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Abstract We have used two-dimensional gel electrophoresis 
to separate and characterize human plasma apolipoprotein 
(apo) E-containing lipoproteins in the high density lipopro- 
tein (HDL) size range. Lipoproteins were separated from 
whole plasma by electrophoresis (according to charge) in a 
0.75% agarose gel, and then in the second dimension (ac- 
cording to size) in a 2-15% nondenaturing polyacrylamide 
gradient gel. ApoE-containing lipoproteins were detected by 
radiography after electrotransfer of lipoproteins to nitrocellu- 
lose membranes and incubation with 1z51-labeled affinity-puri- 
fied polyclonal apoE antibody. ApoE-containing lipoproteins 
in the HDL size range had a particle size ranging from 9 to 
18.5 nm in diameter and could be characterized as having 
either y, pre-P,-, pre-P2- or a-electrophoretic mobility (desig- 
nated y-LpE, pre-P,-LpE, pre-P,LpE, and a-LpE respectively). 
y-LpE and a substantial proportion of pre-PI- and pre&-LpE 
did not co-migrate with apoA-I, apoA-11, apoC-111, or apoB- 
100. Subsequent experiments focused on the pre-Pl-LpE, pre- 
P2LpE, and a-LpE subfractions, which represented >95% of 
apoE in HDL-sized lipoproteins. Storage of plasma at 4°C or 
in vitro incubation of plasma at 37°C caused a relative de- 
crease in pre-PI-LpE and increase in a-LpE. Normolipidemic 
patients with an apoE 2/2 phenotype tended to have in- 
creased levels of a-LpE, whereas apoE 4/4 subjects tended to 
have a greater proportion of HDL-apoE as pre-PI-LpE. De- 
crease in plasma HDL apoE concentration after an oral fat 
load was associated with a reduction in the plasma concentra- 
tion of all HDL-apoE subfractions.!JI These results demon- 
strate that: I )  apoE-containing HDL are heterogeneous in size 
and charge; 2) pre-PI-LpE is a relatively labile HDL subfrac- 
tion; 3) HDL-apoE subfraction distribution is dependent on 
apoE phenotype; and 4)  all apoEcontaining HDL subfrac- 
tions participate in the plasma transfer of apoE during the 
postprandial period.-Krimbou, L., M. Tremblay, J. Davig- 
non, and J. S .  Cohn. Characterization of human plasma apoli- 
poprotein E-containing lipoproteins in the high density lipo- 
protein size range: focus on pre-P,-LpE, pre-Pp-LpE, and a- 
LpE..J Lipid RES. 1997. 38: 35-48. 
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Epidemiological studies have consistently demon- 
strated that the incidence of coronary artery disease 
(CAD) is inversely related to the plasma concentration 
of high density lipoprotein (HDL) ( 1 ) .  It is generally 
believed that HDL inhibits atherogenesis by promoting 
the efflux of excess cholesterol from lipid-laden macro- 
phages (2) and by mediating the plasma transport of 
excess cholesterol to the liver for eventual excretion in 
the bile (a process referred to as reverse cholesterol 
transport, RCT) (3,4). HDL has, however, been shown 
to mediate other potentially anti-atherogenic functions, 
such as modulating the plasma clearance of triglyceride- 
rich lipoproteins (TRL) ( 5 ) ,  inhibiting low density lipo- 
protein (LDL) oxidation (6), and inhibiting the expres- 
sion of endothelial cell adhesion molecules (7). 

In order to gain a better understanding of the mecha- 
nism by which HDL provides protection against CAD, 
numerous studies (reviewed in refs. 8 and 9) have inves- 
tigated the structural and functional heterogeneity of 
plasma lipoproteins in the HDL fraction. Human HDL 
has been separated by ultracentrifugation into two ma- 
jor density subfractions, designated HDL2 (density (d): 
1.063-1.125 g/ml) and HDLS (d: 1.125-1.21 g/ml) 
(10). Nondenaturing polyacrylamide gradient gel elec- 
trophoresis has been used to separate HDL on the basis 
of particle size into five subfractions, namely HDL?, 

Abbreviations: apo, apolipoprotein; CAD, coronary artery disease; 
d, density; ELISA, enzyme-linked immunosorbent assay; EDTA, ethyl- 
enediamine-tetraacetate; FPLC, fast protein liquid chromatography; 
HDL, high density lipoprotein; IDL, intermediate density lipoprotein; 
LDL, low density lipoprotein; LRP, LDL receptor-related protein; 
PBS, phosphate-buffered saline; RCT, reverse cholesterol transport; 
TRL, triglyceride-rich lipoprotein; VLDI,, very low density lipoprtr 
tein. 
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(smallest), HDLSh, HDL3,,, HDLy,, and HDLnl, (largest), 
ranging in size from 7.2 to 12 nm (1 1) , where the first 
three subfractions Fall within the HDLI and the latter 
two subfractions fall within the HDLp density range. In 
terms of net particle charge, HDL has been separated 
by agarose gel electrophoresis into pre-P-( more posi- 
tive) and a-migrating (more negative) subfractions 
(1 2 ) ,  and by combining agarose gel electrophoresis 
with non-denaturing polyacrylamide gradient gel elec- 
trophoresis (two-dimensional electrophoresis), 6 sub- 
fractions (13) and more recently 12 subfractions (14) 
of HDL have been identified. Finally, HDL can be char- 
acterized on the basis of apolipoprotein (apo) composi- 
tion (15), and immunochemical separation techniques 
have revealed the existence of an apoA-I-contdining 
HDL subclass that also contains apoA-I1 (LpAI-AII) anti 
one that contains apoA-I only (LpAI) (16). The pres- 
ence of different apoA-IV-containing HDL subclasses 
has also been documented (17). 

ApoE is a glycoprotein of 34,200 Da that plays an es- 
sential role in the movement oflipid between cells (18). 
It mediates the cellular uptake of plasma TRL by being 
a ligand for both the low density lipoprotein (LDL) re- 
ceptor (19) and the LDL receptor-related protein 
(LRP) (20). In hypertriglyceridemic individuals, a large 
proportion of plasma apoE (70-90%) is associated with 
TRL; however, in normolipidemic subjects, the majority 
ofapoE (>GO%) in plasma is associated with HDL (21).  
It has been suggested that HDL-apoE is involved in a 
nuniber of aspects of plasma lipoprotein metabolism, 
including: I )  receptor-mediated delivery of HDL cho- 
lesterol to the liver (22); 2) hepatic lipase-catalyzed hy- 
drolysis of HDL phospholipid (23); 3) plasma choles- 
terol esterification (24, 25); 4 )  plasma cholesteryl ester 
transfer (26) ; 5 )  postprandial triglyceride nietabolism 
(27); and 6) efflux of cell-derived cholesterol (28, 29). 

In order to further investigate the nature of apoE- 
containing HDL in human plasma, we have in the pres- 
ent study used two-dimensional gel electrophoresis with 
immunological detection of apoE to identify and char- 
acterize different HDL-sized lipoprotein subfractions. 
Experiments have demonstrated that both in vivo and 
in vitro factors are able to affect the distribution ofapoE 
between these HDL subfractions. 

MATERIALS AND METHODS 

Blood sampling 

Blood samples were obtained from male and female 
subjects (Table l ) ,  who had fasted overnight. Blood was 
drawn from an arm vein into evacuated tubes con- 

taining ethylenediamine-tetrdacetate (EDTA, final con- 
centration: 1.5 mg/ml) . Collection tubes were immedi- 
ately placed in ice before being centrifuged (3000 rpni, 
15 min) . Plasma was separated from red blood cells by  
aspiration and was stored at 4°C for chromatographic 
or lipid analysis. Separation of apoE-containing HDL 
subfractions by two-dimensional gel electrophoresis was 
routinely carried out within 30 min of plasma isolation, 
except in those experiments where storage conditions 
were purposely modified. 

Separation of plasma lipoproteins by two-dimensional 
gel electrophoresis 

The separation of plasma lipoproteins by two-dimen- 
sional non-denaturing gel electrophoresis was based on 
the electrophoretic system of Laemmli (30). Plasma 
samples (200 pl) were diluted with 100 pl of sample 
buffer (62.5 inM Tris-HC1, 10% glycerol, pH 6.8) and 
were separated by agarose gel electrophoresis (100 V, 
8 h, 4°C:) in 0.75% agarose using 25 mhi Tris-glycine 
buffer (pH 8.3). Agarose gels did not contain albumin 
(14). Two agarose strips (approximately 7 cm in length) 
containing electrophoretically separated lipoproteins 
were then positioned at the top of each 2-15% poly- 
acrylamide concave gradient gel and were sealed into 
position with agarose (0.75%). A high molecular weight 
protein standard (7.1 nm to 17.0 nm) (Pharmacia, Pis- 
cataway, NJ) was iodinated using IODO-GENB Iodin- 
ation Reagent ( I  ,3,4,6-tetrachloro-3a-6~xdiphenyl- 
glycouril, Pierce Chem. Co., Kockford, 1L) (31) and was 
incorporated into 0.5-cni pieces of agarose (approxi- 
mately 100,000 cprn per piece). This pre-cast agarose 
containing radioactive molecular weight standard was 
placed 011 the top (right- and left-hand side) of each 
gradient gel. Electrophoresis in the second dimcnsion 
was carried out for 20 h (4°C) at 80 V. 

Detection of lipoproteins after electrophoresis 

Electrophoretically separated lipoproteins were elec- 
trotransferred (20 h, 30 V, 4 O C ) ,  using a Trans-Blot 
transfer cell (Bio-Rad Laboratories, Hercules, CA) onto 
nitrocellulose niembranes (Hybond ECI,, Amershain 
Life Science, Buckinghamshire, England). Sudan Black 
lipid staining of one-dimensional and two-dimensional 
gels after electrotransfer confirmed that transfer of' 
HDL-sized lipoproteins was essentially 100%. Transfer 
of larger lipoproteins was less complete. Membranes 
were incubated for 30 min in phosphate-buffered saliric 
(PBS) containing 5% non-fat milk powder. For the tle- 
tection of apoE-containing lipoproteins, gels were incu- 
bated ( 3  h) with irnmunopurified polyclonal apoE anti- 
body (Genzyme Corp, Cambridge, MA) that had been 
labeled with "'I (31).  For the detection ofapoA-I, a p A -  
11, apoC-111, and apoB-100, the following antibodies 
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('231-labeled) were used: affinity-purified goat poly- 
clonal anti-human apoA-I an tibody, monoclonal apoA- 
I1 antibody (clone no.: 4A2.2D), affinity-purified goat 
polyclonal an ti-human apoGIII an tibody (Biodesign In- 
ternational, Kennebunk, ME), and monoclonal apoB- 
100 antibody MB47 (32). After incubation with antibod- 
ies, membranes were washed three times (30 min) with 
PBS containing 0.05% (v/v) Tween-20 and the pres- 
ence of labeled antibodies was detected by autoradiog- 
raphy using XAR-2 Kodak film. In some experiments, 
films exposed to labeled anti-apoE antibody were 
scanned with an IS1000 Digital Imaging System (Alpha 
Innotech Corp., San Leandro, CA) and apoE-con- 
taining HDL subpopulations were quantitated by densi- 
tometry by expressing detected apoE in each subfrac- 
tion as a percentage of total. 

Separation of plasma lipoproteins by automated gel 
filtration chromatography 

Plasma lipoproteins were separated by automated gel 
filtration chromatography on a Pharmacia (Pharmacia 
LKB Biotechnology, Uppsala, Sweden) fast protein liq- 
uid chromatography (FPLC) system, as described previ- 
ously (21). Plasma samples (1 ml) were manually trans- 
ferred to a 2-ml sample loop with two washes of 0.5 ml 
saline solution. They were programmed (Liquid Chro- 
matography Controller LCG500 Plus) to be loaded and 
separated on a 50-cm column (16 mm internal diame- 
ter) packed with cross-linked agarose gel (Superose 6 
prep grade, Pharmacia). The column was eluted with 
0.15 mol/1 NaCl (0.01% EDTA, 0.02% sodium azide, 
pH 7.2) at a rate of 1.0 ml/min, and 25 min after addi- 
tion of sample, 90 X 1-ml fractions were collected se- 
quentially. Sample elution was monitored spectropho- 
tometrically at optical density 280 nm. 

Lipid and lipoprotein analyses 

Cholesterol and triglyceride concentrations were de- 
termined enzymatically on an autoanalyzer (Cobas 
Mira, Roche). HDL cholesterol concentration was de- 
termined by measuring cholesterol in the supernate 
after heparin-manganese precipitation of apoB-con- 
taining lipoproteins in the d > 1.006 g/ml fraction of 
plasma prepared by ultracentrifugation. Plasma apoB 
and apoA-I concentrations were measured by nephel- 
ometry (Behring Nephelometer 100 Analyzer), and 
apoE was determined by enzyme-linked immunosor- 
bent assay (21). ApoE phenotypes were determined by 
immunoblotting of plasma separated by minigel elec- 
trophoresis (33). Agarose gel analysis of FPLC elution 
fractions was carried out on 0.5% Paragon agarose gels 
using a Beckman Paragon Electrophoresis System 
(Beckman Instruments, Inc., Fullerton, CA). FPLC frac- 
tions were concentrated before electrophoresis using 

Minicon-CS15 concentrators (Amicon, Inc., Beverley, 
MA). Electrophoretically separated lipoproteins were 
detected with Sudan Black stain. ApoE was detected by 
immunoblotting using horseradish peroxidase-labeled 
polyclonal apoE antibody and enhanced chemilumines- 
cence (ECL Western Blotting detection reagents, Amer- 
sham). 

RESULTS 

Using the present two-dimensional gel electropho- 
retic system to characterize apoE-containing lipopro- 
teins in human plasma, we have been able to consis- 
tently identify a number of different apoE-containing 
lipoprotein subfractions in the HDL size range. The 
separation of plasma apoE-containing lipoproteins for 
two normolipidemic male subjects is shown in Fig. 1. 
Total plasma and HDL apoE concentrations for these 
two subjects (A and B (sample l ) ,  left and right, respec- 
tively, in Fig. 1 )  are shown in Table 1, together with 
other plasma lipid and lipoprotein concentrations. 
Plasma samples were obtained after an overnight fast 
and were immediately separated by electrophoresis. 
They were kept in ice before separation, and electro- 
phoresis was carried out in a cold room (4°C) to avoid 
in vitro modification of lipoproteins and/or transfer of 
apoE between lipoproteins. In order to show the separa- 
tion of lipoproteins (according to charge) in the first 
dimension, agarose gels were stained for lipid or immu- 
noblotted with '251-labeled apoE antibody, as shown at 
the top of Fig. 1. The p-, pre-p, and a-migrating regions 
of the gel were identified according to the position of 
the lipid-stained LDL, VLDL, and HDL bands, respec- 
tively. ApoE immunoreactivity was observed bepeen 
the p- and a-regions of the gel. Gamma (y)-migrating 
apoE (between the origin and the @region of the gel) 
was not detectable after onedimensional agarose gel 
electrophoresis. Separation of lipoproteins in a second 
dimension (according to size) resulted in the consistent 
and reproducible resolution of a number of apoE-con- 
taining lipoprotein subspecies. A significant amount of 
apoE-immunoreactive material remained at the top of 
the gels (as indicated by the small horizontal arrows in 
Fig. 1). This material had a p- to pre-pmobility and rep- 
resented apoE associated with triglyceride-rich lipopro- 
teins (very low density (VLDL) and intermediate den- 
sity lipoproteins (IDL)) and their remnants, which were 
too large to enter the gel. ApoE-containing lipoproteins 
with a size similar to HDL migrated with either y, pre- 
p, or a-mobility. The majority of apoE in HDL-sized 
lipoproteins migrated with pre-p mobility and only a 
small proportion co-localized with a-migrating HDL 
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Fig. 1. Two-dimensional gel electrophoretic separation of apoE-containing lipoproteins from the plasma of 
two normolipidemic subjects with an apoE 3/3 phenotype. Lipid and apolipoprotein concentrations for the 
hvo plasma samples (from subjects A and B, left and right, respectively: sample 1 for subject B) are given in 
Table 1. Plasma was separated in the fint dimension hy agarose gel electrophoresis and lipoproteins were 
detected with lipid stain or with '?'I-laheled apoE antibody (top of figure). The electrophoretic mobility of 
lipoproteins in the first dimension is indicated (0 = origin). Lipoproteins were separated in the second dimen- 
sion by size in a 2-15% polyacrylamide gradient gel, and were immunodetected with 'Y'I-labeled apoE antibody. 
Molecular size markers are indicated on the left. The presence of apoE at the top of the gradient gel (indicated 
by small horizontal arrows) represents apoE-containing triglyceride-rich lipoproteins that were restricted by 
their size from entering the gel. Different apoE-containing HDL subpopulations are indicated with vertical 
arrows. y-LpE is harely visible in the gel on the left. 

TABLE 1. Plasma lipid and apolipoprotein concentrations of study suhjecu 

Plasma Conccntmrion 

Subject 
HDI. A P E  

Age Gender Cholesterol Triglyceride Cholesterol HDI. ApoE ApoB ApoA-I ApoE Phenotype 

A 
I3 

Sample 1: 23/11/95 
Sample 2: 13/12/95 
Sample 3: 18/12/95 
Sample 4: 30/ 12/95 
Sample 5: 22/04/96 

<: 
D 
E 
F 
G 
H 
I 

)'r 
34 M 
34 M 

37 M 
36 M 
30 M 
59 M 
50 M 
64 F 
41 M 

mmol/l 
3.96 

4.27 
3.97 
4.53 
4.66 
5.06 
4..51 
6.33 
3.41 
6.14 
4.52 
5.80 
5.79 

mmol/l 
0.71 

1.75 
1.22 
1.16 
1.05 
2.27 
0.62 
1.47 
1.48 
3.25 
3.98 
2.62 
3.30 

mmol/l 
1.05 

0.9 I 
0.91 
1.07 
0.90 
0.92 
1.72 
0.75 
0.65 
1.35 
0.86 
1.49 
0.95 

m d d l  
2.24 87 

1.30 141 
1.79 1 03 
1.72 106 
2.02 124 
n.d. 119 
3.20 84 
2.66 160 
5.52 49 
2.60 79 
1.58 121 
0.67 125 
0.57 136 

mg/dl 
138 3.63 3/3 

3/3 
118 3.72 
130 3.79 
129 3.53 
113 4.17 
106 n.d. 
158 4.14 3/3 
107 4.58 3/3 

2/2 166 8.91 
168 13.6 2/2 
120 3.21 3/3 
193 3.90 4/4 
133 5.38 4/4 

Patient B was sampled on five different occasions as indicated; n.d., not determined. 

38 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


lipid. ApoE-containing HDL routinely had a diameter 
between 9 and 18.5 nm, as determined by comparison 
with molecular standards. This size range was con- 
firmed by running samples and standards to equilib 
rium (3,000 volt hours) in 3-2476 or 3-35% gradient 
gels. The presence in plasma of a y-migrating apoE-rich 
lipoprotein with a size between 12 and 16 nm has been 
reported previously and has been termed yLpE (28). 
We have subsequently classified the other apoE-con- 
taining HDL subpopulations as pre-P1-LpE, pre-P2-LpE, 
and a-LpE, corresponding to their electrophoretic mi- 
gration in the first dimension (Fig. l ) .  Within each of 
these subfractions, a number of different-sized subpop- 
ulations were evident, though their number and resolu- 
tion vaned from one subject to another. At least five or 
six apoE-reactive spots were identifiable in the pre-P2- 
LpE fraction. 

We have assumed that the presence of different apoE- 
containing HDL-sized subfractions after two-dimen- 
sional gel electrophoresis is an accurate reflection of 
the presence of different subpopulations in vivo. It is 
possible, however, that the heterogeneity of the LpE 
fraction was in part due to the separation procedure 
itself (i.e., during the &h agarose gel separation, trans- 
fer of apoE or lipid led to the formation of particular 
apoE-containing particles which were not normally 
present in circulating plasma). Although this possibility 
cannot be totally excluded, experiments with agarose 
gels containing 0.3% albumin (designed to stabilize 
particles during electrophoresis) and experiments in- 
volving a separation of 1 h 45 min (at 170 V) rather than 
8 h (at 100 V) did not result in significant alteration of 
the LpE subpopulation distribution (data not shown). 

In order to establish the relationship of apoEcon- 
taining HDL subpopulations with lipoproteins con- 
taining apoA-I, apoA-11, or apoC-111, the same plasma 
sample was separated in four separate gels. After elec- 
trophoresis, proteins were transferred to nitrocellulose 
and each membrane was immunoblotted with a differ- 
ent “’I-labeled affinity-purified antibody (shown for 
subject B (sample 3) in Fig. 2). Reactivity to the four 
apolipoproteins in HDL-sized lipoproteins was com- 
pared by superimposing films according to the position 
of radioactively labeled standards on each side of the 
gel. The position and two-dimensional pattern of apoA- 
I-containing lipoproteins was comparable to that re- 
ported previously by others (13, 14). Pre-P1- and pre-P2- 
LpA-I fractions were clearly identifiable (as indicated in 
Fig. 2). Pre-P:3-LpA-I (normally seen above pre-P2-LpA-I 
(34)) was not detected in the plasma of subject B in 
Fig. 2. Pre-P,LpA-I was, however, observed in two other 
subjects, and this lipoprotein fraction co-migrated with 
the largest-sized subfractions of pre-P-LpE. ApoA-I1 was 
found in the same region of the gel as apoA-I, and co- 

migrated with pre-PrLpA-I. ApoCIII also had a pattern 
of distribution similar to apoA-I and two bands of apoC- 
I11 co-migrated with pre-PTLpA-I. When the apoA-I, 
apoA-11, and apoGIII-containing regions of the gel were 
compared to that of apoE (shown diagramatically in 
Fig. 3), the apoEcontaining subfractions tended to 
have a slower electrophoretic mobility (the majority of 
HDL apoE had pre-P migration) and tended to be 
larger in size (migrated above a-LpA-I subfractions) . 
The most intensely stained pre-PTLpE subpopulation 
(the fifth pre-&LpE spot from the top in Fig. 2) corre- 
sponded to the second band (containing two spots) of 
(smaller sized) pre-PTLpA-I. The first spot of (larger 
sized) pre-P2-LpA-I corresponded to the fourth band of 
pre-P2-LpE. In addition, apoA-I, apoA-11, and apoC-I11 
were detected in the same region of the gel as small 
pre-P2-LpE and a-LpE (Fig. 3). No apoB-100 (as de- 
tected with monoclonal antibody MB47 (32)) was found 
in association with apoEcontaining HDL-sized subfrac- 
tions (data from two separate experiments not shown). 

As previous studies had investigated human plasma 
y-LpE (28, 29), subsequent experiments focused on 
pre-PI-LpE, pre-P2-LpE, and a-LpE, which represented 
>90% of apoE in HDL-sized lipoproteins (as assessed 
by densitometric scanning of radiographic films). HDL 
containing apoE had previously been described as hav- 
ing a-electrophoretic mobility in agarose gels (28, 35); 
however, we consistently observed that the majority of 
apoE in HDL-sized lipoproteins migrated with pre-P 
mobility and only a small proportion co-migrated with 
a-migrating HDL lipid (Fig. 1 ) .  This was substantiated 
by separating lipoproteins by automated gel filtration 
chromatography (on an FPLC system), a separation 
technique which, unlike ultracentrifugation (UTC), 
does not cause dissociation of apoE from lipoprotein 
particles (36). FPLC-isolated apoE-containing HDL 
(21) had fast pre-P or slow a-mobility in one-dimen- 
sional agarose gels (data not shown). 

During the course of the present studies, it became 
apparent that the HDLapoE subfraction distribution of 
plasma samples stored at 4°C was not stable over time. 
Experiments were therefore carried out to determine 
the effect of time and temperature of storage on plasma 
HDL-apoE subfraction distribution. As shown for 
plasma from subject C (Table 1) in Fig. 4 (a-d), keeping 
the sample at room temperature for 150 min or storing 
the sample at 4°C for 4 days resulted in a reduction of 
pre-P1-LpE (compared to plasma separated immedi- 
ately). Almost complete disappearance of pre-P1-LpE 
was observed when the plasma sample was incubated 
for 90 min at 37°C (Fig. 4d). These results showed that 
storage of plasma at 4°C caused the disappearance of 
pre-P,-LpE, but did not result in the appearance of 
HDLapoE particles different from those that were pres- 
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Fig. 2. Presence of  apoE in HDL-sized lipoproteins separated by two-dimensional electrophoresis from the 
plasma of subject R (sample 3, Table I ) ,  in comparison with the presence of  apoA-I, apoA-11, and apoCXl1 (as 
indicated). On the left- and right-hand sides of each gel are molecitlar standards, as shown in Fig. 1. Different 
HDI. subpopulations are indicated with arrows. 

ent in freshly separated plasma. This, however, was not 
the case for all subjects, and the characteristic pattern 
of changes for these latter individuals (n = 3) is exem- 
plified by the plasma of subject B (sample 5, Table l ) ,  
which was stored at 4°C with and without preservatives 
(Fig. 4 e-g) . Partial disappearance of pre-PI-LpE was as- 
sociated with the appearance of smaller-sized a-migrat- 
ing fractions (indicated with horizontal arrows in Fig. 
4f and 4g), in addition to the appearance of smaller 
pre-PI-LpE particles (-9 nm). The appearance of these 
subfractions could not be inhibited by the addition of 
a cocktail of preservatives at the time of plasma separa- 
tion, which included an LCAT inhibitor (dithiobis-2-ni- 
trobenzoic acid, DTNB), a preservative (sodium azide), 
and a protease inhibitor (aprotinin) (Fig. 4g). Decrease 
in pre-PI-LpE (10-13 nm) and increase in smaller pre- 
PI-LpE (-9 nm) was also observed after plasma was fro- 
zen for periods of 2 weeks to 3 months (data not 
shown). The effect of freezing was not, however, as 
great as the effect of storage for 4 days at 4OC, and it is 
unclear whether this effect was a result of the freezing 
process itself o r  was caused by thawing of samples by 

bringing them to room temperature over a 40-min pe- 
riod. 

In order to determine whether the lability (disap 
pearance) of pre-PI-LpE during plasma incubation at 
37°C was dependent on cholesterol esterification, 
plasma samples (from three individuals) were incu- 
bated at 37°C in the presence or absence of dithiobis- 
2-nitrobenzoic acid (DTNB), an inhibitor of lecithin: 
cholesterol acyltransferase (LCAT)-mediated choles- 
terol esterification. As shown for subject D (Table 1) in 
Fig. 5, plasma incubation resulted in almost complete 
disappearance of pre-PI-LpE, and DTNB did not inhibit 
this effect. In two of the three subjects, less than 10% 
of pre-P,-LpE remained after incubation with DTNB (as 
exemplified in Fig. 5), and for the remaining subject 
there was complete disappearance of pre-P,-LpE. Re- 
duction in pre-PI-LpE during plasma incubation is a p  
parently a consequence of apoE redistribution from 
HDL to less dense fractions, as total plasma HDL apoE 
concentration decreased 30-40% during incubation, as 
assessed by measuring apoE concentration in HDL iso- 
lated by FPLC (21). DTNB was (as expected from the 
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ApoE 
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Fig. 3. Diagram showing the position of apoE-containing HDL in relation to HDL. apoA-I. apoA-II, and apoClll after two-dimensional gel 
elrctrophoresis. The arrows at the top of  each diagram represent (from left to right) the pre-p,-, pre-Pr, and a-regions of the gel. The spots 
on either side of each diagram represent the high and low molecular size standards which were used to superimpose regions of apolipoprotein 
reactivity. 

work of Miida et al. (37)) able to totally prevent the 
disappearance of pre-pLpA-I (the band of pre-pmigrat- 
ing apoA-I in lane A but not lane B in the gel at the 
bottom right of Fig. 5), indicating that DTNB was in- 
deed active in these experiments. 

The potential of HDL-apoE distribution to be af- 
fected by in vitro modification of plasma samples during 
storage is clearly evident from the aforementioned ex- 
periment.. . When samples were handled carefully, how- 
ever (Le., blood was immediately placed in ice and 
plasma was kept below 4OC before prompt separation by 
electrophoresis), a very reproducible pattern of HDL 
apoE distribution could be obtained for the same indi- 
vidual sampled on different occasions. This is illustrated 
by the data in Table 2 showing the relative distribution 
of apoE between HDL subpopulations, as determined 
by densitometric scanning of radiographic films. Re- 
sults are given for three subjects (A, B, and C, Table 
1), who were sampled on three occasions in the case of 
subject A and C, and on five occasions (spanning a 5- 
month period) in the case of subject B. HDL-apoE sepa- 
rations for subject B appear in Figs. l ,  2, 4, 6, and 7. 
For all three subjects, the majority of HDL-apoE was 
found in pre-pLpE (-30% associated with pre-PI-LpE 
and 40-50% associated with pre-pTLpE), about 25% 
was associated wi'th a-LpE, and less than 10% was found 
as yLpE. Results for samples obtained on different occa- 
sions were reproducible, as exemplified by the plasma 
analyzed on five different occasions (from subject B), 
where the standard deviation was 11% or less for the 

major electrophoretic subpopulations. Results for 
LpE were less consistent. The number of different-sized 
fractions in each electrophoretic region (indicated by 
numbers in parentheses in Table 2) also differed to 
some extent, which may have been due to physiological 
or methodological variability. A larger number of differ- 
ent-sized lipoprotein subfractions were consistently oh 
served in the pre-PTLpE fraction compared to pre-PI- 
LpE or a-LpE. 

During the course of screening the plasma of differ- 
ent subjects, we noted that the distribution of apoEcon- 
taining HDL subpopulations was in part dependent on 
apoE phenotype. This effect is demonstrated in Fig. 6, 
in which the separation of apoE-containing HDL is 
shown for two subjects with an apoE 2/2 phenotype, 
two subjects with an apoE 3/3 phenotype, and two s u h  
jects with an apoE 4/4 phenotype. On the left-hand side 
are gels for normolipidemic subjects and on the right 
are gels for mildly hypertriglyceridemic individuals (as 
documented in Table 1). In general, subjects with an 
apoE 2/2 phenotype had a greater proportion of a- 
LpE, whereas individuals with an apoE 4/4 phenotype 
had a greater proportion of pre-P,-LpE. Heterozygotic 
subjects (with an apoE 3/2 or apoE 4/3 phenotype) 
tended to have an LpE distribution intermediate be- 
tween those of respective homozygotes, although some 
exceptions were observed. These data therefore sug- 
gested that the presence of a more basic apoE pheno- 
type (apoE 2) caused more HDLapoE to migrate as 
a-LpE, and a more acidic apoE phenotype (apoE 4) 
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Fig. 4. Effect of time and temperature of plasma storage on the distribution of apoE between HDLsized lipoprotein subfractions. Top panel: 
plasma from siibject C was (a) kept in ice and electrophoretically separated within 30 min, or (b) maintained at room temperature (22°C) 
for 150 min, (c) stored for 4 days at 4OC, or  (d) incuhated for 90 min at 37OC, before heing separated by two-dimensional electrophoresis. 
Decrease in pre-P,-LpE is evidenced hy the reduction of apoE immunoreactivity in the pre-P,-LpE region of each membrane (indicated with 
arrow). Bottom panel: plasma from subject B (sample 5,  Table 1) was (a) kept in ice and separated within 30 min or was stored for 4 days 
at 4°C in the (b) presence or (c) absence of a preservative cocktail containing an LCAT inhibitor (dithiobis-2-nitrobenzoic acid, DTNB), a 
preservative (sodium azide), and a protease inhihitor (aprotinin), before being separated by twdimensional electrophoresis. Pre-P,LpE in 
freshly separated plasma (indicated in panel e) was less evident in stored plasmas, and in this sample disappearance of pre-P,-LpE was associated 
with the appearance of smaller?iized pre& and a-migrating suhfractions (indicated by horizontal arrows in f and g). 

caused more HDLapoE to migrate as pre-P,-LpE; how- 
ever, apoE phenotype was clearly not the sole determi- 
nant of apoE subfraction distribution. 

In order to study different HDL apoE subpopulations 
in a more physiological context, HDL-apoE distribution 
was determined in three subjects after an overnight fast 
and then at 2-h intervals for 8 h after the ingestion of 
an oral fat load (liquid cream). The aim of these experi- 
ments was to determine which subfraction of apoEcon- 
taining HDL was most active in donating and/or ac- 
cepting apoE during postprandial plasma triglyceride 
lipolysis. Results for two subjects (B (sample 2) and D, 
Table 1) are shown in Fig. 7. Plasma HDL apoE concen- 
tration decreased significantly after the fat load and re- 
turned to fasting levels within 8 h. HDL-apoE subpopu- 
lation distribution was qualitatively very similar in 
plasma obtained before and 8 h after the fat load. In 
general, a postprandial decrease and then increase in 
apoE was observed for all HDL subfractions, and we 
were unable to identify a specific subfraction that was 
quantitatively more important in donating or accepting 
apoE during the postprandial period. 

DISCUSSION 

We have identified different plasma apoE-containing 
HDLsized lipoprotein subpopulations separated on the 
basis of charge and size by two-dimensional gel electro- 
phoresis. HDLapoE subfractions had either y, pre-P,-, 
pre-P2-, or a-electrophoretic mobility (designated y 
LpE, pre-P,-LpE, pre-PTLpE, and a-LpE, respectively), 
which varied in size from 9 to 18.5 nm in diameter. In 
most subjech, pre-()-migrating LpE was the predomi- 
nant apoEcontaining HDL subpopulation and in gen- 
eral 5 to 6 different-sized lipoprotein species were de- 
tected in this fraction. 

The two-dimensional electrophoretic separation of 
plasma apoEcontaining lipoproteins in the HDL size 
range has been documented previously (29, 35, 38). 
The majority of this work has focused on yLpE, a lipo- 
protein fraction which has been proposed to be an im- 
portant initial acceptor of cellderived cholesterol (28). 
We have focused in the present study on the remaining 
HDLsized apoE subfractions, which account for >90% 
of HDL apoE (Table 2). These subfractions have an 
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A. Control Plasma B. Plasma incubated 
for 90 min at 37O C 

0 P pre-8 a 
r 

A. 

B. 

C. 

ApoE 

k 

B. 

C. 

C. Plasma incubated 
for 90 min at 37O C+DTNB 

0 B pre-0 a 

ApoAl 

Fig. 5. Effect of plasma incubation on the distribution of apoE in HDL subpopulations in the presence and 
absence of an LCAT inhibitor. A control plasma which was kept in ice for 90 min; B plasma incubated for 
90 min at 37OC in the absence of enzyme inhibitor; C plasma incubated for 90 min at 37°C in the presence 
of an LCAT inhibitor (dithiobis-2-nitrobenzoic acid, DTNR). The plasma sample was obtained from subject 
D (Table 1 ) .  Top panels show the presence of apoE-containing HDL subpopulations after two-dimensional 
gel electrophoresis. The bottom two panels show the presence of apoE (left-hand side) and apoA-I (right-hand 
side) in lipoproteins from the same pla5ma samples separated by one-climensional agarose gel electrophoresis. 
Plasmas were applied at the origin (labeled “0”). 

agarose gel electrophoretic mobility similar to VLDL 
lipid and VLDL apoE (Fig. 1) and are thus predomi- 
nantly pre-pmigrating lipoproteins. A fraction of HDL 
apoE migrates with slow a-mobility (referred to as 
a-LpE) and in subjects with an apoE 3/3 phenotype 
this represents -25% of HDL apoE (Table 2). 

A number of factors are probably responsible for dif- 
ferences in charge (and hence agarose gel electropho- 
retic mobility) of different HDLapoE subfractions. Da- 
vidson et al. (39) have studied the molecular basis for 
the difference in agarose electrophoretic mobility of 
pre-P and a-migrating apoA-Icontaining HDL, and 
have shown that their net charge is determined by: I) 
the presence of negatively charged phosphatidylinositol 
molecules on the surface of HDL, and 2) the conforma- 
tion of constituent apolipoproteins, determined by the 
presence of neutral core lipid esters and the subsequent 
shape of HDL particles (i.e., the disc and spherical shape 
of pre-p and a-migrating HDL, respectively). yLpE lipo- 
proteins have previously been shown to be spherical (28), 

but the shape of other LpE subpopulations has not been 
determined. The shape and lipid composition of LpE li- 
poproteins probably influences their overall charge, as 
does the number and/or conformation of apoE mole- 
cules (40) on each particle. The phenotype ofapoEisalso 
able to influence the agarose electrophoretic mobility of 
LpE (Fig. 6), and the presence of a more basic apoE phe- 
notype (apoE 2) causes more HDLapoE to migrate as a- 
LpE, and a more acidic apoE phonotype (apoE 4) results 
in more HDLapoE as pre-P1-LpE. 

It is well recognized that apoE is an apolipoprotein 
that readily exchanges between different lipoproteins 
in the circulation (18). We have, however, been able to 
obtain a reproducible pattern of HDLapoE subfraction 
distribution (Table 2), provided that the processing of 
blood and plasma samples was carefully controlled (i.e., 
blood was immediately placed in ice, and plasma was 
maintained below 4OC before prompt separation by 
electrophoresis). This protocol was necessaly in order 
to avoid the tendency for pre-P,-LpE to disappear after 
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TABLE 2. Relative distribution of apoE between HDL subpopulations as determined by densitometric 
scanning of radiographic films used to detect the presence of apoE in lipoproteins separated bv two- 

dimensional gradient gel electrophoresis 

Rclativr lnteti\ity (%)  
Subject 
Sample No. y1.pt.: Pre-P,-l.pE Pre-P,-LpE a-l,pk. 

._ 

A 
1 4.1 (2)’ .  29.0 (2) 38.3 (5) 28.6 (2) 
2 8.4 ( 1 )  24.8 (1) 44.6 (6) 22.1 ( 3 )  
3 nd 23.9 (1) 51.5 (6) 24.5 (2) 

1 10.6 (3 )  2 9 5  (3)  39.5 (ti) 20.4 ( 3 )  
2 1.4 (2) 30.3 ( 3 )  42.6 (6) 25.6 (4) 
3 7.1 (2) 30.7 (3) 41.5 (7) 20.7 (3)  

> 5 . 9  (2) 34.1 ( 3 )  38.7 (5) 21.9 ( 2 )  

1 nd 24.0 (2) 48.6 (ti) 27.5 (2) 
2 l l t l  22.5 ( 3 )  50.2 ( t i )  27.3 (2) 
3 l l t l  30.0 ( 2 )  42.3 (6) 27.7 (2) 

4.2 2 4.2” 25.9 rt 2.7 44.8 * 6.6 25.1 -c 3.3 
B 

4 Ild 32.1 ( I )  43.9 (5) 24.1 (4) 

4.0 t 4.3 31.3 -+ 1.6 ‘41.2 2 1.9 22.5 & 2.3 
(: 

25.5 rt 4.0 47.0 rt 4.2 27.5 L 0 . 2  

“Numbers in parentheses represent the nunilxi- of apoE spots detectable in each subfraction; i d ,  not 

“Mean values (5 SD) arc slioun for each s\ibpoPiLla~ion. 
detectable. 

plasma isolation. The lability of pre-P,-LpE was evi- 
denced by a reduction of pre-Pl-I,pE in plasma main- 
tained at room temperature, in plasma stored for 4 days 
at 4”C, or in plasma incubated in vitro (90 min at 37°C) 
(Fig. 4). The disappearance of pre-PI-LpE in these cases 
could have been due to: a) conversion of pre-P,-LpE 
lipoproteins to other HDL or non-HDL fractions; b) 
transfer of apoE to other HDL or non-HDL fractions; 
c) modification of apoE (e.g., dimerization) resulting 
in a change in pre-P,-LpE electrophoretic mobility; or 
d) proteolytic degradation of apoE. Disappearance of 
pre-P,-LpE was not, however, prevented by protease or 
LCAT inhibition (Figs. 4 and 5), suggesting that neither 
proteolysis nor cholesteryl ester esterification was re- 
sponsible. As the sulfhydryl reagent DTNB (used in the 
present experiments to inhibit LCAT) also inhibits di- 
merization, this mechanism can also be excluded. Evi- 
dence for redistribution of apoE to lower density lipo- 
proteins was obtained when plasma was incubated at 
37”C, and in storage experiments conducted at 4°C evi- 
dence was obtained for the appearance of apoE-con- 
taining HDL particles that were not present in freshly 
separated plasma (Fig. 4). The lability of plasma pre-pl- 
LpE, therefore, appears to be associated with a redistri- 
bution of apoE to less dense lipoproteins or in certain 
cases, results in the production of HDL species not pres- 
ent in freshly separated plasma. The factors responsible 
for the lability of pre-P,-LpE deserve further study, and 
this phenomenon clearly needs to be carefully con- 
trolled in studies (28, 29) that are carried out to assign 

a physiological role to electrophoretically separated 
apoE-containing HDL-sized lipoproteins. 

We have found that after electrophoretic separation, 
a significant proportion of HDL-sized lipoproteins con- 
taining apoE did not co-migrate with apoA-I, apoA-11, 
apoC-111, or apoB-100 (Figs. 2 and 3),  suggesting that 
these lipoproteins ( ix . ,  large pre-P-LpE) contain apoE 
as their major apolipoprotein component. Castro and 
Fielding (36) have shown, using affinity chroniatogra- 
phy, that all apoE in plasma of normolipidemic individ- 
uals is associated with either apoA-I or apoB. However, 
in diabetic and KAT-deficient patients, apoE unassoci- 
ated with apoA-I and apoB can be detected (41, 42).  
Furthermore, y-LpE (28 )  and apoE HDL, (cholesterol- 
enriched HDL induced by cholesterol feeding (43)) 
have apoE as their only apolipoprotein component. 
The balance of evidence thus suggests that plasma 
apoE-containing lipoproteins exist that do not contain 
apoA-I or apoB. These lipoproteins have a size similar 
to HDL; however, it is a misnomer to call these particles 
“high density lipoproteins” as they do not float in the 
typical HDL density range (i.e., 1.063 < d < 1.21 g/ 
ml), nor do they contain apoA-I, the characteristic struc- 
tural apolipoprotein of HDL. They nevertheless appear 
to have a metabolic function similar to HDL by playing 
a role in reverse cholesterol transport. 

After the ingestion ofa fat-rich meal, circulating HDL 
is a source of apoE (and other apolipoproteins includ- 
ing apoC-11) necessaiy for the efficient clearance of  
plasma triglyceride-rich chylomicrons. Initially, apoE is 

44 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


apo E212 

apo E313 

apo E414 

+ + +  + + +  of apoE among HDL subpopulations is maintained con- 
stant. 

Although apoE has been implicated in a number of 
different aspects of HDL metabolism, the physiological 
roles of HDL apoE need to be further defined. HDL 
containing essentially apoE alone (apoE HDL, ) have 
been isolated from the plasma of cholesterol-fed dogs 
(43). These lipoproteins are rapidly cleared from circu- 
lating plasma by the liver, due to efficient uptake by 
hepatic parenchymal cells through specific receptor- 
mediated recognition of apoE (22). It has therefore 
been proposed that apoEcontaining HDL play an im- 
portant role in reverse cholesterol transport (45), by 
acting as specific vehicles for direct cholesterol delivery 
to the liver. The direct interaction of apoE-HDL with 
hepatic cells is supported by the observation that he- 
patic lipasecatalyzed hydrolysis of phospholipid mono- 
layers is activated by apoE (46) and that hepatic lipase 
preferentially hydrolyzes the phospholipids of apoE- 
rich HDL (23). ApoEcontaining HDL also appear to 
play a role in the process of plasma cholesterol esterifi- 
cation, as evidenced by the accumulation of apoE-rich 
HDL in the plasma of subjects with familial lecithin: 

nr lr’ 
Fig. 6. Elrect ofapoE phenotype on H1)L;apoE subfraction distrihu- 
tion. Representative gels are shown for six individuals, having an apoE 
2/2 (top panels. sithjects E and F) ,  apoE J / J  (middlc panels, sample 
4, sitbject 1% and sitbiect G) or apoE 4 /4  phenotype (bottom panels, 
siihjecL5 H and I )  (Table 1 ) .  The arrows at the top of cach diagram 
represent (from left to right) the prc-p,-, pre-p,.. and a-regions of the 
gel. Plasma triglyceride concentration was elevated t o  a similar extent 
in  suhjects F, G, and I (right-hand panels). 

transferred from HDL to chylomicrons (27), and dur- 
ing triglyceride hydrolysis apoE is transferred back to 
HDL (44). This transfer of apoE is associated with an 
initial postprandial increase in the plasma concentra- 
tion of TRL apoE and decrease in the concentration of 
HDL apoE. Reciprocal changes occur 4 to 8 h after 
meal-feeding (27). In order to establish the relative im- 
portance of HDL apoE subfractions in either donating 
or accepting apoE during the postprandial period, the 
HDL apoE subfraction distribution of healthy normoli- 
pidemic subjects was determined in the fasted and fed 
state (Fig. 7). The apoE content of all HDL subfractions 
decreased postprandially in parallel with the initial de- 
crease in HDL apoE concentration. Similarly, at later 
postprandial time points, the apoE content of all HDL 
subfractions increased as plasma HDL apoE concentra- 
tion returned to its fasting level. We have, therefore, 
been unable to identify an HDLapoE subfraction that 
plays a quantitatively more or else less significant role 
in lipoprotein transfer of apoE in the postprandial state. 
These results also provide evidence that under nor- 
mal physiological conditions, relative distribution 

cholesterol acyltransferase (LCAT) deficiency (24) and 
by the ability of discoidal lipid complexes containing 
apoE to activate LCAT in vitro (25). ApoE-rich HDL 
also accumulate in the plasma of hyperalphalipopro- 
teinemic subjects with plasma cholesterol ester transfer 
protein (CETP) deficiency (26) and in hamsters with 
reduced plasma CETP activity caused by subcutaneous 
injection of CETP neutralizing monoclonal antibody 
(47). In vitro experiments have not, however, s u p  
ported a direct role of HDL apoE in CETP-mediated 
cholesteryl ester transfer (48, 49). In addition (and x 
already mentioned), HDL-apoE is involved in mediat- 
ing the efficient metabolism of postprandial TFU (27) 
and in mediating the efflux of cellderived cholesterol 
(28, 29). Clearly, additional studies are required to de- 
fine how the distribution of apoE among HDL subfrac- 
tions is affected by these processes. It is also of interest 
to know how HDL-apoE subfraction distribution influ- 
ences the putative ability of HDL-apoE to protect 
against the development of atherosclerosis (50, 51). 

In conclusion, the present results have shown that: 
I) apoEcontaining HDL are heterogeneous in size and 
charge; 2) pre-P,-LpE is a relatively labile HDL subfrac- 
tion; 3) HDL-apoE subfraction distribution is depen- 
dent on apoE phenotype; and 4) all apoEeontaining 
HDL subfractions participate in the plasma transfer of 
apoE during the postprandial period. In addition, the 
present experiments point out the importance of using 
fresh and carefully prepared plasma samples for accu- 
rate two-dimensional electrophoretic analysis of apoE- 
containing subfractions.iU 
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Fig. 7. Plasma HDLapoE concentration and HDLapoE subpopulation distribution in two normolipidemic subjects fed an oral fat load ( A  
subject B, sample 2 and B: subject D (Table 1 ) ) .  After an overnight fast, subjects were given a liquid cream drink containing 1 gram fat per kg body 
weight. Blood samples were obtained in the fasting state (0 h) and then at 2-hour intervals for 8 h. ApoE-containing HDL were isolated by gel 
filtration chromatography (FPLC) and plasmaconcentration ofapoE in this fraction wasdetermined (see Methods). ApoE-containing HDLsubpop 
ulations were separated from plasma at each time point and are identified with arrows for plasma obtained in the fasting state (Toll). 
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