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Abstract Small, dense, electronegative low density lipopro-
tein [LDL(—)] is increased in patients with familial hyper-
cholesterolemia and diabetes, populations at increased risk
for coronary artery disease. It is present to a lesser extent
in normolipidemic subjects. The mechanistic link between
small, dense LDL(—) and atherogenesis is not known. To
begin to address this, we studied the composition and dy-
namics of small, dense LDL(—) from normolipidemic sub-
jects. NEFA levels, which correlate with triglyceride content,
are quantitatively linked to LDL electronegativity. Oxidized
LDL is not specific to small, dense LDL(—) or lipoprotein [a]
(i.e., abnormal lipoprotein). Apolipoprotein C-III is ex-
cluded from the most abundant LDL (i.e., that of inter-
mediate density: 1.034 <d <1.050 g/ml) but associated with
both small and large LDL(—). In contrast, lipoprotein-
associated phospholipase A, (LpPLAy) is highly enriched
only in small, dense LDL(—).HE The association of LpPLA,
with LDL may occur through amphipathic helical domains
that are displaced from the LDL surface by contraction of
the neutral lipid core.—Gaubatz, . W., B. K. Gillard, J. B.
Massey, R. C. Hoogeveen, M. Huang, E. E. Lloyd, ]J. L. Raya,
Cy. Yang, and H. J. Pownall. Dynamics of dense electro-
negative low density lipoproteins and their preferential
association with lipoprotein phospholipase As. J. Lipid Res.
2007. 48: 348-357.
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Although low density lipoprotein-cholesterol is a risk
factor for cardiovascular disease, an expanding body of
evidence suggests that one or more minor LDL subfrac-
tions serve as the atherogenic agent. One hypothesis
is that LDL enters the arterial wall, where its lipids are
oxidatively modified, thereby initiating a series of bio-
chemical processes that culminate in lesion formation
(1). Nonetheless, modified LDL present in the circulation
also has atherogenic properties (2), as indicated by the
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correlation of atherosclerosis with levels of oxidized
plasma LDL (3-5). Plasma contains several forms of modi-
fied LDL, including heterogeneously oxidized LDL (6),
glycated LDL from diabetic subjects (7), and desialylated
LDL (8). Importantly, plasma from both normal and
dyslipidemic patients contains electronegative low den-
sity lipoprotein [LDL(—)] (9); however, there have been
few comprehensive studies of LDL(—) in normolipide-
mic subjects.

Plasma LDL(—) is increased in subjects at high risk for
cardiovascular disease as a result of hypercholesterolemia
(10-12), hypertriglyceridemia (11, 13), diabetes (14-17),
or coronary artery disease (18). Simvastatin therapy re-
duces the proportion of LDL(—) without modifying its
oxidizability (12). Relative to normal LDL, LDL(—) has I)
lower vitamin E content; 2) increased lipid peroxidation, as
assessed by thiobarbituric acid-reactive substances and
conjugated dienes; 3) more highly aggregated apolipo-
protein B (apoB); 4) reduced affinity for the LDL receptor;
5) greater density and is more readily oxidized; and 6)
higherlipoperoxide content (9, 19-22). Other studies have
shown that the cytotoxicity of LDL(—) to endothelial cells
is independent of its oxidation and peroxidation (23-28).
Thus, questions remain regarding the composition and
properties of LDL(—) and their relationship to pathoge-
nicity. Although there have been a few studies of LDL(—)
in normolipidemic subjects, none has elucidated LDL
structure in situations of minimal lipoprotein modifica-
tion, a condition potentially preceding the formation of
more severely modified, and patently atherogenic, parti-
cles. Given the association of LDL(—) with several patho-
logical states, it is important to fully characterize the
properties of LDL(—). Here, we provide a detailed phys-
ical and chemical analysis of LDL(—) derived from normo-
lipidemic subjects.
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METHODS

LDL subfractionation by density

Plasma was isolated from blood obtained through the Meth-
odist Hospital Blood Donor Center, where each participant pro-
vided informed consent. All patient protocols were approved by
the institutional review board. The Lipid Laboratory of Baylor
College of Medicine used accepted methodologies to analyze
plasma triglyceride and cholesterol. None of the volunteers was
overtly dyslipidemic. The respective means and (SEM) for total
cholesterol and triglyceride were 138 (5) and 118 (12) mg/dl;
ranges were 112-193 and 44-255 mg/dl.

LDL was isolated from donor plasma via sequential flotation in
solutions adjusted to the respective densities of 1.006, 1.019, and
1.063 g/ml by the addition of KBr (29). LDL (4 ml) from the
flotation at d = 1.063 g/ml was transferred to the bottom of 14 X
95 mm SW40 centrifuge tubes (Beckman Coulter, Fullerton CA).
LDL was sequentially overlaid with 2 ml each of saline adjusted
with KBr to densities of 1.055, 1.050, 1.040, and 1.030. LDL was
ultracentrifuged in a Beckman SW40 Ti swinging-bucket rotor
at 35,000 rpm for 48 h at 4°C, after which each tube was marked
along its length using a template to guide fractionation. Guided
by the marks, fractions were collected by aspiration with a Pasteur
pipette. The top 0.5 ml was discarded, and seven fractions
(1.4 ml) increasing in density from D1 to D7 were collected. The
bottom 1.0 ml (i.e., infranatant) was collected but not included
in the LDL fractions. The densities of each fraction were deter-
mined by pycnometry of similarly treated tube contents (n = 3),
which reflected the same gradient of KBr without LDL.

Agarose gel electrophoresis

The LDL density subfractions were analyzed by electrophoresis
in 0.7% agarose (90 mM Tris, 80 mM borate, pH 8.2). LDL samples
(2-10 pg of protein in <20 pl) were loaded onto the gels, and
electrophoresis was performed at 4°C at 90 V for 90 min.

Anion-exchange analysis of LDL

Using an Amersham/Pharmacia AKTA Chromatography
System and a Mono Q 5/50 GL column (Amersham/Pharmacia),
LDL subfractions were isolated according to density and sepa-
rated on the basis of particle charge (13, 30). Fractionation was
achieved using a flow rate of 1 ml/min and a linear gradient of
0-0.1 M NaCl (10 min) followed by 0.2, 0.3, and 1 M, then re-
equilibrated to 0 M NaCl in 10 mM Tris, 0.5 mM EDTA (pH 7.4)
for 8, 6, 5, and 6 min, respectively. Taking absorbance values at
280 nm, this program yielded electropositive and electronega-
tive fractions [LDL(+) and LDL(—)] at 0.2 and 0.3 M NacCl, re-
spectively; their relative abundance was determined via peak
integration software supplied with the system. In some experi-
ments, LDL(+) and LDL(—) were collected in 1 ml fractions and
concentrated with Centriprep filters (YM-100; Millipore). Isolated
fractions were stored at 4°C until needed for further analysis.

SDS-PAGE

LDL subfractions were delipidated with ethyl acetate-ethanol
(1:1), solubilized with 10% SDS, and separated on 4-15% SDS
gels (Bio-Rad Laboratories) at 4°C at 100 V for 2 h.

Lipid-free human serum albumin

Scavenging of monoacyl lipids required punctiliously NEFA-
free human serum albumin (HSA). Nominally NEFA-free HSA
(Sigma-Aldrich, St. Louis, MO) was additionally extracted with
Folch reagent (31) to remove adventitious lipid.

Immunoanalysis of lipoprotein-associated phospholipase
A, and apoC-III

After electrophoresis of LDL subfractions on agarose or
SDS-polyacrylamide gels and electrotransfer onto polyvinylidene
difluoride membranes (Bio-Rad), blots were blocked with Tris-
buffered saline containing 0.05% (v/v) Tween-20 and 3% (w/v)
nonfat dry milk. Probing was performed overnight at 4°C
with polyclonal goat antibody to apoC-III (1:1,000 dilution; Acad-
emy Biomedical Co., Houston, TX) or for 1 h at room temper-
ature with polyclonal rabbit anti-human lipoprotein-associated
phospholipase Ay (LpPLAo) (1:2,500 dilution; Cayman Chemi-
cal, Ann Arbor, MI). After washing the membranes four times
in 10 mmol/1 Tris-HCl, 150 mM NaCl, and 0.05% Tween-20
(pH 7.5), a secondary HRP-conjugated donkey anti-goat antibody
(Jackson ImmunoResearch Laboratories; apoC-III) or HRP-
conjugated goat anti-rabbit antibody (Bio-Rad; LpPLAs) was
incubated at 1:1,000 at room temperature for 1 h. The mem-
brane was washed and immunoreactive bands were detected via
chemiluminescence using the ECL Plus Western blotting detec-
tion system (GE Healthcare). The blots were exposed to CL-X
film (Pierce) for 1-10 min. LpPLAs mass was also quantified
using a commercial PLAC™ kit (diaDexus, San Francisco, CA)
that is based on a sandwich ELISA using two monoclonal
antibodies (32).

Lipid analysis

Lipids were extracted from LDL in accordance with Folch, Lees,
and Sloane Stanley (31). The free cholesterol (FC), phospholipid,
NEFA, and triglyceride were determined using enzyme-based
kits (Wako Chemicals USA, Richmond, VA). Total cholesterol was
determined after treating samples with a cholesteryl esterase.
Cholesteryl ester (CE) was measured by calculating the difference
between total cholesterol and FC multiplied by 1.68. Protein was
determined as described by Lowry et al. (33). Oxidized LDL levels
(n = 4) were measured via direct sandwich ELISA (Mercodia,
Winston-Salem, NC) based on the capture of monoclonal antibody
4E6, which detects oxidatively modified apoB. The values were
normalized to protein concentrations of 1 mg/ml (34). LDL size
was calculated in accordance with Sherman et al. (35) using the
partial specific volumes of each of the components, as reported by
Tardieu et al. (36), and their respective molar ratios relative to
apoB-100, which is assumed to have a partial specific volume of
0.73 ml/g and to occur in LDL at only one copy per particle.

NEFA acyl chain compositions were determined by mass spec-
trometry of their fatty acid methyl esters, after separation by gas
chromatography (37). As an internal standard, heptadecanoic
acid (1 wg) was dissolved in 5 ml of methylating reagent (2%
acetyl chloride in methanol), and 150 pl of LDL was added and
mixed in a tightly sealed glass tube at 24-29°C for 45 min.
The reaction was quenched with 3 ml of 6% KoCOs. Fatty acid
methyl esters were extracted with 300 ul of hexane, transferred to
a test tube, and evaporated. The residue was dissolved in 100 .l
of decane and transferred to vials for a Hewlett-Packard 7683
injector. Fatty acid methyl esters were separated on a 30 m X
0.25 mm fused silica AT-255 column via 50% cyanopropylphenyl-
dimethylpolysiloxan stationary phase (Alltech Associates, Deer-
field, IL). Analyses were performed on a Hewlett-Packard 6890 gas
chromatograph coupled to a Hewlett-Packard 5973 mass selective
detector operated in the electron-impact mode (70 eV) with full-
scan monitoring. The elution program consisted of 2 min at 70°C,
increase to 180°C at 20°C/min and to 220°C at 3.0°C/min, and
hold for 16 min. Injector and detector temperatures were 250°C.
Peaks were identified on the basis of retention times and mass
spectral analysis of standards (Sigma-Aldrich) from the National
Institute of Standards and Technology (standard reference data-
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base number 69). For quantification, the peak area of each sample
was compared with that of the internal standard.

Thin-layer chromatography of LDL lipids and lipids
scavenged by HSA

LDL subfractions (1 mg of protein) were incubated with and
without HSA (10 mg) for 60 min at 4°C and separated by ultra-
centrifugation (d = 1.12 g/ml). The floated LDL and sedimented
HSA were collected and extracted in accordance with Folch,
Lees, and Sloane Stanley (31), and the dried residue was ana-
lyzed by high-performance TLC, as described by White etal. (38),
and compared with lipid standards. Lipids were visualized with
primulin (Sigma-Aldrich); lipid standards were from Avanti Polar
Lipids (Alabaster, AL). The eluting solvents were of HPLC grade.
The primulin-stained lipids on the TLC plates were scanned
with a Molecular Dynamics Storm imaging system. Subsequently,
the lipid bands on the scanned images were quantified using Mo-
lecular Dynamics ImageQuant software (version 5.2). All pixels
inside the rectangle enclosing each band were integrated; back-
ground correction was performed by subtracting the intensity
of a duplicate rectangle in a proximal region without visible
staining. The calculation of lipid composition was based on inte-
grated values, assuming no lipid-specific differences in relative
staining intensity. Lipids associated with LDL protein were ap-
plied to each lane in amounts corresponding to equal protein.

NEFA loading of LDL

Assuming molecular weights of 282 and 512,000, respectively,
for oleic acid and apoB, oleic acid in ethanol (50 mM) was added
to 1-2 mg of LDL at an oleate-to-apoB-100 molar ratio of 125 and
incubated for 15 min at 37°C. The final ethanol and oleate con-
centrations were <1% and 0.5 mM, respectively. After exhaustive
dialysis against TBS, changes in LDL charge were determined by
agarose gel electrophoresis.

Statistical analysis

The significance of trends in LDL properties was determined
via one-way ANOVA.

RESULTS

LDL subfractionation according to density

LDL isolated by density gradient ultracentrifugation was
collected into seven fractions that were analyzed for charge,
composition, and lipid transfer dynamics (Fig. 1). The ma-
jority of the LDL protein (~85%) was confined to fractions
D2 through D5 (Fig. 1A). The remainder appeared in
fractions D1, D6, and D7; D7 is the least abundant fraction,
comprising only 1.7% of the total protein. An infranatant
fraction of lipid-poor material that sediments during ultra-
centrifugation (data notshown) typically contains approxi-
mately half of the amount of protein found in fraction D7.
According to the criteria of Berg et al. (39), D5, D6, and
D7 are small, dense LDLs (d = 1.048-1.063 g/dl). These
subfractions account for ~25% of the total LDL protein.

Analysis of LDL charge

Analysis of the LDL by agarose gel electrophoresis showed
fraction-specific differences in particle charge (Fig. 1B);
D7 was the most electronegative, followed by two other mi-
nor fractions, DI and D6. In each instance, agarose gel
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Fig. 1. Characterization of LDL subfractions according to density
and charge. A: Densities and relative abundance of seven human
LDL subfractions (D1 = 1, etc.) isolated by gradient ultracentrifu-
gation (n = 18); the infranatant contained approximately half the
amount of protein that appeared in D7. Error bars represent SEM.
B: Relative agarose gel electrophoretic mobility of the D1 through
D7 subfractions. The line graph overlay compares the surface den-
sities of NEFA in each subfraction (see Table 1). Samples (5 pg of
protein) were loaded into wells at the bottom (cathode) of 0.78%
agarose gels and electrophoresed for 90 min at 100 V. At 0.78%
agarose, there is no sieving effect; thus, mobility reflects charge. C:
Elution of LDL subfractions from a Mono-Q column. Electroposi-
tive low density lipoprotein [LDL(+)] and electronegative low
density lipoprotein [LDL(—)] are denoted by vertical gray lines.
The percentage of total protein in the LDL(—) peak was calculated
using the software provided with the instrument.

electrophoresis of each LDL subfraction revealed a single
broad band. In contrast, anion-exchange chromatography
of each LDL subfraction resolved the sample into two major
fractions (Fig. 1C), an early-eluting electropositive particle,
LDL(+), and a late-eluting electronegative particle,
LDL(—). Fractions D2 through D5 contained relatively little
(4-13%) LDL(—). However, minor fractions D1, D6, and
D7 were rich in LDL(—), 33-85%. In sum, an examination
of the agarose gel electrophoresis data shows that the LDL
subfractions with the highest electronegativity have the
highest content of LDL(—).
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Fig. 2. Compositions of LDL subfractions. A: Surface compo-
nents. FC, free cholesterol; PL, phospholipid. B: Core lipids. CE,
cholesteryl ester; NL, total neutral lipid (CE + TG); TG, triglyc-
eride. Core and surface compositions are expressed as percentage
of total LDL weight. C: Percentage of neutral lipid occurring as TG
(open circles) and number of NEFA molecules per LDL particle
(closed circles), assuming that apolipoprotein B-100 (apoB-100) is
the sole protein (512 kDa) and that there is one copy of apoB-100
per LDL particle. The NEFA per particle and percentage neutral
lipid as TG were linearly correlated (inset; 7° = 0.90). Data are
means = SEM (n = 9). Error bars represent SEM.

LDL composition

Figure 2 shows the composition of different density sub-
fractions, with respect to surface (A) and core (B) compo-
sition and NEFA content (C). As expected, this analysis
revealed trends in composition, based on differences in
density and size. For example, with D1 through D7, there
was a significant increase in protein content with increas-
ing density (20-35%; Fig. 2A) (one- way ANOVA, P <
0.0001). PL content decreased slightly with increasing

density, and, as expected, FC, which associates mainly with
PL, demonstrated a similar pattern (Fig. 2A). Although
total neutral lipids [CE + triglyceride (TG)] declined
from 45% to 40% (Fig. 2B), the specific contributions
of CE and TG varied according to the subfraction. The
highest CE and lowest TG contents were observed in the
middle fractions, whereas D1 and D7, at opposite ends of
the density continuum, had the lowest CE and highest TG
contents. Based on LDL composition, known partial spe-
cific volumes of the components, and the assumption of
one copy of apoB-100 per particle, the calculated diam-
eters ranged from 20.71 nm for D1 to 16.95 nm for D7
(Table 1). Using the known densities, we determined that
these dimensions correspond to relative particle masses of
100, 95.8, 87.4, 79.9, 72.7, 66.7, and 56.9% for D1 through
D7, respectively. The composition of the infranatant (i.e.,
~54% protein, ~15% TG, ~4% FC, 14% CE, and 13%
PL), which did not correspond to a normal lipoprotein
class, is likely a mixture of lipid-free protein, precipitated
LDL, HDL, and lipoprotein [a] (Lp[a]). Others have used
the LDL fractions of 1.02 < d < 1.05 g/ml to identify
differences between LDL(+) and LDL(—). Although this
eliminates the possible confounding effects of Lp[a] that
can exist in fractions with greater density, it also excludes
the fractions corresponding to D6 and D7 in our study,
which are profoundly different from the more electropos-
itive fractions, including those with the highest affinity for
LpPLAy. According to ELISA analysis (40), Lp[a] consti-
tuted <3% of any LDL subfraction (data not shown).
The NEFA contents of the LDL subfractions were sta-
tistically different (P < 0.015); regression analyses showed
significant linear (P < 0.036) and nonlinear (P < 0.035)
trends, with a decrease and increase in NEFA from D1 to
D3 and D3 to D7, respectively (Fig. 2C). The NEFA/apoB-
100 molar ratios were highest at the extremes of LDL
density: NEFA/apoB-100 = 112, 56, 38, 52, 74, 105, and
166 for D1 through D7, respectively. Calculation of the
surface densities of NEFA on LDL demonstrated a similar
pattern, except that the NEFA density of D7 was more than
twice that of D1 and five times that of D3 (Table 1). Of
interest, alterations in NEFA across the density spectrum
paralleled changes in electrophoretic mobility and TG

TABLE 1. Properties of LDL subfractions isolated according to density

Fraction d D* Mass” AG (LpPLAg)“ ApoC-II NEFA/nm??
g/ml nm kDa keal
D1 1.029 20.71 2,640 (100) 0.00 + 0.083
D2 1.034 20.38 2,530 (95.8) 0.35 + 0.043
D3 1.039 19.74 2,320 (87.4) 0.11 - 0.031
D4 1.043 19.13 2,120 (79.9) —0.68 - 0.045
D5 1.050 18.50 1,930 (72.7) —1.44 + 0.069
D6 1.056 17.94 1,770 (66.7) —2.08 + 0.104
D7 1.068 16.95 1,510 (56.9) —2.60 + 0.184

ApoCHIII, apolipoprotein C-III; LpPLAy, lipoprotein-associated phospholipase Ao.

“Diameter calculated from partial specific volumes and compositions.

*LDL mass = 100 X 512,000/ % protein (mass relative to D1).

“AG = —RT In K, where K = (LpPLAy) 7/ (LpPLAs) p; and (LpPLAy)p7 and (LpPLAg)py; are the amounts of
LpPLAy associated with each fraction (i) relative to apoB-100.

“Number of NEFA molecules per surface area of a spherical particle given by A = 4mr? a plot of this is overlaid

on the agarose gel in Fig. 1B.
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TABLE 2. NEFA compositions of LDL subfractions

Laurate Myristate Palmitate Palmitoleate Stearate Oleate Linoleate Arachidonate Unsaturated /
Fraction (C12:0) (C14:0) (C16:0) (C16:1) (C18:0) (C18:1) (C18:2) (C20:4) Saturated
D1 0.5 = 0.09 1.6 = 0.01 229 + 1.2 1.5 = 0.10 12.6 = 0.76 18.0 = 0.37 38.6 £2.1 4.4 * 0.42 1.66
D2 0.1 = 0.02 0.8 = 0.14 19.4 = 1.9 0.8 = 0.14 9.1 =0.11 18.4 £ 0.90 45.7 = 3.2 5.6 = 0.40 2.40
D3 0.1 = 0.02 0.7 £ 0.13 17.3 £ 0.9 0.7 = 0.09 9.4 = 0.68 181 =14 472 +1.9 6.5 = 0.47 2.64
D4 0.1 £0.02 0.8 = 0.13 17.0 £ 1.4 0.7 = 0.08 9.5 £0.29 18.2 = 0.73 47.1 = 2.7 6.5 = 0.68 2.65
D5 0.2 = 0.03 0.9 = 0.14 187 1.3 0.8 = 0.09 9.0 = 0.11 17.5 = 0.82 46.1 =29 6.8 = 0.71 2.47
D6 0.5 = 0.11 1.6 = 0.21 21.6 £ 1.5 1.3 = 0.20 10.9 £ 0.22 16.3 = 1.0 41.0 £ 3.1 6.8 = 0.32 1.89
D7 1.1 £ 0.24 3.0 = 0.66 275+ 1.5 2.9 = 0.70 17.3 = 0.88 13.3 = 0.14 29.5 + 2.7 5.5 = 0.27 1.05

NEFA composition values are given in percentage (n = 3). Correlation coefficients that are statistically significant for trends (P < 0.05) are

depicted in boldface type.

content, with which it was positively correlated (Fig. 2C
and inset; ° = 0.90). An overlay of the surface density
of NEFA on LDL (molecules/nm?) on the agarose gel
(Fig. 1B) shows that NEFA content accounted for much of
the variation in LDL charge.

There were also differences in NEFA acyl chain molec-
ular species composition among the LDL subfractions.
For some subfractions, the abundance of NEFA emulates
that of total NEFA, whereas others exhibit the opposite
distribution (Table 2). The most abundant fatty acid in all
fractions is linoleate; this NEFA is more abundant in D2
through D6 than in D1 and D7. Oleate is less abundant
in D7 than in D1 through D6. The remainder of the fatty
acids (i.e., laurate, myristate, palmitate, palmitoleate, and
stearate) exhibit a NEFA distribution profile similar to
that of total NEFA; they are more abundant in D1 and D7
than in the middle fractions. Arachidonate is similar in
all subfractions. The ratios of unsaturated to saturated
fatty acids in the major subfractions D3 (2.63) and D4
(2.64) were greater than those for D1 (1.66) and especially
D7 (1.05).

TLC analysis of LDL lipid dynamics

The differences in NEFA content among the various
LDL fractions suggested that this might be the source of
electronegative charge and that transferring NEFA to its
major plasma carrier, HSA, could convert LDL(—) to its
electropositive counterpart. This hypothesis was tested
using the LDL of four human subjects. The pooled lipid
compositions (D3 + D4 and D6 + D7) of subjects A, B, C,
and D were analyzed by TLC before and after incubation
with albumin. TLC disclosed all of the major lipids found
by chemical analysis (Fig. 3A). In addition, TLC showed
that the more dense fractions from subjects A through D
contained more lysophosphatidylcholine (lyso PC; ~3X)
than those found in less dense fractions from subjects A
through C. The incubation of LDL (D3 + D4) and LDL
(D6 + D7) with HSA alters the TLC pattern (Fig. 3A, B).
In each case, incubation with HSA (60 min at 4°C) re-
duced the amount of NEFA and lyso PC, the other major
monoacyl lipid carried by albumin. TLC analysis of the
HSA extracts after incubation with the LDL fractions
showed the transfer of both NEFA and lyso PC to HSA
(Fig. 3B). This transfer was particularly profound for D6 +
D7 from subjects A through D. Lyso PC was reduced by an
average of 29% in the D3 + D4 fractions and by 42% in the

352 Journal of Lipid Research Volume 48, 2007

D6 + D7 fractions. No lipids were found in the organic
extracts of the HSA used for scavenging (Fig. 3, penul-
timate lanes). LDL electronegativity, as assessed by agarose
gel electrophoresis, was reduced by this incubation (data
not shown).

In addition to NEFA and lyso PC, small amounts of
all lipid classes were found among the HSA-scavenged

A Total Lipids
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Fig. 3. TLC of lipid extracts from LDL subfractions and lipids
scavenged by human serum albumin (HSA). Subfractions D3 + D4
from donors A, B, and C were pooled and analyzed by TLC before
(C, control) and after scavenging with HSA (S, scavenged). Sub-
fractions D6 + D7 from donors A through D were similarly analyzed,;
D is a donor for whom no D3 + D4 was analyzed. A: TLC analysis
of total lipids. B: TLC of HSA-scavenged lipids. Detail at bottom
shows regions of interest that reveal the monoacyl lipids, NEFA,
and lysophosphatidylcholine (Lyso PC). The last lane contains
standards (Std); the lanes to the left of the standards contain lipid
extracts of 1 X and 5X the amount of HSA that was used to scavenge
lipids from LDL. The same amount of LDL protein was extracted
for each test lane. SM, sphingomyelin.
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lipids (Fig. 3B). This may have been solely attributable to
the sedimentation of traces of total LDL during the d =
1.12 g/ml ultracentrifugation step; traces of LDL attached
to the walls of the centrifuge tubes may have been cap-
tured along with the HSA-associated lipids. However, rel-
ative to NEFA and lyso PC, the amounts of other lipids
were small.

Transfer of LDL electronegativity to HDL

Given the lipophilic and cardioprotective nature of
HDL, we tested whether the electronegative charge of
LDL(—) could also be transferred to HDL. Incubation
with increasing amounts of HDL was associated with a
dose-dependent decrease in the electronegativity of D7,
with a parallel increase in HDL electronegativity (Fig. 4A,
lanes 1 and 2 vs. lanes 3-6). However, even at the highest
doses of HDL, the charge reduction did not reach that of
D3 (Fig. 4A, cf. lanes 6 and 8). The addition of HDL to D3,
even at high doses, had only a small effect on its electro-
phoretic mobility (Fig. 4B, lanes 1-3). After the addition of
oleate, the electrophoretic behavior of D3 emulated that
of LDL(—) (Fig. 4B, lane 4), an effect that was reversed
in a dose-dependent manner by the addition of HDL

A
D7 - + + + + + + D3

HDL + " el + - (+)

12 3 45 6 7 8

Fig. 4. Charge transfer from LDL to HDL revealed by agarose gel
electrophoresis. A: Lane 1, HDL (50 pg of protein); lane 2, D7
(10 pg of protein); lanes 3—-6, D7 (7.5 ug of protein) plus HDL
(12.5, 20, 50, and 75 pg of protein, respectively); lane 7, repeat of
lane 3 demonstrating gel and electric field uniformity; lane 8, D3.
B: HDL removal of charge from D3 (lanes 1-3) and D3 loaded with
oleate (OA; lanes 4-8). All lanes contain D3 (10 pg). Lane 1, D3
only; lanes 2 and 3, D3 + HDL (20 and 80 g, respectively);
lane 4, oleate-treated D3; lanes 5-8, HDL (10, 20, 40, and 80 pg
of protein, respectively) + oleate-treated D3. Oleate/apoB-100
(m/m) = 130, assuming molecular weights of 283 and 512,000.

(Fig. 4B, lanes 5-8). In contrast, lyso PC treatment of
LDL(+) had no effect on electrophoretic mobility (data
not shown). Reconstituted HDL, composed of POPC and
apoA-l, also scavenges the electronegative charge; how-
ever, apoA-I alone was ineffective. HDL does not alter the
electronegativity of acetylated LDL and only slightly re-
duces that of copper-oxidized LDL (data not shown). This
suggests that the basis of electronegativity in these forms
of modified LDL is not NEFA.

Distribution of LpPLA, and oxidized LDL
according to density

Both Western blot analysis (Fig. 5A) and quantitative
ELISA (Fig. 5B) showed that LpPLAy had a profound
preference (i.e., highest free energy) for association with
the densest LDL fractions (Table 1). The LpPLAy/apoB
molar ratio was 1:100 and 1:10,000 for D7 and D2, re-
spectively, showing that even in the D7 subfraction, only
1% of the LDL particles contained LpPLAg; most LDL
particles did not contain LpPLAs. The LpPLA, content of
the infranatant was one-third that of D7. In contrast, the
oxidized LDL content of each fraction, measured as apoB-
100 oxidation by ELISA, was similar (Fig. 5C; 7> = 0.038).

Distribution of LpPLA, according to density and charge

To better localize LpPLAy to specific LDL fractions, D1
and D6 were fractionated by ion-exchange chromatogra-
phy (as in Fig. 1C) into two fractions for LDL(+), leading

A

(. | [ I |
D1 D2 D3 D4 D5 D6 D7 Inf Std

50 |-
25 .
N

T T T T

50 |-
ok

D2 D3 D4 D5 D'B DT

%LPLA,/Pro 0D

Ox-LDL (U/L) O

Fig. 5. Lipoprotein-associated phospholipase Ay (LpPLAs) and
oxidized LDL (Ox-LDL) contents of LDL subfractions. A: Repre-
sentative LpPLA, Western blot. LDL proteins (10 pg) were re-
solved by SDS-PAGE (4-15%) and transferred to polyvinylidene
difluoride membranes; relative amounts of LpPLAs were deter-
mined by chemiluminescence with an antibody to LpPLA,. Inf,
infranatant fraction; Std, LpPLAs standard. B: Association of
LpPLA, with LDL subfractions according to ELISA (n = 12).
LpPLA, blot data band intensity was determined by ImageQuant
densitometry. C: Oxidized LDL levels according to an ELISA
(n = 4) that detects oxidized apoB-100. Oxidized LDL levels of
LDL subfractions were not statistically different. Data are means
+ SEM. Error bars represent SEM.
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(L) and trailing (T) fractions, as well as LDL(—). These
fractions were analyzed for charge by agarose electro-
phoresis (Fig. 6A) and for LpPLAy by ELISA (Fig. 6B).
Our data show the highest and lowest concentrations of
LpPLAy in the dense LDL(—) and the buoyant LDL(+),
respectively. Within the D6 and D1 subfractions, differ-
ences in the association of LpPLAy with LDL(+) L and
LDL(+) T were not significant, whereas differences be-
tween D1 and D6 LDL(—) were significant (6- to 12-fold).
The LpPLAy content of D6 was greater than that of the
corresponding fractions of D1: 170, 330, and 370% for
LDL(+) L, LDL(+) T, and LDL(—), respectively. Thus, a
component of LpPLAy binding is associated with density,
but the association with electronegativity is stronger.

ApoC-II distribution

Given the association between TG and apoC-III, West-
ern blot analysis was used to determine the distribution of
apoC-III among LDL subfractions derived from five sub-
jects. In all instances, apoC-III appeared in D1 or D2 and
D6 and D7, but not in D3 and D4, which contain >60% of
the LDL protein (Fig. 7). The infranatant fraction also
contained some apoC-III, which may have desorbed from
LDL during centrifugation. Thus, unlike LpPLAy, apoC-
IIT content is higher in LDL subfractions with higher TG,
irrespective of density. Of note is the individual variability
in relative amounts of apoC-III in the low (D1) and high
(D6 and D7) density fractions.

We compared paired plasmaand LDL samples processed
with and without the addition of inhibitors of lipolysis
(tetrahydrolipstatin) and oxidation (butylated hydroxytol-

A
(+) D1 D6
v ™ e
JETy £ 5l
D1 LbL LDU D6  LDLY LDL
B
)
‘S 100
]
5 8
o
E
o
£
& LDL(-)
& o LDL(#) T ¢
i D1 oL L &
Dens- D6 $)
ity

Fig. 6. Distribution of LpPLAy mass according to LDL charge and
density. Fractions D1 and D6 were fractionated by Mono-Q) ion-
exchange chromatography. The leading (L) and trailing (T) edges
of the LDL(+) and a single LDL(—) peak were collected, con-
centrated, separated by agarose electrophoresis, and analyzed for
LpPLA, mass by ELISA. A: Agarose gel electrophoresis. B: Distribu-
tion of LpPLAs according to density and relative charge.
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Fig. 7. Distribution of apoC-IIl among LDL subfractions DI
through D7 and infranatant (Inf) from five donors (A-E). LDL
subfractions (10 pg) were electrophoresed by SDS-PAGE (15%)
and transferred and blotted with an antibody against apoC-III. The
apoC-III bands were visualized by enhanced chemiluminescence.

uene) and found no significant differences in the density-
dependent differences in mobility in agarose gel electro-
phoresis, NEFA concentration, and LpPLA, activity (data
not shown). These observations demonstrate that the
observed density-dependent differences are not attribut-
able to artifactual in vitro lipolysis or oxidation.

DISCUSSION

NEFA and LDL electronegativity

The biology and chemistry of LDL(—) have been topics
of interest since the report of Avogaro, Bittolo-Bon, and
Cazzolato (9) in 1988; that early work has been reviewed
and richly expanded by Sanchez-Quesada, Benitez, and
Ordonez-Llanos (41), who recently summarized the cur-
rent state of knowledge regarding LDL(—). Through den-
sity gradient ultracentrifugation and sequential flotation,
we separated LDL from normolipemic human plasma into
seven subfractions and characterized each, according to
1) charge, viaagarose gel electrophoresis and ion-exchange
chromatography; 2) chemical composition, by lipid class;
and 3) fatty acid molecular species composition of asso-
ciated NEFA, 4) LpPLAy, 5) apoCIl, 6) oxidized LDL,
and 7) Lp[a]. In addition, we tested and confirmed that
HSA and HDL alter the chemical and electrophoretic prop-
erties of LDL(—) by scavenging their associated NEFAs.

Both ion-exchange chromatography and agarose gel
electrophoresis revealed differences in charge across the
density range of LDL. Although only one broadly dis-
tributed species is seen in the electrophoretic patterns, two
species are observed via ion-exchange chromatography.
The relative mobility observed by electrophoresis corre-
lates well with the abundance of the most electronegative
fraction observed by chromatography; this has been a con-
sistent observation of nearly all who have studied LDL(—).
The variation in results by ion-exchange chromatography
and agarose gel electrophoresis may be attributable in part
to the exchangeable character of NEFA, which imbues
LDL with a major portion of its electronegativity, as well as

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

to differences in the way the two techniques separate
molecules and/or particles.

Although subfractionation of LDL according to density s
independent of charge, this method nevertheless yielded
seven subfractions that exhibited charge differences as
assessed by agarose gel electrophoresis and ion-exchange
chromatography. Charge differences in lipoproteins have
been attributed to apolipoprotein composition and con-
formation and NEFA content (41). La Belle, Blanche, and
Krauss (42) compared LDL charge heterogeneity in pa-
tients with LDL pattern A and those having pattern B and
concluded that the greater electronegativity of dense LDL
is attributable to greater charge density that is related to
smaller surface area and not to increased valence, as is the
case for more buoyant LDL. Our data suggest that the dif-
ferences in charge density are the result of differences in
NEFA density, which tracks very well with electrophoretic
mobility (Fig. 1B); this conclusion is supported by NEFA
add-back and removal experiments showing that NEFA
content affects electronegativity in a predictable way.

Thus, our data provide strong support for a model of
LDL in which NEFA content is the major, if not the sole,
determinant of LDL electronegativity. The addition of the
physiologically abundant NEFA, oleic acid, increased the
electronegativity of LDL. Although particle size can deter-
mine LDL electrophoretic mobility, under our conditions
(0.7% agarose), the sieving effect is minimal and the elec-
trophoretic mobility of particles on the agarose gels is de-
termined by surface charge density. Thus, we believe that
the most convincing evidence that the electrophoretic
mobility of LDL is attributable mainly to NEFA content is
provided by the correlation of charge with the surface den-
sity of NEFA (Fig. 1B). From the data of Braschi et al. (43)
and Phillips et al. (44), we calculated NEFA/apoB molar
ratios of 50 and 109, respectively, for LDL(+) and LDL(—);
these ratios are very similar to our findings (Fig. 2C). Al-
though our ratios are approximately three times higher
than those of Benitez et al. (45), who found a less dense
electronegative fraction in LDL from hypertriglyceridemic
and familial hypercholesterolemic patients but not normo-
lipidemic subjects, these differences are likely a function
of methodology. Benitez et al. (45) incubated LDL with
a NEFA mixture in the presence of lipoprotein-deficient
serum, which contains albumin; we used oleate without al-
bumin. Albumin likely removed some of the LDL-NEFA,
resulting in the lower ratio reported in that study. Alter-
natively, the preferential association of some NEFA species
with different LDL subfractions (Table 2) could also yield
different ratios.

The distribution of NEFA among LDL subfractions is
assumed to be at equilibrium because the half-times for
NEFA exchange among lipoproteins are on the order
of 20 ms (46). Moreover, we observed a rapid transfer of
NEFA from LDL to HDL and HSA (Figs. 3, 4). Thus, the
density-specific distribution of NEFA species is thermody-
namically controlled so that some fractions, both electro-
positive and electronegative, have properties that enhance
the binding of some NEFAs over others. We believe that
this property is associated with another prominent dif-

ference in LDL composition that correlates with LDL-
NEFA: LDL-TG. Although LDL-TG and LDL-NEFA are
associated (Fig. 2C), it is likely that the TG content con-
trols NEFA content, rather than vice versa; unlike NEFA,
TG content is not exchangeable in the absence of plasma
transfer proteins, which give rise to its increased concen-
tration in a stationary state. Therefore, we propose that
NEFA, particularly saturated NEFA, preferentially associ-
ates with D1 and D7 because of their higher TG content.
According to current models, the core of LDL is composed
of CE, TG, and FC. However, measurable amounts of neu-
tral lipid can be solubilized by PL, and studies of mixed
emulsions of TG, CE, and PL have shown that 10 times or
more TG than CE partitions into the PL phase (47). These
findings suggest that the mixed monolayer of PL.and TG on
the surface of LDL could increase the affinity of NEFA for
TGrich LDL. Nevertheless, the basis for the preferential
association of specific fatty acid species with TG-rich LDL
over TG-poor LDL remains unclear and is currently under
investigation. The role of NEFA composition on LDL sub-
fraction atherogenicity also remains to be determined.

LpPLA,; association with dense LDL(—)

Our data (Fig. 5) confirm the report of McCall et al.
(48), who quantified LpPLAy association with subfractions
isolated in density gradients, as in our study, as well as by
size-exclusion chromatography. They also observed a non-
dissociable pool of LpPLAy that is greatly enriched in the
small, dense LDL subfractions. LpPLAs is highly specific to
fractions that are dense, electronegative, and rich in TG,
apoC-III, and NEFA, particularly saturated NEFA. Further-
more, its preferential association with D7 is not attribut-
able to electronegativity, TG, or NEFA content because
D1, which is also electronegative and contains relatively

» ;
)\ Metabolic

Contraction

Fig. 8. Model for the association of LpPLAs with small, dense
LDL(-).
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high amounts of both lipids, contains very little LpPLAs.
Relative to D1 through D3, the free energy of association
of LpPLAy with D7 is more exergonic, by ~2.5 kcal. This
difference could result from the association of LpPLAy
with regions of apoB-100 that are not accessible or ex-
posed in the larger, more electropositive fractions. Clues
to their identity emerge from a proposed model of LDL
and recent tests of that model. Segrest et al. (49) proposed
a model of apoB-100 as a protein with five superdomains
composed of three amphipathic a-helical (AaH) domains
alternating with two amphipathic B-strand (ABS) domains.
The distinctive roles of these domains were elucidated in a
recent study of surface pressure effects on various peptides
of apoB-100. Wang, Walsh, and Small (50) showed that
binding of apoB to a model of the TG/water interface
decreases interfacial tension and free energy. According to
attendant changes in interfacial tension, compression of
the apoB-100 surface causes a fraction of the protein to
desorb into the aqueous phase while still tethered to the
polypeptide chain. Given their structural homology with
the exchangeable apolipoproteins, which readily desorb
between lipid surfaces and water, the authors suggest that
in response to monolayer compression, some of the AaH
domains desorb from the lipid surface. Conversely, ABS
domains anchor apoB to the surface and are its non-
exchangeable (i.e., nondesorbing) motif. The conforma-
tional changes induced by surface pressure, and perhaps
composition, may be critical to LpPLA, binding. Through
several metabolic processes, including lipolysis and neu-
tral lipid transfer, LDL contracts to a smaller species.
LpPLAy binds to the C-terminal region of apoB-100 (51).
We propose that LpPLAy binds to apoB-100 via one or
more C-terminal AaH domains that are desorbed by in-
creased surface pressure in response to the metabolic con-
traction of LDL core lipids (Fig. 8).

Substantial amounts of NEFA are associated with the D1
and D7 LDL fractions, and these levels are expected to be
even higher after aerobic exercise or fat consumption, both
of which increase plasma NEFA. High LDL-NEFA levels
are also expected in pathological states that are asso-
ciated with increased NEFA, including severe diabetic keto-
acidosis, hyperlipidemia, and hypoalbuminemia. NEFA
has a higher affinity for phospholipids than for HSA (46,
52); thus, even in the presence of high physiological con-
centrations of albumin, measurable amounts are associated
with plasma lipoproteins (46, 52). Although the transfer of
NEFA to HDL and HSA is likely a detoxification mecha-
nism, the amount transferred to HDL is expected to be
small because the albumin pool is so much larger than that
of HDL. Thus, the major effect of increased plasma NEFA
may be to increase the NEFA content of specific LDL frac-
tions, thereby increasing the association with specific pro-
teins through increased negative charge. B
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