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Abstract

Anion-exchange chromatography resolves human plasma low-density lipoprotein (LDL) into 5
subfractions, with increasing negative surface charge in the direction of L1 to L5. Unlike the
harmless L1 to L4, the exclusively atherogenic L5 is rejected by the normal LDL receptor (LDLR)
but endocytosed into vascular endothelial cells through the lectin-like oxidized LDL receptor-1
(LOX-1). Analysis with SDS-PAGE and 2-dimensional electrophoresis showed that the protein
framework of L1 was composed mainly of apolipoprotein (apo) B100, with an isoelectric point
(p!) of 6.620. There was a progressively increased association of additional proteins, including
apoE (pl 5.5), apoAl (pl 5.4), apoClII (pl 5.1), and apo(a) (pl 5.5), from L1 to L5. LC/MSE was
used to quantify protein distribution in all subfractions. On the basis of weight percentages, L1
contained 99% apoB-100 and trace amounts of other proteins. In contrast, L5 contained 60%
apoB100 and substantially increased amounts of apo(a), apoE, apoAl, and apoClll. The
compositional characteristics contribute to L5’s electronegativity, rendering it unrecognizable by
LDLR. LOX-1, which has a high affinity for negatively charged ligands, is known to mediate the
signaling of proinflammatory cytokines. Thus, the chemical composition—oriented receptor
selectivity hinders normal metabolism of L5, enhancing its atherogenicity through abnormal
receptors, such as LOX-1.
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INTRODUCTION

Low-density lipoprotein (LDL) is normally metabolized by liver and vascular cells via the
LDL receptor (LDLR); homozygous or heterozygous genetic defects in LDLR expression
lead to plasma LDL accumulation and premature coronary artery disease (CAD) as well as
other atherosclerotic vascular abnormalities [1, 2]. But elevation of plasma LDL cholesterol
(LDL-C) alone may not be sufficient to induce vascular changes and it has been thought that
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LDL modification, such as oxidation, plays an important role in generating LDL’s
atherogenicity [3, 4]. However, oxidized LDL equivalent to what has been produced
experimentally in vitro has not been isolated from human plasma for mechanistic scrutiny.
Evidence is now accumulating that LDL that carries a greater negative charge than the
majority of LDL particles may be responsible for atherogenicity in dyslipidemia [5-8]. For
simplicity, these highly negatively charged LDL particles have been called “electronegative”
LDL, although in reality it is a relative term and should not be used to imply that the other
LDL particles are “electropositive.”

By use of anion-exchange chromatography, we have been able to divide LDL obtained from
the plasma of patients with increased cardiac risks (hypercholesterolemia, type 2 diabetes
mellitus, smoking) into 5 subfractions, L1 to L5, with increasing electronegativity [8-11].
L5, the most negatively charged, is the only subfraction that can induce endothelial
dysfunction in cultivated arteries and atherogenic responses in cultured vascular cells. It also
impairs normal differentiation of endothelial progenitor cells [7, 8, 10-14]. Of importance,
L5 is not recognized by LDLR and blocking LDLR does not reduce L5’s proapoptotic
effects on vascular endothelial cells (ECs) [7]. In fact, L5 signals through and is internalized
by lectin-like oxidized LDL receptor-1 (LOX-1) in both ECs and endothelial progenitor
cells (EPCs) [7, 8]. This suggests that, beyond absolute LDL-C surplus in the plasma, the
proportion of abnormal LDL, such as L5, that signals differently from normal LDL, such as
L1, is an important factor for atherosclerosis. Thus, it is important to define the chemical
basis for L5’s receptor affinity and hence its biological activities.

L5 AND ELECTRONEGATIVE LDL

Since the initial characterization of human atheroma-derived LDL by Hoff, Gotto, and
associates in the USA, the term “electronegative LDL” has been used to describe LDL with
fast relative electrophoretic mobility on agarose gel [15-17]. By use of fast protein liquid
chromatography (FPLC) through ion-exchange columns, Avogaro and colleagues in Italy
divided human plasma LDL dichotomously into electropositive LDL(+) and electronegative
LDL(-) [18]. Since then, several groups, in particular, the team led by Sanchez-Quesada in
Spain, have described the chemical composition and functional characteristics of LDL(-),
isolated by a similar protocol [6, 19-33]. Using a different protocol, we chromatographically
divided human plasma LDL into L1 to L5, with L5 representing a pure and highly
negatively charged LDL entity [9, 10].

SAMPLE PREPARATION AND L5 PURIFICATION

Whole blood removed from 6 hyperlipidemic (LDL-C > 160 mg/dL) adult subjects with the
approval of the internal review board at Baylor College of Medicine, Houston, Texas, USA,
was protected by 1% penicillin/streptomycin and citrate phosphate dextrose adenine-1 from
bacterial contamination and coagulation. The plasma obtained was treated with Complete
Protease Inhibitor Cocktail (Roche; Cat. No. 05056489001; 1 tablet/100 mL) to prevent
protein degradation. LDL (051.019-1.063 g/mL) was then isolated by sequential potassium
bromide density centrifugation and treated with 5 mM EDTA and nitrogen to avoid ex vivo
oxidation [34]. LDL was further divided into L1 to L5 against graded salt gradient through
anion-exchange columns by FPLC as previously described in detail [9, 10].

2-DIMENSIONAL ELECTROPHORESIS

Protein contents of LDL subfractions were analyzed by 2-dimensional electrophoresis.
Twice delipidated (1:1 EtAc+EtOH, 0.3 mL/30 pg LDL protein) L1 and L5 particles were
centrifuged for 30 min (14000 rpm, 4°C). After removal of the solution, the lipoprotein
pellet was resuspended in 30 yL H,O. Samples were incubated in ZOOM IPGRunner
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Cassette with Strip, 1X ZOOM 2D Protein Solubilizer 1, 1X Protease Inhibitor Cocktail, 20
mM DTT, and 3.5 mM Tris base at pH 7.4 for 2 hours. Two-dimensional-PAGE
(isoelectrofocusing, equilibrating, performing) was performed by ZOOM IPGRunner,
ZOOM Equilibration Tray and XCell SureLock Mini-Cel according to the user manual. The
4-20% 2-dimensional gels were then stained with SYPRO Ruby Protein Gel Stain (Ex/Em:
280, 450/610 nm).

As shown in Fig. 1, the protein framework of L1 was composed mainly of apolipoprotein
(apo) B100, which has an isoelectric point (pl) of 6.620. In contrast, L5 is associated with
apoE (pl 5.5), apoAl (pl 5.4), apoClll (pl 5.1), and apo(a) (pl 5.5), in addition to apoB100.
Among the low-PI proteins, apoCllIl is known to be atherogenic by itself [35]. Apo(a) is a
main constituent of Lp(a), which is infamous for its negative charge, although its
atherogenicity remains controversial [36].

LC/MSE ANALYSIS AND UNIQUE PROTEIN COMPOSITION OF L5

Because the proportional increases of these low-pl proteins may contribute to the overall
negative charge of L5, we quantified the protein contents in L1 to L5 subfractions by use of
quantitative proteomics techniques utilizing serially coupled liquid chromatography data-
independent parallel-fragmentation mass spectrometry (LC/MSE) [37] Such analysis has
been shown to be highly quantitative with respect to both relative and/or absolute (when
incorporating spiked internal peptide standards in the data collection/analysis procedures)
protein abundance in complex protein mixtures [37-39]. Quantitative analysis was
performed essentially as previously described [39], except on a Waters Synapt HDMS mass
spectrometer (Waters Corporation, MA, USA). In brief, total proteins isolated from each
LDL subfraction were first digested with trypsin, and the resulting tryptic peptides were
chromatographically separated on a Nano-Acquity separations module (Waters Corporation,
MA, USA) incorporating a 50 fmol-on-column tryptic digest of yeast alcohol dehydrogenase
as the internally spiked protein quantification standard. Peptide elution was executed
through a 75 pm x 25 cm BEH C-18 column under gradient conditions at a flow rate of 300
nL/min over 30 min at 35°C. The mobile phase was composed of acetonitrile as the organic
modifier and formic acid (0.1% v/v) for molecule protonation. Mass spectrometry was
performed on a Synapt HDMS instrument equipped with a nano-electrospray ionization
interface and operated in the data-independent collection mode (MSE). Parallel ion
fragmentation was programmed to switch between low (4 eV) and high (15-45 eV) energies
in the collision cell, and data were collected from 50 to 2000 m/z utilizing glu-fibrinopeptide
B as the separate data channel lock mass calibrant. Data were processed with ProteinLynx
GlobalServer v2.4 (Waters) [40]. Deisotoped results were searched for protein association
from the Uniprot (www.uniprot.org) human protein database (v15.12; containing 34,786
entries).

As shown in Table 1, L1 contained 99.71+0.37% apoB100 (n = 6) on the basis of weight
percentage. Minute amounts of albumin, apoE, and apoAl were detected. In contrast,
apoB100 represented only 61.26+21.44% of protein weight in L5. Approximately 30% of
L5 protein weight was occupied by apo(a). ApoE and apoAl rose to about 3% and 2%,
respectively. Sizable amounts of albumin, apoClll, apoJ, and paraoxonase 1 (PON1) were
also measured. All these non-apoB100 proteins, in particular apo(a), have <6.0 pl values. L5
was found to be associated with platelet-activating acetylhydrolase (PAF-AH), also known
as lipoprotein-associated phospholipase A2 (Lp-PLA2) [41]. Although this enzyme has a pl
value of 7.3, it represented only 0.03% of L5 proteins and should not factor significantly in
L5’s pl value and hence electrical charge. In consideration of value variations among the
samples, median values for each protein detected are also provided for clarity (Tables 1 and
2). On the basis of abundance relative to 1 mol of apoB100, minimal amounts of albumin,

Pure Appl Chem. Author manuscript; available in PMC 2013 November 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keetal.

Page 4

apoE, and apoAl were detected in L1. In contrast, L5 contained about 0.8 mol of apo(a)
(median 0.326) and up to 0.5 mol each of apoE, apoAl, and apoClll, as well as detectable
apoJ, PAF-AH, and PON1 (Table 2). On the particle surface—although the total content of
phospholipids is similar between L5 and L1—their components differ, as analyzed by liquid
chromatography electrospray tandem mass spectrometry (LC-ESI/MS/MS; unpublished
data). For clarity, L5 and L1 compositions are schematically summarized as shown in Fig. 2.
Small amounts of amyloid A4 and complement C3 were also detected in L5 but not L1 (data
not shown).

L5 VS. LDL(-)

Our findings in protein distribution discrepancies between L5 and L1 are largely compatible
with those between LDL (=) and LDL(+) recently reported by Bancells et al. from the
Sanchez-Quesada group [33], although notable differences do exist. These differences may
be a result of the variations in the different chromatographic separation methods used
between the two centers. L5 is a product of the progressive increase of salt gradient during
anion-exchange chromatography and represents a small but highly negatively charged LDL,
whereas LDL(-) is a product of dichromatic division of total LDL [9, 10, 18, 33]. The major
differences between the L5/L1 and LDL(=)/LDL(+) pairs lie in their differential contents of
apoE and apoAl. Measured by either ELISA or LC-ESI/MS/MS, LDL(-) contains
approximately 5 fold of apoE and 4 fold of apoAl in comparison with LDL(+) [33]. In
contrast, L5 possessed 24-fold greater apoE and 8-fold greater apoAl compared with L1 in
the current study. The significance of markedly greater apoE and apoAl in L5 is being
investigated in our laboratory. Another major disparity between the L5/L1 and LDL(-)/
LDL(+) pairs is the high presence of apo(a) in L5, whereas apo(a) is not detectable by
ELISA and is detected only in a minute amount by LC-ESI/MS/MS in LDL(-) [33]. The
density of apo(a)-containing particles ranges between 1.020 and 1.120 g/mL, most of them
between 1.050 and 1.120 g/mL [42]. The LDL density range used by Bancells et al. to
separate LDL(-) from LDL(+) is 1.019 to 1.050 g/mL, whereas we subfractionated LDL in
the range of 1.019 to 1.063 g/mL. This probably explains why a negligible amount of apo(a)
is present in LDL(-) and L5 was found to be associated with a large amount of this particle.

APO(a) AND L5

The significance of apo(a) abundance in L5 is yet to be fully determined. However, its
presence should not necessarily be interpreted as being equivalent to being in the effective
form of Lp(a), which consists of an LDL-like particle and apo(a) covalently bound to the
particle’s apoB100. We observed a relatively low sequence coverage of the apo(a) molecule
in our LC/MSE data (only 2.29-8.65% amino acid sequence coverage), and most of the
apo(a) peptides observed were identified as being located, structurally, in the C-terminal
portion of the apo(a) molecule. Thus, the abundance of apo(a) may be overestimated on a
weight basis, as the MS evidence may indicate that a shortened alternative length form of
apo(a) is associated with L5. Plasma Lp(a) concentrations are highly heritable and mainly
controlled by the apo(a) gene, LPA [43, 44]. As noted above, the density ranges are 1.050 to
1.100 g/mL for Lp(a) and 1.019 to 1.063 g/mL for LDL. To determine whether the presence
of a high quantity of apo(a) implies that most L5 particles reside in the high density range,
we examined the L5 distribution in low-density (1.019 to 1.045 g/mL) and high-density
(1.046 to 1.063 g/mL) LDL particles. An equal distribution (4.60% to 4.91 %) of L5 was
eluted in both preparations (Fig. 3). This result, compatible with our previous finding using
equilibrium density gradient ultracentrifugation [14], suggests that the association with
apo(a) does not indicate that the L5 particles possess Lp(a)-like physical characteristics.
However, the contribution of apo(a) to the overall electronegativity may play an important
role in L5’s receptor selectivity, as discussed below.
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SURFACE ELECTRICAL CHARGE AND RECEPTOR SELECTIVITY
BETWEEN L1 AND L5

As discovered and well described by Brown and Goldstein, the receptor for normal LDL on
human cells is LDLR of the apoB/E receptor family [1, 45]. LDLR contains a domain at the
NH,-terminal portion of the receptor that consists of cysteine-rich repeating units. A cluster
of negatively charged amino acids occurs near the C-terminus of each repeat. These charged
residues are complementary to a cluster of positively charged residues of the receptor-
binding domain, first shown to include residues 3345 through 3381 [46] and later identified
to include a cluster of basic residues between 3359 and 3367 [47]. The electrostatic
attraction between the positively charged apoB100 domain of normal LDL and the
negatively charged binding residues of LDLR leads to LDL endocytosis and subsequent
digestion in the lysosomes [2, 48].

The positively charged €-amino groups of the lysine residues on apoB100 play an important
role in the binding between normal LDL and LDLR [49]. Derivatization of the lysine
residues, as occurs in copper oxidation, redirects the binding affinity of the modified LDL
from LDLR toward scavenger receptors of macrophages [50]. Recent work using 2-
dimensional nuclear magnetic resonance (2D-NMR) spectroscopy revealed conformational
differences between LDL(-) and LDL(+) involving changes in the basicity of the lysine
residues on apoB100, which may contribute to the reduced affinity of LDL(-) for LDLR
[51]. In our settings, L5, which is not recognized by LDLR, competes with copper-oxidized
LDL for internalization through LOX-1 in vascular ECs [7], as well as signals through
LOX-1in EPCs [8]. LOX-1 is a type Il membrane protein that structurally belongs to the C-
type lectin family and does not share homology with the class A or B scavenger receptors
for oxidized LDL [52]. The positively charged cysteine-rich lectin-like domain at the C-
terminal plays a key role in the receptor’s affinity for modified LDL, which involves
interaction of this region and the negatively charged domains on the modified LDL particles.
Our preliminary data suggest that the interaction between L5 and LOX-1 involves modified
residues on apoB100 and other apolipoproteins. The detailed structural changes are still
under investigation, but the highly negatively charged surface of L5 attributable to the
assembly of multiple acidic apolipoproteins facilitates the electrostatic attraction between L5
and LOX-1, which operates in the opposite direction of that between L1 and the normal
LDLR. Hence, results are totally different in the receiving cells. A highly simplified but
conceptually clear comparison of the electrical charge—oriented receptor selection between
L1 and L5 is schematized in Fig. 4.

CONCLUSIONS

In summary, an LDL particle is spherical and comprises an apolipoprotein framework,
neutral lipids (triglycerides, cholesteryl esters) in the core, and other lipids (phospholipids,
free cholesterol) on the surface. SDS-PAGE and 2-dimensional electrophoresis showed that
the protein framework of L1 is composed mainly of apolipoprotein (apo) B100, with an
isoelectric point (pl) of 6.620. The protein composition of the LDL particle changes as the
chromatographic subfractions become more electronegative. The more electronegative
subfractions have increased levels of additional proteins in the LDL particle, including apoE
(p! 5.5), apoAl (pl 5.4), apoClllI (pl 5.1), and apo(a) (pl 5.5), and a concomitant decrease in
overall mole abundance of apoB100. Protein analysis using LC/MSE revealed that L1
contains 99% apoB100 and trace amounts of other proteins, while L5 contains 60%
apoB100 and substantially increased amounts of apo(a), apoE, apoAl, and apoClil. Other
minor proteins identified in L5 but not L1 include apoJ, PON1, PAF-AH, albumin, serum
amyloid A4, and complement C3. L1 represents a pure form of normal LDL and is
endocytosed through the well-described LDLR pathway, to deliver its content to the cells. In
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contrast, L5 is not recognized by the normal LDLR but is internalized by LOX-1, resulting
in apoptosis of ECs. Both L1 to LDLR and L5 to LOX-1 interactions involve, although not
exclusively, electrostatic attraction, but in the opposite direction to the other pair.
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Fig. 1.

SYPRO Ruby Protein Gel Stain—treated 2-dimensional electrophoresis of L1 and L5. L1
contains mainly apoB100, whose PI value is close to 7.0, with scant other proteins. In
contrast, for each unit of total protein, L5 contains a smaller proportion of apoB100 but
greater quantities of other proteins with lower Pl values.
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Fig. 2.
Schematic summary of L1 and L5 compositions. PL: phospholipid.
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Fig. 3.
Equal distribution of L5 in low and high density ranges of LDL shown in anion-exchange
chromatographic tracings. Data are representative of 3 independent studies.
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Fig. 4.

Schematic summary of electrical charge-oriented receptor selectivity of L1 and L5. L1 is
endocytosed by the normal LDLR through interaction between the basic residues of
apoB100 on L1 (normal LDL) and the negatively charged residues of LDLR, resulting in
LDL degradation and utilization of cholesterol and phospholipids for biological purposes. In
contrast, L5 (modified LDL) is internalized by means of the interaction between the
negatively charged surface of L5 and the positively charged lectin-like domain of LOX-1,
resulting in cell apoptosis.
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