample
temperature was rapidly increased at 0 from 25°C to a

differences were observed in the denaturation pathways ofhigher constant value, and the denaturation time course was

HDL and LDL. HDL denaturation involves formation of

monitored by CD and turbidity. Data analysis was carried

enlarged particles that are products of lipoprotein fusion and out using an Arrhenius model as describ&). Briefly,

rupture and may mimic HDL fusion by plasma factoi®,(

11, 15); in contrast, LDL denaturation involves not only
formation of larger particles but also transient formation of
smaller LDL-like particles that may resemble small dense
LDL in plasma (1).

To test, for the first time, the heat-induced structural
transitions in VLDL, we analyze thermal denaturation of
VLDL from normolipidemic human plasma. The results
establish the kinetic mechanism of VLDL stabilization and
show that thermal denaturation of VLDL involves not only
irreversible fusion and rupture but also transient formation
of small spherical HDL-like particles. These particles may
mimic the mode of protein and lipid exchange among HDL
and VLDL pools in plasma.

MATERIALS AND METHODS

Sample PreparationVLDL from six healthy volunteer
donors were used. Single-donor VLDL were isolated from
EDTA-treated plasma by density gradient ultracentrifugation
in the density range 0.941.006 g/mL (6); total VLDL

kinetic data V.,((t) recorded at each temperature were
approximated by a multiexponential:

Voodt) = A exp(t,y/t) + A, exp(—r,ft) + ...

Here,A; andA; are the amplitudes of the kinetic phases,
andr; andt, are the exponential relaxation times that are
inverse of the reaction ratek = 1/r. Since VLDL
denaturation is irreversible, the reaction rate is equivalent
to the denaturation rate. The relaxation timg€3) were
measured in T-jumps from 28 to several higher temper-
atures (75-95 °C), and the activation energy (enthalfiy
for each kinetic phase was determined from the slope of the
corresponding Arrhenius plot, Inversus 1T.

Negatve Staining Electron Microscop¥/.LDL subjected
to various thermal treatments were visualized at’@5hy
negative staining electron microscopy (EM) using a CM12
transmission electron microscope (Philips Electron Optics)
as described9; 10). Particle size analysis was carried out
in EXCEL using 306- 450 particles per image.

Biochemical Analysis of VLDL Denaturation Produdhs.

migrated as a single band on agarose gel. Total VLDL were v DL sample was incubated at 88 and the aliquots taken

ultracentrifuged for 30 min at 40 000 rpm;@ and the clear
fraction comprising mainly VLDL subclass was collected

after 0-120 min of incubation were analyzed by nondena-
turing PAGE and Western blotting. Particle diameters

and used to record the data shown in this WOI’k; similar data assessed from nondenaturing PAGEE@%) were in good

were recorded from total VLDL (not shown), suggesting that
VLDL heterogeneity does not affect the key conclusions of
this study. VLDL, stock solution of +2.5 mg/mL protein
concentration (measured by modified Lowry assB))was

agreement with EM measurements.

For immunoblotting, the samples were subjected to non-
denaturing PAGE, transferred to polyvinylidene fluoride
membrane and probed with primary antibodies to apoE

extensively dialyzed against the standard buffer used through-(Chemicon) and apoB using both monoclonal antibodies 1D1
out this study (10 mM Na phosphate, 0.25 mM EDTA, (from Lipoprotein and Atherosclerosis Research Group,
0.02% sodium azide, pH 7.6). The stock solution was stored ynjversity of Ottawa Heart Institute) and polyclonal goat
in the dark at #C and was used in 4 weeks, during which (Bjodesign) and rabbit antibodies (custom-made by Sigma).
no protein degradation was detected by sodium dodecylThe blots were probed with horseradish peroxidase-conju-
sulfate (SDS) polyacrylamide gradient gel electrophoresis gated secondary antibodies (Sigma) and were visualized
(PAGE) and no changes in the protein secondary structureysing an enhanced chemiluminescent system (Perkin-Elmer).
or lipoprotein stgbility were observed by circular dichroism  Tq analyze the composition of the small particles tran-
(CD) and turbidity. siently formed at high temperatures, VLDL stock solution
Circular Dichroism and TurbidityCD and turbidity data ~ was incubated at 83C for 15 min and the bottom fraction
were recorded using AVIV-215 or AVIV-62DS spectrom- containing mainly the small dense particles (as indicated by
eters with thermoelectric temperature control. Heat-induced negative-staining EM) was isolated by-280 min centrifu-
turbidity changes were monitored by measuring dynode gation at 13 000 rpm (Biofuge, Thermo).
voltage, V, in CD experiments as describef, (L8). CD For protein analysis, the particles from this bottom fraction
spectra were recorded with 1 nm increment;-28 s/nm were delipidated by isopropanol and subjected to gradient
accumulation time from degassed VLDL solutions of-8.1  SDS PAGE. For lipid analysis, the lipids were extracted with
0.15 mg/mL protein concentrations using 65 mm path 2:1 chloroform:methanol1Q) and analyzed by thin-layer
length closed cells for far-UV CD (185250 nm) or of 0.5 chromatography (TLC) using hexane:ether:acetic acid (70:
0.6 mg/mL protein concentrations using 5 mm path length 30:1) or chloroform:methanol:water:acidic acid (65:25:4:1)
cell for near-UV/visible CD (256500 nm). Far-UV CD data  to separate neutral and polar lipids, respectively. Lipids were
were normalized to protein concentration and expressed asalso quantified by colorimetric method20-23).
molar residue ellipticity @] that was calculated assuming For density measurements, the density of the bottom
the mean residue weight of 113. In the melting experiments, fraction was adjusted to 1.25 g/mL with solid KBr, overlaid
CD and turbidity data,®(T) and V(T), were recorded  with 1.068 g/mL KBr solution, and spun in an SW60 rotor
simultaneously at 220 or 320 nm during sample heating andat 52 000 rpm for 22 h. Fractions were collected from the
consecutive cooling from 25 to & at a constant rate of top, and their density was determined by refractometry
80 or 10°C/h. No changes in the sample volume or protein (ABBE, Leica). Aliquots from each fraction were analyzed
concentration were detected after heating and cooling. In theby negative-staining EM.
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Ficure 1: Effect of heating on the protein secondary structure in
VLDL. (A) Far-UV CD spectra recorded at 2% of intact VLDL

and of VLDL that have been heated and cooled from 25 t6®8

at 80°C/h. (B) CD melting curves at 220 nm recorded upon heating
and cooling of VLDL at a rate of 80C/h (black) or 10°C/h (gray).
The data in A and B were recorded from VLDL samples of 0.15
mg/mL protein concentration in standard buffer (10 mM Na
phosphate, pH 7.6).

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

RESULTS
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25°C before and after heating to 98. In contrast to intact
VLDL, the spectrum of heated VLDL shows a large negative
CD peak centered at 320 nm (Figure 2A). A similar
irreversible heat-induced change in near-UV/visible CD was
observed in LDL and was attributed to repacking of apolar
lipids upon lipoprotein rupture and release of the apolar core
(11). In fact, protein contribution to CD may be large only
at4 < 300 nm; therefore, the CD peak at 320 nm is probably
dominated by the contribution from apolar lipids such as
carotenoids, TG, and CE, which are the only VLDL moieties
that exhibit large induced CD at these wavelengt®s—

28). Thus, the large irreversible heat-induced changes in near-
UV/visible CD of VLDL suggest repacking of apolar lipids
due to lipoprotein rupture.

To test this hypothesis, we correlated the heat-induced
changes in near-UV/visible CD (that report on lipid repack-
ing) and turbidity (that report on changes in the particle size
and refractive index). To do so, we measured dynode voltage,
V, in CD experiments as described] {8). The melting data
O3(T) andVs((T) in Figure 2B,C were recorded simulta-
neously at 320 nm during VLDL heating and cooling at a
rate of 10 to 80C/h. The heating curves in Figure 2B show
a large cooperative increase in the negative CD signal;
heating to higher temperatures leads to a small reduction in

To assess the effects of heating on the protein secondanythis negative CD that is due to lipid phase separation.

structure, far-UvV CD spectra were recorded from VLDL
samples that were heated and cooled from 25 t&igure
1A shows the spectra of VLDL recorded at 26 before
and after heating to 98C. The spectrum of intact VLDL is
consistent with the earlier repoft3) and indicates a mixture
of a-helix andg-sheet. It partially overlaps the spectrum of
heated VLDL that is cut off near 195 nm due to an

Importantly, the large increase in the CD amplitude is
accompanied by a large sigmoidal increase in turbidity
(Figure 2C), suggesting that lipid repacking is accompanied
by an increase in the particle size. Closer inspection of the
heating curves in Figure 2B,C shows that the increase in
turbidity precedes the CD changes by abofE€5suggesting
that the increase in the particle size precedes repacking of

irreversible heat-induced increase in turbidity (described apolar lipids; this may be due to VLDL fusion preceding
below). This spectral overlap suggests that the secondaryparticle rupture. Both CD and turbidity changes are irrevers-

structure of VLDL proteins is partially retained after heating
to 98 °C.

To monitor the secondary structure as a function of
temperature, CD signal at 220 ni®,,(T), was recorded
during VLDL heating and cooling at a rate of 10 or 80/

h. Heating to less than 8 leads to a gradual reduction in

ible, as indicated by non-coincident heating and cooling data
in Figure 2B,C. Moreover, both CD and turbidity heating
curves shift to lower temperature by about°€ upon
reduction in the scan rate from 80 to 1G/h (Figure 2B,

C), indicating high activation energy of the transiti®@)Z4).
Taken together, these results demonstrate that VLDL heating

the CD amplitude that is reversible upon cooling, as evident above 80°C leads to an irreversible kinetically controlled
from the close superimposition of the heating and cooling transition that involves formation of larger particles (indicated

curves (not shown); similar changes in far-UV CD were

by turbidity) followed by repacking of apolar lipids (indicated

observed in a limited temperature range in plasma HDL and by CD at 320 nm).

LDL and were attributed to secondary structural relaxation

rather than global protein unfoldind, 15). VLDL heating

Formation of larger particles upon heating must be a high-
order reaction. To test the concentration dependence of this

to higher temperatures leads to a small but significant reaction, we recorded CD and turbidity melting data from

increase in the negative CD above ®D (Figure 1B, upper

VLDL samples of various concentrations under otherwise

lines). This CD change may not reflect secondary structure identical conditions. Turbidity heating daa,(T) in Figure
unfolding (which leads to a reduction rather than an increase 2D, which were recorded at a rate of 80/h from VLDL

in the ®,,0 amplitude) and may result, at least in part, from solutions of 0.13+0.56 mg/mL protein concentration, show
a shoulder of a large negative CD peak at 320 nm that is that increase in VLDL concentration leads to an increased
observed in VLDL at these temperatures and is describedamplitude and apparent cooperativity of the transition but
below. This high-temperature transition is irreversible, as has no large effect on its onset temperature.
indicated by non-coincident heating and cooling data in To assess the kinetics of VLDL denaturation, we moni-
Figure 1. Furthermore, the onset of this transition shifts to tored the time course of the turbidity changes in T-jumps
lower temperatures at slower scan rates (Figure 1, doublefrom 25°C to higher temperatures (#®5 °C). Figure 3A
arrow). Such a scan rate effect is a hallmark of a kinetically showsV,,((t) data recorded from VLDL solutions of 0.15
controlled reaction with high activation energd3j that is mg/mL protein concentration. Data fitting by double expo-
typical of lipoprotein denaturatior9{-11). nentials (solid lines in Figure 3A) suggests two distinct
To elucidate the origin of this high-temperature transition, denaturation phases. The Arrhenius plots for these two phases
near-UV/visible CD spectra of VLDL were recorded at are linear and have similar slopes that correspond to the
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Ficure 2: Thermal transition in VLDL monitored by near-UV/visible CD and turbidity. (A) CD spectra recorded 4t 25intact VLDL
and of VLDL that have been heated and cooled from 25 t6®@&t 80°C/h rate. (B,C) Melting dat®3,o(T) andVs,(T) recorded at 320
nm by CD and turbidity at a scan rate of 80/h (black) or 10°C /h (gray). (D) CD melting data recorded at 320 nm,°80h scan rate,
from VLDL samples of varying protein concentrations (indicated on the lines). Cell path lengthrhis5 mm.
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Ficure 3: Kinetic analysis of VLDL heat denaturation. (A) Time
course of thermal denaturation monitored by turbidity at 220 nm,
Vaot), in temperature jumps from 28C to higher temperatures
(indicated on the lines). VLDL protein concentration is 0.15 mg/
mL. Data fitting by double exponentials (solid lines) suggests two
kinetic phases. (B) Arrhenius analysis of tg(t) data in panel

A (open symbols). The Arrhenius plots for the two kinetic phases
have similar slopes that correspond to activation en&gy 53

+ 7 kcal/mol. At higher VLDL concentrations (0.56 mg/mL
protein), Vao((t) data are well-approximated by monoexponentials
corresponding to the fast kinetic phase (solid symbols).

activation energye, = 53 + 7 kcal/mol (Figure 3B). The

tions, we used negative staining EM to visualize the particles
at various stages of thermal denaturation.

In one series of experiments, a VLDL sample of 0.15 mg/
mL protein concentration was heated at a constant rate of
80 °C/h and the aliquots taken at several temperatures
from the transition range were analyzed by EM (Figure
2B,C). Figure 4A shows intact particles ranging in
diameter from 40 to 60 nm, which is typical of human
VLDL ,. Figure 4B shows that heating to 88 leads to an
increase in the particle size that is consistent with the
increased turbidity (Figure 2C) and occurs via two mecha-
nisms. First, round-shaped lipoprotein-like particles of larger
diameters are observed that are apparent products of VLDL
fusion; also, clusters of aggregated particles are seen that
contain intact-size and fused VLDL along with occasional
lipid droplets that may be formed by coalescence of apolar
core lipids released from ruptured VLDL (Figure 4B).
Similarly, heat- or denaturant-induced lipoprotein fusion and
rupture were observed in plasma HDL and LD10O( 11,

15). Figure 4C shows that heating to 9 leads to
conversion of all VLDL-like particles into large lipid
droplets, suggesting extensive rupture; these results are in
good agreement with the CD and turbidity heating curves

error in this estimate incorporates the fitting errors and the in Figure 2B,C and show that VLDL fusion (which leads to

VLDL pools.
Similar T-jump data recorded from samples of higher
VLDL concentration (0.50.6 mg/mL protein, data not

is followed by VLDL rupture and repacking of apolar
lipids (observed by CD). Remarkably, small round-shaped
particles are also formed at 90C (Figure 4C). The

shown) are well-approximated by single exponentials that diameters of these particles range from 8 to 13 nm (which
correspond to the faster kinetic phase, as illustrated by theis similar to plasma HDL), with an average diamei#ir=
overlapping Arrhenius plots (Figure 3B, closed and open 10—-12 nm observed for lipoproteins from different
symbols). Thus, increasing VLDL concentration causes no plasma pools (Figure 4E). Formation of such HDL-size

large changes in the Arrhenius activation enefgybut

particles has never before been reported in the lipoprotein

accelerates the slow phase, resulting in a single-phasedenaturation studies. Finally, heating to 98, i.e., to the

reaction.

completion of the CD and turbidity transition (black lines

The two-exponential denaturation kinetics observed at low in Figure 2B,C), leads to a complete conversion of all

VLDL concentrations may reflect sample heterogeneity or
distinct reaction steps. The former is unlikely, since the
highly heterogeneous total VLDL pool shows similar two-
phase kinetics to the more homogeneous VkBlbclass

isolated from this pool. Alternatively, the two-exponential

lipoprotein-like particles into lipid droplets and to the
appearance of thin density streaks (Figure 4D) whose size
and morphology are consistent with dissociated ape®; (
similar density streaks have been observed at the final
stage of thermal disruption of LDL1@). Thus, similar to

kinetics may reflect two phases corresponding to distinct HDL and LDL, VLDL heating leads to lipoprotein fusion,

morphologic transitions in VLDL. To identify these transi-

rupture, and protein dissociation. In addition, transient
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Ficure 4: Heat-induced morphological transitions in VLDL monitored by negative-staining electron microscopy. A VLDL sample of 0.15
mg/mL protein concentration was heated at’80h; sample aliquots were taken at several temperatures from the transition range and were
visualized by EM. Intact VLDL (A) and VLDL heated to 8€ (B), 87°C (C), and 98 C (D) are shown. (E) Size histogram for the small
particles observed in panel C. Fused VLDL (black arrowheads), lipid droplets (white arrowheads), and density streaks consistent with
dissociated apoB (white arrows) are indicated.
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Ficure 5: Time course of thermal disruption of VLDL monitored by nondenaturing PAGE and Western blotting. VLDL samples of 0.56
mg/mL protein concentration were incubated at°83for 120 min. Sample aliquots were taken after different incubation times (indicated

on the lanes in min); 0 indicates intact VLDL. Incubation for over 30 min led to no additional changes in the data (not shown). Nondenaturing
PAGE stained with Coomassie blue (A) and a similar PAGE followed by immunoblotting using antibodies for apoE (B) or apoB (C) are
shown. The bands corresponding to intact VLDL and to HDL-size particles are indicated. Single-donor VLDL from donor A were used to
record the data in panel A, and from donor B to record the data in panels B and C; these VLDL showed different relaxation times for the
first kinetic phase during which HDL-size particles are formed=¢ 15 min for donor A and 8 min for donor B), which explains slower
reaction time course in panel A as compared to panels B and C.

dissociation of small HDL-size particles is observed that is disappears during the first 30 min of incubation (Figure 5A),
unique to VLDL (Figure 4C). which is consistent with VLDL fusion, aggregation, and

In another series of experiments, a VLDL sample of 0.15
mg/mL protein concentration was subjected to a T-jump to
83 °C; sample aliquots were taken after incubation at@3
for up to 120 min and were visualized by negative-staining
EM. Incubation for 3 min led to extensive fusion and partial
aggregation of VLDL, similar to that observed in Figure 4B.
Incubation for 10 min (which corresponds to the exponential
relaxation timer,s for the fast kinetic phase determined from
the T-jump turbidity data) resulted in extensive VLDL
rupture and dissociation of small HDL-size particles, similar
to those in Figure 4C. Incubation for 120 min (which
corresponds to the exponential relaxation tirgg, for the

slow kinetic phase) leads to coalescence of all lipoprotein-

like particles into large lipid droplets and to formation of

rupture observed by EM at this temperature (Figure 4B). In
addition, formation of small HDL-size particled & 9 nm)

is observed after-525 min incubation (which encompasses
Trast = 10 min for this sample); this result is consistent with
the average size of the small particles determined by EM
(Figure 4C). After prolonged incubation (30 min or more),
the band corresponding to these small particles disappears
(Figure 5A), which is consistent with disappearance of HDL-
size particles observed by EM upon prolonged incubation
at 83°C or gradual heating above 9C (Figure 4D). Taken
together, our kinetic studies by turbidity, EM, and nonde-
naturing PAGE indicate that the transient formation of HDL-
size particles occurs during the fast kinetic phase of VLDL
denaturation.

density streaks that are consistent with dissociated apoB, The protein composition of the total products of VLDL

similar to those seen in Figure 4D. Thus, the correlation of

denaturation was assessed as follows. VLDL at various

the EM and turbidity data suggests that the faster kinetic stages of thermal denaturation at 83 were subjected to

phase in VLDL denaturation involves VLDL fusion, partial
rupture, and release of small HDL-size particles, while the

nondenaturing PAGE followed by immunoblotting using
antibodies to apoE and apoB. The results in Figure 5B,C

slower phase involves complete lipoprotein disintegration and clearly show that, in contrast to intact VLDL that contain
lipid coalescence into large droplets, along with apparent both exchangeable (apoE) and nonexchangeable proteins

dissociation of apoB.

To further analyze the nature of the transiently occurring
HDL-size particles, VLDL samples of 0:8.6 mg/mL
protein concentration were subjected to a T-jump td83
and the aliquots taken during the first hour of incubation at
83 °C were analyzed by nondenaturing PAGE. At high

(apoB), the small particles dissociated from VLDL contain
apoE but no apoB.

Protein composition of the HDL-size particles was also
analyzed by SDS PAGE. VLDL were incubated for up to
15 min at 83°C to maximize the population of the small
particles, followed by centrifugation at 13 000 rpm for-20

sample concentrations used in these experiments, VLDL 30 min. The bottom fraction contained mainly HDL-size
denaturation shows only one relatively fast kinetic phase particles with trace amounts of fused VLDL (as indicated

(Figure 3B) with relaxation time; = 5—10 min for VLDL
from different plasma pools. Nondenaturing PAGE shows
that the band corresponding to intact VLDL gradually

by EM, data not shown); this fraction was used for the
biochemical analysis. SDS PAGE analysis of this fraction
shows that it contains apoE and apoCs but no apoB (Figure
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Mws V}DL‘HDL-e’;i_ze = phospholipids and exchangeable apolipoproteins. In contrast
kD "e to HDL, these particles contain apoE and possibly apoCs
116.25 but no apoA-I. This may explain relatively low stability of
el these small particles that disappear (apparently due to
50 B rupture) upon fast heating beyond 9C or prolonged
s s ADOE incubation at 83 C (Figure 4D); in contrast, plasma HDL
3.0 are highly thermostable and remain intact under these
K «apoCs conditions (5). Thus, the small particles dissociated from
6.5 ¥ VLDL upon heating are similar to mature HDL in size,

FiGure 6: Protein composition of intact VLDL and of the small  density, and spherical morphology but are different in their
HDL-size patrticles transiently formed during VLDL heating. The protein composition and stability.

particles were obtained by VLDL incubation at 83 for 15 min . . . .
followed by cooling to 22C and centrifugation at 13 000 rpm for We propose that the HDL-like particles dissociated from

30 min. SDS PAGE of these particles and of intact VLDL is shown. VLDL may mimic aspects of apoE transfer between TG-
The bands corresponding to the major VLDL proteins (apoB, apoE, rich lipoproteins and HDL in plasma. The key steps in the
and apoCs) are indicated. metabolism of TG-rich lipoproteins include VLDL conver-
o ) sion to IDL by lipoprotein lipase followed by IDL to LDL

6). Thus, the data in Figures 5 and 6 consistently show that, conversion by hepatic lipase. In these reactions, the particle
similar to HDL but in contrast to intact VLDL, the small  core shrinks due to TG lipolysis and the excess surface
parthles dissociated from VLDL contain only exchangeable components (exchangeable apolipoproteins and polar lipids)
proteins (apoE and possibly apoCs) but no apoB. transfer to HDL (refs30 and 31 and references therein).

Lipid composition of_the bottom fraction was assessed by Transfer of apoE from TG-rich lipoproteins to HDL in the
TLC and by enzymatic assays. The results showed polarfasted state occurs via the lipid-bound protein form that
(phospholipids, unesterified cholesterol) and apolar lipids (CE yesembles discoidal or spherical HDL and contributes to the
and TG) but no lyso-phospholipids (and hence no lipolysis). significant fraction of plasma HDL~10%) that contain apoE
Consequently, the HDL-size particles contain polar surface p;t no apoA-| (ref32 and references therein). In plasma,
and apolar core and thereby resemble spherical Iipoproteins.apoE facilitates CE core expansion in HDL upon CE
Spherical shape is also consistent with e_xclusively round- gecumulation and thereby plays an important role in HDL
shape appearance of the HDL-size particles observed bymetabolism, particularly in case of cholesterol ester transfer
negative staining EM (Figure 4C). protein deficiency 3, 34). Thus, apoE-containing HDL,

Importantly, density gradient centrifugation followed by \yhich may be generated during lipolysis of TG-rich proteins,
EM analysis of individual fractions showed the presence of 5e important players in lipoprotein metabolism.
exclusively HDL-size particles in the density range from ApoE-containing plasma HDL, which belong to HPL
1.109 to 1.186 g/mL,. Whi(.Jh is similar to the dens!ty of subclassq = 9—17 nm) @4, 35), are similar in size to apoE-
plasma HDL. Low particle yield precluded accurate lipid and ¢ontaining HDL-like particles observed in this work (Figure
protein quantification in these density fractions. AC,E; Figure 5). Formation of these small particles follows

In summary, the small particles dissociated from VLDL peat-induced VLDL fusion (Figure 4B,C) and thereby
resemble mature plasma HDL in their spherical shape, Sizevprovides a mechanism for removing excess surface compo-
and density and the presence of only exchangeable proteingients from the fused particles. Thus, different modes of
on their surface. VLDL perturbation (such as lipase-mediated TG hydrolysis
DISCUSSION or heat-i.nd.uced VLDL fusi.orj) may Iea}d to tra_nsient forma-

tion of similar apoE-containing HDL-like particles.

The results reported here confirm that the kinetic mech-  Earlier studies of HDL and LDL have shown that thermal
anism provides a universal natural strategy for lipoprotein and solute-induced perturbations may mimic aspects of
stabilization. They demonstrate that, similar to HDL and enzymatic lipoprotein remodeling such as particle fusion,
LDL, VLDL are stabilized by free energy barriers that apolipoprotein dissociation, and phospholipid transfed; (
decelerate morphologic lipoprotein transitions such as fusion 11, 36, 37). The results reported here extend this notion to
and rupture. In fact, turbidity data in Figure 3A show that, VLDL and suggest that thermal perturbation of VLDL
in a near-neutral low-salt solution at-#85 °C, these VLDL mimics aspects of protein and lipid transfer among TG-rich
transitions occur on a time scale of hours to minutes. Linear lipoproteins and HDL pools in plasma.
extrapolation of the Arrhenius plots in Figure 3B to 32
suggests that, at near-physiologic temperatures, spontaneou’dCKNOWLEDGMENT

VLDL fusion and rupture occur on a time scale of years,  \va are indebted to Michael Gigliotti for help with

much longer than the lipoprotein lifetime in plasma (days). yochemical assays, to Donald L. Gantz for help with electron

Although the rates of 'Ii.poprotein transitions may be affeCFed microscopy, to Dr. Shobini Jayaraman and Sangeeta Benjwal
by solvent ionic conditionsl6) and other plasma} factors, it for experimental help, and to Dr. David Atkinson for
is clear that spontaneous remodeling and fusion of VLDL ;..o able advice.

under physiologic conditions is extremely slow and thus is
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