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 LDL, the main cholesterol carrier in plasma, is com-
posed of approximately 75% lipid (mainly cholesterol) 
and 25% protein. The major protein in LDL is apolipo-
protein B-100 (apoB-100), a protein of 550 kDa that ac-
counts for more than 95% of the total protein mass in LDL 
( 1 ). However, minor amounts of other apolipoproteins as-
sociated to LDL have been reported. Several of these pro-
teins, such as apoE, apoC-III, and platelet-activating factor 
acetylhydrolase (PAF-AH), have important roles in LDL 
metabolism and modulate its atherogenicity despite their 
low concentration ( 2–4 ). Several studies have made a pro-
teomic approach using 2D-electrophoresis or SELDI-based 
analysis to detect minor proteins in LDL ( 5–9 ), including 
apoE, apoC-III, apoC-II, apoA-I, apoA-IV, apoM, apoJ, se-
rum amyloid A4 (SAA4), calgranulin A, lysozyme C, apoD, 
apoH,  � 1-antitrypsin, orosomucoid-1, paraoxonase-1, reti-
nol binding protein, and prenylcysteine lyase-1. 

 LDL is not a homogeneous entity but a group of parti-
cles that differs in density, size, electric charge, and com-
position. It is well established that small, dense LDL 
particles are more atherogenic than large, buoyant parti-
cles ( 10 ), and both of these subfractions differ in their 
protein content ( 6 ). Another property of LDL that confers 
enhanced atherogenicity is increased electronegative 
charge. Electronegative LDL [LDL( � )] is a minor sub-
fraction of plasma LDL that is pro-infl ammatory and in-
duces apoptosis in endothelial cells and leukocytes 
( 11–13 ). Its relative proportion is increased in subjects 
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with 20  � l of a 150 mM solution of DTT in 50  � M ammonium bi-
carbonate and then incubated for 30 min at room temperature. 
An amount of 20  � l of a 500 mM solution of iodoacetamide in 
50  � M ammonium bicarbonate was added, and the mixture was 
further incubated for 1 h at room temperature. The cysteine-
modifi ed protein sample was then subjected to TCA/acetone pre-
cipitation (CleanUp Kit, GE Healthcare, Fairfi eld, CT). The protein 
pellet was dissolved in 30  � l of 1 M urea in 50 mM ammonium 
bicarbonate solution, and 1  � g of modifi ed porcine trypsin 
(Trypsin-Gold, Promega, Madison, WI) was added. Digestion pro-
ceeded overnight at 37°C, and then the mixture was acidifi ed by 
addition of 0.1% formic acid and frozen at  � 20°C until analyzed. 

 Proteomic analysis 
 Proteomic analysis was performed by LC-ESI MS/MS using 5 

 � g of protein. Six independent experiments using six different 
pools were performed. LC-ESI MS/MS analysis was performed 
on an Esquire HCT ion trap mass spectrometer (Bruker, Bre-
men, Germany) coupled to a nanoHPLC system (Ultimate, 
LcPackings, Netherlands). Samples were fi rst concentrated on a 
300 µm i.d. 1 mm PepMap nanotrapping column and then 
loaded onto a 75 µm i.d. 15 cm PepMap nanoseparation column 
(LC Packings, Netherlands). Peptides were eluted by an ace-
tonitrile gradient (gradient: 0–60% B in 105 min, B = 80% ace-
tonitrile, 0.1% formic acid in water; fl ow rate  � 300 nl/min) 
through a PicoTip emitter nano-spray needle (New Objective, 
Woburn, MA) onto the nanospray ionization source of the ion-
trap mass spectrometer. MS/MS fragmentation (1.9 s,  m/z  100–
2,800) was performed on two of the most intense ions, as 
determined from a 1.2 s MS survey scan ( m/z  310–1,500) and us-
ing a dynamic exclusion time of 1.2 min for precursor selection. 
An automated optimization of MS/MS fragmentation amplitude, 
starting from 0.60 V, was used. Proteins were identifi ed using 
Mascot (Matrix Science, London, UK) to search the UniProt-
SwissProt 57.0 human database. MS/MS spectra were searched 
with a precursor mass tolerance of 1.5 Da, fragment tolerance 
of 0.5 Da, trypsin specifi city with a maximum of two missed 
cleavages, carbamidomethylation set as fi xed modifi cation, and 
methionine oxidation as variable modifi cation. The positive 
identifi cation criterion was set as an individual Mascot score for 
each peptide MS/MS spectrum higher than the corresponding 
homology threshold score. 

 Quantifi cation of proteins 
 The content of non-apoB proteins in each LDL subfraction 

was calculated from the number of MS/MS spectra matching 
peptides corresponding to each protein detected (spectral 
count), divided by each protein molecular weight (number of 
peptides/Mw) to give a percentage molar content relative to the 
total non-apoB proteins. These values were averaged for all the 
samples analyzed of each of the two LDL fractions. To compare 
the relative levels of the non-apoB proteins between the two frac-
tions, the values were normalized according to their total apoB 
content (there is one molecule of apoB per LDL particle) and 
divided by the protein molecular weight (number of peptides/
Mw) to give a relative molar content. Results were expressed as 
arbitrary units of each protein after correction for apoB content. 

 Quantifi cation of apolipoproteins 
by immunoturbidimetry 

 ApoA-I (Roche Diagnostics, Basel, Switzerland), apoA-II, apoE, 
apoC-III, and apoC-II (Kamiya, Seattle, WA) were quantifi ed man-
ually in LDL subfractions using commercial reagents for Hitachi, 
as follows: 100  � l of reagent 1 (Tris buffer) was mixed with 100  � l 
of LDL at 0.4 g/l and incubated at 37°C for 30 min. Afterwards, 
50  � l of reagent 2 (antiserum) was added and incubated at 37°C 

with a high cardiovascular risk ( 14, 15 ). Interestingly, 
LDL( � ) has an increased content of several minor pro-
teins, such as PAF-AH, apoE, apoC-III, and apoA-I, that 
could be involved in its infl ammatory properties ( 11, 12, 
16–19 ). Beyond these proteins, others, as yet unknown, 
are probably present in very small amounts in LDL( � ). 
Our aim was to study differences in the content of minor 
proteins between native LDL [LDL(+)] and modifi ed LDL 
[LDL( � )], using a gel free-approach based on liquid chro-
matography coupled to electrospray ionization tandem 
mass spectrometry (LC-ESI MS/MS). 

 METHODS 

 LDL subfraction isolation 
 Plasma samples were obtained after a 10 h overnight fast from 

healthy, normolipemic (total cholesterol < 5.5 mmol/l, triglycer-
ide < 1 mmol/l, HDL cholesterol > 1 mmol/l), nonsmoking sub-
jects from the hospital staff. All samples were obtained in fasting 
state (for at least 10 h) and body mass index of all subjects was < 
25.5 kg/cm 2 . The study was approved by the institution’s ethics 
committee, and all volunteers gave their informed consent. Total 
LDL (1.019 < d < 1.050 g/ml) was isolated from pooled plasma (at 
least 10 individuals in each pool with an equal plasma volume 
from each) by fl otation sequential ultracentrifugation ( 20 ) at 4°C 
and in presence of 1 mM EDTA. Since LDL( � ) accounts for less 
than 5% of total LDL, the use of pooled plasma was the only strat-
egy that allowed us to obtain a suffi cient amount of LDL( � ) to 
perform proteomic analysis. Because the use of pooled plasma can 
mask inter-individual variability, we repeated the analysis using six 
independent pools to account for individual variability when com-
paring LDL to LDL( � ) protein contents. Approximately 100–150 
ml of plasma was used for each separation, and 60–80 mg apoB of 
total LDL was obtained (recovery 60–70%). LDL was then subfrac-
tionated into LDL(+) and LDL( � ) by anion-exchange chroma-
tography as previously described ( 17 ). LDL( � ) proportion 
accounted for 4.5 ± 0.5%, and the recovery was approximately 
50–55%, yielding a fi nal amount of 1.5–2 mg apoB of LDL( � ). 
Composition of LDL subfractions was assessed as previously de-
scribed ( 11, 17 ). Major lipids, including total cholesterol, triglycer-
ides (TG; Roche Diagnostics, Switzerland), phospholipids (Wako 
Chemicals, Germany), NEFA (Wako), and apoB (Roche Diagnos-
tics, Switzerland) were measured by commercial methods in a 
Hitachi 911 autoanalyzer. Sphingomyelinase-modifi ed LDL 
(SMase-LDL) was obtained by incubation of LDL(+) with SMase 
from  Bacillus Cereus  at 37°C for 2 h, as previously described ( 21 ). 

 Protein delipidation and solubilization 
 The method of Karlsson et al. ( 5 ) was used with minor modifi -

cations. Briefl y, 1 ml of LDL (1 g/l apoB) was delipidated by mix-
ing with 14 ml of ice-cold tributyl phosphate:acetone:methanol 
(1:12:1), incubating for 2 h at 4°C, and centrifuging for 15 min at 
3000  g . Protein pellets were washed sequentially with 1 ml of 
tributyl phosphate, acetone, and methanol. Nitrogen-dried pel-
lets were stored at –80°C until analysis (less than 1 month). Pro-
tein pellets were resuspended by intense vortexing and repeated 
aspiration using 400  � l of cold-buffer Tris 10 mM containing 6 M 
guanidinium chloride  . The content of protein in the soluble ma-
terial was measured by the BCA method (Pierce, Rockford, IL). 

 Tryptic protein digestion 
 The delipidated protein sample (50  � g) in 20  � l of 6 M guani-

dinium chloride was adjusted to pH 8.0 by adding NaOH mixed 
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dent plasma pools from different subjects. A total of 28 
proteins, including apoB, were detected in at least one of 
the experiments (  Table 2  ).  The details on protein identi-
fi cation, including the different peptide sequences identi-
fi ed for each protein, are given in supplementary Tables I 
and II [proteins in LDL( � ) and proteins in LDL(+)]. 
Fourteen proteins were observed in three or fewer experi-
ments in very low concentrations (1–3 peptides detected; 
supplementary Tables I and II). Most of these proteins are 
involved in coagulation, infl ammation, or innate immu-
nity. Thirteen proteins other than apoB were detected in 
fi ve or six experiments, in one or both samples. These pro-
teins were quantifi ed relative to apoB, and statistical analy-
sis indicated that the content of apoE, apoA-I, apoC-III, 
apoA-II, apoD, apoF, and apoJ was higher in LDL( � ) than 
in LDL(+) (  Table 3  ).  Apo(a) was detected only in LDL( � ), 
whereas platelet basic protein content was found only in 
LDL(+). No signifi cant differences were observed in apoC-I, 
apoC-II, albumin, and SAA4, although a trend to an in-
creased content of all these proteins, with the exception of 
apoC-I, was observed in LDL( � )compared with LDL(+). 

 The most abundant proteins (expressed in a molar ba-
sis) in both LDL fractions (higher than 8% of minor pro-
teins) were apoC-III > apoE > apoA-I > apoA-II in LDL( � ) 
(  Fig. 1A  )  and apoC-III > apoC-I > apoE > apoC-II > apoA-I 
in LDL(+) ( Fig. 1B ). They accounted for more than 85% 
of minor proteins. Although the error of the quantifi ca-
tion method used is relatively high (see error bars in  Fig. 1  
and SD values in  Table 3 ), the analysis allowed the identi-
fi cation of some statistically signifi cant major differences 
between the two LDL types. 

 To confi rm the increased content in LDL( � ) of some 
apolipoproteins detected by proteomic analysis, apoA-I, 
apoA-II, apoE, apoC-III, and apoC-II were quantifi ed in 
LDL subfractions by immunoturbidimetry, adapting com-
mercially available methods to detect very low concentra-
tions.   Table 4    shows the content of these apolipoproteins 
in LDL( � ). The ratio between LDL(+) and LDL( � ) was 
similar to that observed by proteomic analysis ( Table 3 ), 
and the absolute amount of apoC-III and apoE in both 
LDL subfractions concurred with previously reported data 
( 11, 17 ). 

 Several of the apolipoproteins detected in LDL sub-
fractions are typical of high-density lipoproteins (HDL). 
This raises the question of whether LDL subfractions 
could be contaminated with HDL. To rule out this pos-
sibility, a Western blot was performed to detect apoA-I, 
the main protein constituent of HDL, in LDL electro-
phoresed under native conditions.   Fig. 2A    shows a rep-

for 30 min. Absorbance was measured in a microtiter plate reader 
at the wavelength recommended by the manufacturer. A standard 
curve was performed with an apolipoprotein multi-calibrator 
(Wako Chemicals, Neuss, Germany) diluted from 1/5 to 1/100. 
ApoJ was quantifi ed by commercial ELISA (ALPCO Immuno-
assays, Salem, NH) using 1/20 dilution of LDL at 0.5 g/l apoB. 

 Western blot analysis 
 The content of apoJ and apoF in LDL subfractions was deter-

mined by Western blot. LDL subfractions (25  � g apoB/well) 
were submitted to SDS-PAGE electrophoresis in 12% commercial 
gels (BioRad, Hercules, CA). Electrophoresis was performed at 
100 V for 2 h at 4°C. Proteins were transferred to a nitrocellulose 
membrane (1 h at 30 V, in Tris-glycine buffer containing 20% 
methanol and 0.1% SDS) and blocked overnight at 4°C with 
TTBS (Tris 20 mM, NaCl 150 mM, 0.1% Tween 20, pH 7.5) con-
taining 2.5% nonfat milk. Western blot was performed using goat 
polyclonal antibody IgG anti-apoJ (PA1-26903, Affi nity BioRe-
agents, Golden, CO) or anti-apoF (C-13, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) as a primary antibody (dilution 1/200 or 
1/500 in TTBS containing 5% nonfat milk, 90 min). An HRP-
conjugated anti-goat IgG (Jackson ImmunoResearch, Baltimore, 
PA) was used as a secondary antibody (dilution 1/1000 for apoJ 
or 1/10000 for apoF in TTBS containing 5% nonfat milk, 60 
min). Nitrocellulose was revealed with Immun-Star HRP sub-
strate kit (BioRad). 

 The association of apoA-I to LDL subfractions was studied by 
native gradient gel acrylamide electrophoresis (GGE) followed 
by Western blot. GGE was performed in 2–16% gradient gels, as 
described ( 19 ). In GGE, lipoproteins were run through the gel as 
complete particles. Lipoproteins were transferred to nitrocellu-
lose, and Western blot was performed using a goat polyclonal 
antibody IgG anti-apoA-I (Acris, Hiddenhausen, Germany) as a 
primary antibody (dilution 1/1,000, 90 min) and HRP-conju-
gated anti-goat IgG as a secondary antibody (dilution 1/2,000, 60 
min). Nitrocellulose was revealed with Immun-Star developing 
kit (BioRad). 

 Cholesteryl ester transfer protein activity 
 Cholesteryl ester transfer protein (CETP) activity was mea-

sured as the transfer of labeled cholesteryl oleate from HDL to 
LDL(+) or LDL( � ) using lipoproteins isolated from pools of hu-
man normolipemic individuals and cynomolgus monkey CETP-
Tg mice (line UCTP-20) as source of CETP previously described 
( 22 ). Rates of labeled cholesteryl oleate transfer from HDL to 
LDL were linear up to 1,500  � M/h. 

 Statistical analysis 
 Results are expressed as mean ± SD. SPSS 11.5.2 statistical 

package was used. Differences between LDL subfractions were 
tested with Wilcoxon’s  t -test for paired data. A  P  value < 0.05 was 
considered signifi cant. 

 RESULTS 

 Lipid and protein composition of LDL fractions was 
similar to that previously described ( 10, 16 ). LDL( � ) had 
higher triglyceride and NEFA content and lesser apoB 
content than LDL(+) (  Table 1  ).  The total protein content 
recovered after delipidation was very low, 5.3 ± 2.6% in 
LDL(+) and 8.8 ± 4.6% in LDL( � ). This was due to the 
high hydrophobicity of apoB, which is poorly solubilized. 

 Six independent LC ESI-MS/MS experiments were per-
formed using LDL subfractions isolated from six indepen-

 TABLE 1. Lipid and apoB composition of LDL subfractions 

LDL(+) LDL( � )

Cholesterol (%) 41.4 ± 2.8 41.7 ± 3.3
Triglyceride (%) 6.9 ± 1.7 9.5 ± 2.3  a  
Phospholipid (%) 26.8 ± 3.1 25.7 ± 2.7
NEFA (mol/mol apoB) 15.6 ± 3.4 27.8 ± 6.7  a  
ApoB (%) 24.9 ± 2.0 23.1 ± 2.6  a  

Apo, apolipoprotein.
  a P  < 0.05 versus LDL(+) using the Wilcoxon  t -test.
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with LDL(+), LDL( � ) presents a lower ability to accept 
labeled cholesteryl esters (CE) from HDL. 

 DISCUSSION 

 Current results show that a number of plasma proteins 
can bind to LDL in circulation. Five of these proteins (apo-
lipoproteins AI, A-II, C-II, C-III, and E), whose amounts were 
relatively high were also quantifi ed by immunoturbidimetry 

resentative GGE in which apoA-I was detected in the 
band corresponding to LDL size (24–28 nm). This band 
was much more intense in LDL( � ) than in LDL(+). No 
apoA-I was observed in the region where HDL should 
be (size 8–15 nm). 

 ApoJ and apoF proteins presented the highest differ-
ence between LDL(+) and LDL( � ). To confi rm this dif-
ferent content, Western blots to detect apoF and apoJ 
were performed in both LDL subfractions.  Fig. 2B and 
2C  show representative Western blots of LDL(+) and 
LDL( � ) and confi rm a much higher content of apoF 
and apoJ in LDL( � ) than in LDL(+). With regard to 
apoF, an intense band of 33 kDa corresponding to apoF 
was detected in LDL( � ), whereas no signal was observed 
in LDL(+) ( Fig. 2C ). With regard to apoJ, a major band 
of 75–80 kDa, corresponding to the highly glycosylated 
form of apoJ, and further minor bands of lower molecu-
lar weight, corresponding to deglycosylated and re-
duced forms (60 and 35 kDa), were detected ( Fig. 2B ). 
Indeed, apoJ content quantifi ed by ELISA gave results 
comparable to those from the proteomic analysis ( Ta-
bles 3 and 4 ) and confi rmed the high content in 
LDL( � ). 

 The role of apoF in LDL( � ) is unclear, but it could 
be involved the abnormal lipid composition of this sub-
fraction. The function of apoF was evaluated by measur-
ing the activity of CETP, as apoF is a specifi c inhibitor of 
such lipid transfer activity.   Fig. 3    shows that, compared 

 TABLE 2. Summary of proteins detected in LDL subfractions 

LDL(+) LDL( � )

Protein

Number of 
experiments in which 
a protein was detected Function

Apolipoprotein B 6 6 Lipid transport, receptor binding
Apolipoprotein E 6 6 Receptor binding
Apolipoprotein A-I 6 6 Lipid transport, receptor binding
Apolipoprotein C-III 6 6 Lipid metabolism
Apolipoprotein D 5 6 Lipid metabolism
Apolipoprotein A-II 5 6 Lipid metabolism
Apolipoprotein F (Lipid transfer 

inhibitor protein)
2 6 Lipid metabolism

Apolipoprotein J (Clusterin) 1 6 Lipid metabolism, 
 infl ammation, apoptosis

Apolipoprotein C-I 6 5 Lipid metabolism
Albumin 5 5 Blood homeostasis
Serum amyloid A-4 protein 5 5 Innate immunity
Apolipoprotein C-II 5 5 Lipid metabolism
Apolipoprotein(a) 0 5 Lipid transport
Platelet basic protein (NAP2, CXCL7) 5 0 Infl ammation
Apolipoprotein A-IV 3 3 Lipid metabolism
Apolipoprotein C-IV precursor 2 3 Lipid metabolism
Prothrombin precursor (Fragment) 3 2 Coagulation
Platelet factor 4 variant precursor (CXCL4) 1 2 Infl ammation
Dermcidin precursor 3 1 Innate immunity
SH3 and cysteine-rich domain-containing protein 1 1 Cell senescence
Protein S100-A9 (Calgranulin B) 1 1 Infl ammation
Platelet-activating factor acetylhydrolase precursor 0 1 Infl ammation
Coagulation factor X precursor 0 1 Coagulation
Chromosome 1 open reading frame 56 0 1 Unknown
IG Lambda chain 0 1 Immunity
Apolipoprotein-L1 1 0 Innate immunity
Serum amyloid A2 1 0 Innate immunity
Fibrinogen  �  chain 1 0 Coagulation, acute phase response
Antibacterial protein FALL-39 1 0 Innate immunity

 TABLE 3. Relative content of proteins detected by LC-ESI MS/MS 

Protein LDL(+) LDL( � ) Ratio ( � )/(+)

Apolipoprotein E 42 ± 16 217 ± 51  a  5.2
Apolipoprotein A-I 39 ± 27 146 ± 32  a  3.8
Apolipoprotein C-III 90 ± 55 374 ± 278  a  4.2
Apolipoprotein C-I 76 ± 50 74 ± 54 1.0
Apolipoprotein C-II 28 ± 34 49 ± 49 1.8
Apolipoprotein A-II 29 ± 9 141 ± 56  a  4.8
Apolipoprotein D 26 ± 15 61 ± 24  a  2.4
Apolipoprotein F (inhibitor 

CETP)
2 ± 3 63 ± 26  a  31.5

Apolipoprotein J (Clusterin) 1 ± 1 11 ± 5  a  11.0
Apolipoprotein(a) — 6 ± 2 —
Albumin 5 ± 4 11 ± 10 2.2
Serum amyloid A-4 protein 15 ± 13 32 ± 24 2.1
Platelet basic protein 1 ± 1 — —

Five or six experiments were conducted. Values are mean ± SD 
expressed in arbitrary molar units. CETP, cholesteryl ester transfer 
protein.

  a P  < 0.05 versus LDL(+) using the Wilcoxon  t -test.
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studies detected PAF-AH in LDL, even though 70% of 
plasma PAF-AH is attached to LDL and, preferentially, to 
LDL( � ) ( 4 ). The high affi nity binding between PAF-AH 
and apoB ( 25 ) could explain why PAF-AH was detected 
only in one sample in the present study and never in pre-
vious studies using a 2-DE proteomic approach. It is possi-
ble that most PAF-AH was lost during sample treatment 
due to its strong attachment to the highly insoluble apoB. 

 The variable presence of some proteins is due to limita-
tions in the proteomic analysis. Differences in the protein 
content observed in the current and previous studies 
should be attributed to differences in the isolation and de-
lipidation methods. Ultracentrifugation could result in 
the loss of some proteins from LDL due to high shear 
forces and ionic strength. The interaction of apolipopro-
teins and enzymes with lipoproteins varies throughout 
their lifetime, and most of these proteins bind only tempo-
rarily to LDL. Thus, if a protein is detected in all analyzed 
samples, it can be assumed that it—at least for a short pe-

in both LDL subfractions. Albeit in a lower concentration, 
other proteins that were always detected in one or both 
LDL fractions were apoC-I, apoD, apoJ, apoF, SAA4, albu-
min, apo(a), and platelet basic protein. With the excep-
tion of the platelet basic protein, the presence of all these 
proteins has been previously described in LDL ( 4–9 ). 

 Several other proteins were detected in three or fewer 
experiments in the current study. Some of them, such as 
apoC-IV, apoA-IV, PAF-AH, calgranulin, and SAA2, have 
been previously reported to be associated with lipopro-
teins ( 3–9, 23 ). Others are known to be involved in innate 
immunity, infl ammation, and coagulation. It has been re-
ported that acute phase proteins and coagulation factors 
bind to lipoproteins ( 24 ). It is diffi cult to appraise the rel-
evance of these proteins in LDL function, but it is proba-
bly low. The exception is PAF-AH, as LDL is its main 
transporter in plasma ( 4 ) and this protein plays a major 
role in the pro/anti-infl ammatory balance induced by 
LDL ( 16 ). Interestingly, none of the previous proteomic 

  Fig.   1.  Relative content of minor proteins in 
LDL( � ) (upper panel) and LDL(+) (lower panel). 
Data are expressed as mean ± SD of the percentage 
of total non-apoB protein on a molar basis (n = 6). 
apo, apolipoprotein; LDL(+), electropositive low-
density lipoprotein; LDL( � ), electronegative low-
density lipoprotein.   

 TABLE 4. Content of apolipoproteins quantifi ed by immunoturbidimetry or ELISA in LDL subfractions 

Apolipoprotein LDL(+) LDL( � ) Ratio ( � )/(+) Ratio from LC-ESI MS/MS

ApoA-I (mmol/mol apoB) 68 ± 15 233 ± 17  a  3.4 3.8
ApoA-II (mmol/mol apoB) 10 ± 8 56 ± 12  a  5.4 4.8
ApoE (mmol/mol apoB) 23 ± 21 93 ± 30  a  4.0 5.2
ApoC-III (mmol/mol apoB) 49 ± 27 210 ± 145  a  4.3 4.2
ApoC-II (mmol/mol apoB) 33 ± 5 43 ± 5 1.3 1.8
ApoJ (mmol/mol apoB) 1.6 ± 1.5 10.2 ± 8.4 6.4 11.0

All apolipoproteins were quantifi ed by commercial immunoturbidimetric methods as described in “Methods,” 
except apoJ, which was measured by ELISA. Values are mean ± SD expressed in mmol/mol apoB. Apo, 
apolipoprotein.

  a P  < 0.05 versus LDL(+) using the Wilcoxon  t -test.
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native GGE demonstrated that apoA-I was specifi cally 
bound to LDL. 

 The increased content of apo(a) is due to contamination 
with Lp(a) during LDL isolation. Because the density ranges 
of LDL (1.019–1.063 g/ml) and Lp(a) (1.050–1.100 g/ml) 
partially overlap, LDL was isolated in the density range 
1.019–1.050 g/ml in the present study. Despite this, minor 
contamination was always detected in total LDL. Lp(a) con-
tent, measured by commercial immunoturbidimetry method 
(Roche) in all LDL preparations, was always lower than 2%, 
which is in good agreement with results of proteomic anal-
ysis. Apo(a) has a very high content of sialic acid, which 
confers enhanced electronegativity to the Lp(a) particle. 
Consequently, contamination of Lp(a) in total LDL always 
leads to its coelution with LDL( � ). However, the content of 
apo(a) in LDL( � ) was lower than 2% ( Fig. 1 ). 

 In our opinion, apoJ and apoF could play a key role in 
the function of LDL( � ), as both proteins were detected in 
much higher concentrations in LDL( � ) than in LDL(+). 
The biological characteristics of these proteins could ex-
plain some properties of LDL( � ). ApoJ, also known as 
clusterin, has been involved in ageing, cancer, diabetes, 
kidney and neuron degeneration, and vascular damage. 
However, mechanisms involved in these pathologic pro-
cesses are not well understood, as apoJ shows multiple 
functions, including apoptosis inhibition ( 27 ) and regula-
tion of the complement complex ( 28 ). Besides, it has been 
reported that apoJ inhibits the oxidative modifi cation of 
LDL ( 29 ). The association of apoJ with LDL( � ), but not 
LDL(+), could be explained by its recently described chap-
erone function. ApoJ is the fi rst identifi ed extracellular 
chaperone, and it binds to a wide variety of partially un-
folded proteins that present hydrophobic regions ( 30 ), 
including amyloid-like structures ( 31 ). The binding of 
apoJ to unfolded proteins promotes its recognition by 
LDL-receptor-related protein 2 (LRP2) and favors its 
clearance and degradation ( 30 ). Interestingly, LDL( � ) 
presents some structural abnormalities, including particle 
aggregation ( 32 ) and apoB misfolding ( 33, 34 ), that could 
be related to the presence of apoJ in this subfraction. 

 In contrast with apoJ, apoF (also called lipid transfer in-
hibitor protein) has a well-defi ned function as a physiological 

riod of time—forms part of some LDL particles and could 
have a role in their metabolic processing in blood. 

 Current data confi rm that LDL( � ) has a higher content 
of minor proteins than LDL(+). The content of most of 
the analyzed proteins was higher in LDL( � ), although sta-
tistical differences were achieved only in seven proteins. In 
addition to the previously described higher content of 
apoE, apoC-III, and apoA-I in LDL( � ) ( 11, 12, 17, 26 ), 
our results indicate that apo(a), apoD, apoJ, apoF, and 
apoA-II were also signifi cantly increased in LDL( � ). Some 
of these proteins (apoA-I, apoA-II, apoD, and apoJ) are 
commonly bound to HDL particles. The presence in LDL 
of proteins commonly bound to HDL has been reported 
( 3, 23 ), and it could be argued that the presence of these 
proteins in LDL is due to the presence of contaminating 
HDL. However, the likelihood of contamination is very 
low because the density range chosen in the present study 
to isolate LDL (1.019–1.050 g/ml) also contributed to 
minimizing the possibility of contamination. To rule out 
this possibility, Western blot analysis to detect apoA-I after 

  Fig.   3.  In vitro effect of LDL(+) and LDL( � ) on CETP activity. 
Results are expressed as mean ± SD of six independent experi-
ments using different pools of LDL isolated from normolipemic 
subjects. Signifi cant difference between LDL subfractions is shown. 
apo, apolipoprotein; CETP, cholesteryl ester transfer protein; 
LDL(+), electropositive low-density lipoprotein; LDL( � ), electro-
negative low-density lipoprotein.   

  Fig.   2.  Western blots of apoA-I (A), apoJ (B) and apoF (C). A: 
LDL(+) (20  � g apoB/lane), LDL( � ) (20  � g apoB/lane) and HDL 
(1  � g apoA-I/lane) were submitted to GGE electrophoresis, and 
Western blot was performed as described in “Methods.” Right: Su-
dan Black staining (lipid staining). Left: anti apoA-I Western blot. 
B, C: LDL(+) (20  � g apoB/lane) and LDL( � ) (20  � g apoB/lane) 
were submitted to SDS-PAGE in 12% acrylamide gels, and Western 
blots were performed as described in “Methods.” apo, apolipopro-
tein; GGE, non-denaturing gradient gel electrophoresis; LDL(+), 
electropositive low-density lipoprotein; LDL( � ), electronegative 
low-density lipoprotein; Mw St, molecular weight standard.   
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regulator of CETP ( 35 ). ApoF is mainly associated with 
LDL, and its inhibitory action is due to the suppression of 
the interaction between CETP and LDL ( 36 ). CETP medi-
ates the fl ux of CE and TG between lipoproteins. LDL 
gives CE to and accepts TG from VLDL. In turn, LDL ac-
cepts CE from and gives TG to HDL. The fact that most 
apoF is bound to LDL( � ) suggests that lipid exchange be-
tween this LDL subfraction and other lipoproteins could 
be impaired. Our data show that lipid exchange between 
HDL and LDL( � ) is abnormally low due to the high con-
tent of apoF. As the preferred substrate of CETP in plasma 
is HDL ( 36 ), this impairment could be involved with the 
increased relative content of triglyceride in LDL( � ). In-
deed, the increased content of apoC-III, the physiologic 
inhibitor of lipoprotein lipase (LpL), in combination with 
similar apoC-II, the physiologic activator of LpL, could 
also be related with increased triglyceride content of 
LDL( � ). 

 In summary, our results show a number of proteins that 
are associated with LDL subfractions, some of which have 
not been identifi ed previously. LDL( � ) presents a higher 
content of most of these proteins than does LDL(+). The 
increased content of some of these proteins, such as apoC-
III, apoE, and apoA-I, has been described previously in 
LDL( � ), but increases in apoA-II, apoD, apoJ, and apoF 
in LDL( � ) are described here for the fi rst time. ApoF and 
apoJ, whose content in LDL( � ) is much higher than in 
LDL(+), are of particular interest as they could be involved 
in some of the atherogenic properties of LDL( � ). How-
ever, further studies are needed to determine the exact 
roles that apoF and apoJ could play in the abnormal char-
acteristics of LDL( � ).  
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