ASBMB

JOURNAL OF LIPID RESEARCH

I

Apolipoprotein E-enriched lipoprotein subclasses in

normolipidemic subjects

Joyce Corey Gibson, Ardon Rubinstein, Phillip R. Bukberg, and W. Virgil Brown

Division of Arteriosclerosis and Metabolism, Department of Medicine, Mount Sinai School of Medicine,

New York, NY 10029

Abstract This study was undertaken to objectively define the
lipoprotein association of apoE without ultracentrifugation
and represents a description of three distinct apoE-containing
lipoprotein (LP) subclasses in normal human plasma. The li-
poproteins of whole plasma were fractionated in a continuous
manner by molecular sieve chromatography using 4% agarose
and the elution profile of apoE was compared to that of apoB,
apoA-I, cholesterol, and triglyceride. The data show that all
apoE in normal subjects is LP-associated and is confined to
three discrete LP subfractions of characteristic size. The larg-
est (fraction I), appears to be a subclass of very low density
lipoproteins (VLDL). The other two, however, are distinct in
size from the major cholesterol-carrying LP; fraction II is in-
termediate in size between VLDL and the major apoB-con-
taining lipoprotein, LDL; and fraction III is larger than the
major apoA-I-containing lipoproteins, HDL, but smaller than
LDL. Parallel chromatography of supernatant and infranatant
fractions obtained after uitracentrifugation of serum at each
of three different densities, 1.006, 1.019, and 1.063 g/ml
confirmed that fraction I is of density less than 1.006 g/ml,
but that fractions 11 and III overlap the conventional density
intervals.—Gibson, J. C., A. Rubinstein, P. R, Bukberg, and
W. V. Brown. Apolipoprotein E-enriched lipoprotein sub-
classes in normolipidemic subjects. J. Lipid Res. 1983.
24: 886-898.

Supplementary key words agarose chromatography ¢ radioimmu-
noassay * apoA-I » apoB

Although ultracentrifugation has provided a valuable
basis for broad categorization of the major plasma li-
poproteins (LP), there is growing evidence of physical,
chemical, and metabolic heterogeneity within classes.
The traditional density classification is based on the rel-
ative proportions of polar lipid, nonpolar lipid, and pro-
tein in a LP molecule. No distinction is usually made,
however, between LP of similar density but different
apolipoprotein composition. The apolipoprotein family
concept introduced by Alaupovic (1) is one exception.
This proposal remains inadequately tested, however,
due to the lack of appropriate techniques that separate
lipoproteins based on apoprotein composition. At least
10 specific lipid-binding apolipoproteins have been
identified as integral components of LP molecules. In
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view of the unique structural and functional roles which
have been attributed to these apolipaproteins, the apo-
lipoprotein composition of individual'LP particles may
underlie the significant metabolic heterogeneity dem-
onstrated for LP classes separated by buoyant density.

Recent studies have identified apolipoprotein E (apoE)
as a particularly important regulator of LP/cellular in-
teraction. ApoE is a single polypeptide chain of 299
amino acids with a molecular weight of approximately
34,000 daltons, depending on its degree of glycosylation
and on the specific isoprotein. Studies in vitro and in
situ have suggested that apoFE facilitates the hepatic re-
moval of LP’s or triglyceride emulsions (2-4). This may
be a reflection of the fact that apoE interacts with the
LDL receptor (5) and that an additional receptor spe-
cific for apoE exists in hepatic tissue (6, 7). Questions
remain, however, as to whether the specific association
of apoE with other apolipoproteins and lipids may fur-
ther modify the capacity of a LP to interact with cells.

The concept that LP subfractions relatively enriched
in apoE exist in plasma is not new. Heparin-Sepharose
chromatography has been utilized previously to isolate
apoE-containing subfractions of both VLDL (8, 9) and
HDL (10, 11). These studies, however, incorporated an
initial ultracentrifugation step which has been shown to
result in dissociation of apoE from LP (12). In addition,
this affinity technique lacks specificity since apoB also
binds to heparin-Sepharose. ApoE-rich LP within HDL
(HDL,) and VLDL (beta VLDL) of cholesterol-fed an-
imals and humans have also been identified by ultra-
centrifugation and Geon Pevikon electrophoresis (9,
13). However, this approach too has relied on an initial
ultracentrifugation that may alter apolipoprotein com-
position. The potential significance of accurate quan-
tification of these subclasses has been emphasized by the

Abbreviations: apoE, apolipoprotein E; LP, lipoproteins; VLDL,
very low density lipoproteins; IDL, intermediate density lipoproteins;
LDL, low density lipoproteins; HDL, high density lipoproteins; RIA,
radioimmunoassay; TMU, tetramethylurea; IEF, isoelectric focusing.
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association of beta VLDL levels with atherosclerosis in
nonhuman primates (14).

Molecular sieve chromatography using agarose beads
provides a method of separating LP on a preparative
scale without exposure to ultracentrifugal forces. This
procedure has been shown previously to separate the
major LP classes from plasma as well as to subfractionate
VLDL on the basis of molecular size (15, 16). Three
previous studies in humans have attempted to define
the association of specific apolipoproteins within this
spectrum of plasma LP (17-19). Using 6% agarose,
these studies confirmed the known association of apoE
with LP having the size of both. VLDL and HDL, but
this chromatographic medium did not provide sufficient
discrimination among LP having the size of VLDL and
IDL to more precisely define the apoE content in each
of these.

The present study describes the utilization of 4%
agarose column chromatography to define the distri-
bution of apolipoproteins and lipids in whole plasma as
a function of particle size. This medium is preferable
to 6% agarose due to its ability to fractionate molecules
in the size range of VLDL and IDL as well as HDL.
This separation technique, combined with sensitive and
specific radioimmunoassays for apoproteins E, B, and
A-I has shown that in normolipidemic subjects apoE is
associated with three distinct LP subfractions. The first
of these (subfraction I) is coincident with the very low
density lipoproteins where apoE has a distribution fol-
lowing that of triglyceride. Fraction II is slightly larger
than LDL, and fraction III is intermediate in size be-
tween LDL and HDL. Thus, these apoE-containing par-
ticles appear to be unique lipoproteins, distinct from the
major forms of LDL and HDL.

METHODS

Materials

Sephadex G-150 was obtained from Pharmacia Fine
Chemicals (Uppsala, Sweden). Agarose A-15M was pur-
chased from Bio-Rad Laboratories (Richmond, CA).
Bovine serum albumin (fraction V), ovalbumin, lacto-
peroxidase, and Tween 20 were purchased from Sigma
Chemical Co. (St. Louis, MO). Polyethylene glycol-6000
was obtained from J. T. Baker Chemical Co. (Phillips-
burg, NJ); sodium decyl sulfate was from Eastman Ko-
dak Co. (Rochester, NY); and aprotinin (Trasylol®) was
from Mobay Chemicals (New York, NY). Carrier-free
125] was purchased from ICN Chemicals and Radioiso-
topes (Irvine, CA). Reagent kits for cholesterol and tri-
glyceride analyses were obtained from Abbott Labo-
ratories (Chicago, IL) and Calbiochem-Behring Corp.
(LaJolla, CA), respectively. All other reagents were rou-

tinely obtained from Fisher Scientific Co. (Fair Lawn,
NJ). Antibodies raised against the primary immunized
species were purchased from the Pocono Rabbit Farm,
Canadensis, PA.

Lipid analyses

Cholesterol and triglyceride concentrations of plasma
and column fractions were measured by specific enzy-
matic methods using an ABA-100 Analyzer (Abbott
Laboratories, Chicago, IL) (20, 21). Lipoprotein cho-
lesterol levels were determined according to Lipid Re-
search Clinic methodology (22), except that dextran
sulfate and MgCl, were used to precipitate the apoB-
containing LP before measurement of HDL choles-
terol (23).

Isoelectric focusing

Isoelectric focusing was done on VLDL samples pre-
pared by ultracentrifugation at density 1.006 g/ml for
16 hr at 39,000 rpm in a 40.3 rotor in a Beckman L5-
65 ultracentrifuge. After delipidation with 20 volumes
of acetone followed by 20 volumes of isopropanol,
apoVLDL was solubilized in 50 mM ammonium bicar-
bonate containing 4 mM decyl sulfate and focused on
7.5% polyacrylamide gels containing 8 M urea, as de-
scribed by Catapano et al. (24) using an ampholine mix-
ture of 60% pH 5-8 and 40% pH 3.5-5. Gels were
fixed in two changes of 12.5% trichloroacetic acid and
stained with a solution of 0.02% Coomassie G-250 in
3.5% perchloric acid.

Subjects

Normolipidemic laboratory personnel and volunteers
were utilized for analysis of apoE in serum and LP
subfractions. In addition, a series of serum samples (n
= 180) representing a male subset of a normal industrial
population was stored frozen at —80°C. After lipid anal-
ysis, all 108 samples with triglyceride values less than
150 mg/dl were chosen for apolipoprotein analysis. All
blood samples were obtained from antecubital veins of
subjects who had fasted for at least 10 hr.

Column chromatography

A 2.5 X 100 cm glass column was packed in 4% aga-
rose beads (Biogel A-15M, 200-400 mesh) and equili-
brated in 0.01 M sodium barbital, 0.15 M sodium chlo-
ride, 0.01% EDTA, 0.02% sodium azide, pH 7, con-
taining 500 KIU Trasylol per ml, in order to inhibit
proteolytic activity. For fractionation of LP, 5 ml of
plasma (EDTA, 1.0 mg/ml) was applied to the column
at 4°C within 24 hr of collection either with or without
dinitrothiobenzene (DTNB) and lipoproteins were
eluted at 20 ml/hr with the same buffer. Fractions of
approximately 10 ml were collected and weighed to
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determine exact volume in order to calculate precise
elution volumes. The same column was used for all stud-
ies reported with no apparent change in flow rate or
elution characteristics.

The recoveries of each of the apolipoproteins after
gel filtration were determined by comparison of the
plasma concentration assayed directly with the sum-
mation of the mass in each column fraction divided by
the volume of plasma chromatographed. For apoE,
these recoveries were 107.9 + 11.8% (mean =+ standard
deviation). For apoB, 95.7 + 13.3% was recovered, and
102.4 + 8.8% of apoA-I was recovered.

Radioimmunoassay (RIA) of apoprotein E

ApoE purification. ApoE for immunization, standard-
ization, and iodination was purified from VLDL pre-
pared by ultracentrifugation of plasma at d 1.006
g/ml. After a single wash at the same density to remove
serum albumin, VLDL was lyophilized and then deli-
pidated by heptane extraction followed by ethanol-
ether as previously described (25). The apoVLDL was
solubilized in 6 M urea, 0.01 M Tris-HCI, pH 8.2, con-
taining 100 mM sodium decyl sulfate. ApoE was then
separated from other VLDL apoproteins by gel filtra-
tion over a 2.5 X 100 cm column of Sephadex G-150
equilibrated in 6 M urea, 0.01 M Tris-HCI, 4 mM sodium
decyl sulfate, pH 8.2. ApoE thus obtained was slightly
contaminated with the apoC peptides and albumin. A
further purification was achieved by preparative poly-
acrylamide gel electrophoresis or by repeated gel filtra-
tion. The apoE preparation used for immunization and
for standardization was pure as judged by homogeneity
on polyacrylamide gel electrophoresis and by failure to
react by immunodiffusion analysis against anti-apoB,
anti-apoC-III, or anti-human albumin.

Immunization. Antiserum to purified human apopro-
tein E was prepared by immunization of a goat following
the general protocol used for immunization with each
apoprotein antigen. Specifically, an initial injection con-
sisting of 100-200 ug of apoE emulsified in complete
Freund’s adjuvant was followed by two injections of 50—
100 ug of apoE emulsified in incomplete Freund’s ad-
juvant at 2-week intervals. All injections were intrader-
mal at multiple sites on the back. The goat antihuman
apoE serum so generated was monospecific as judged
by Ouchterlony double immunodiffusion. Purified apoA-
I, apoC-I11, apoC-I11, and human serum albumin, as well
as an LDL preparation made free of apoE by application
to an anti-apoE immunoaffinity column, all failed to
displace '**I-labeled apoE in the RIA at protein con-
centrations at least 2000 times that of the level of de-
tection of apoE.

Iodination. Purified apoprotein E was iodinated by the
chloramine T method of Greenwood, Hunter and
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Glover (26) using 50 pg of chloramine T /5 ug of apoE.
A specific activity of 20-35 uCi/ug apoE was usually
obtained. Free '*°I was removed by dialysis against two
1-liter changes of 0.15 M NaCl, 0.01% EDTA, pH 7.4,
followed by dialysis against 1 liter of 5 M guanidine HCI,
0.01 M Tris-HCI, pH 8.0. The '®I-labeled apoE was
then repurified by column chromatography on a 1.5
X 100 cm column of Sepharose CL-6B equilibrated in
5 M guanidine HCI, 0.01 M Tris-HCI, 0.1% ovalbumin,
pH 8.0. Purified '**I-labeled apoE in guanidine-HCl was
then stored directly at ~80°C and diluted in RIA buffer
(Table 1) immediately prior to assay. This tracer was
stable for at least 6 weeks.

Assay. The conditions for the radioimmunoassay of
apoE are summarized in Table 1. The addition of
Tween 20 (0.5%) and of sodium decyl sulfate (2.5 mm)
to the basic borate buffer appeared to provide optimal
displacement curves and to enhance reproducibility.
The use of ovalbumin (0.1%) proved to give greater
sensitivity and better precision than the more common
use of bovine serum albumin. Glass tubes, 12 X 75 mm,
rinsed in 0.01% Tween 20 and then dried, were used
in all assays. Pipetting was performed with a Micromedic
automatic pipetter diluter. A typical assay consisted of
the addition of 100 ul of goat anti-human apoE serum,
diluted 1:25,000 in RIA buffer, to each tube followed
by the addition of 100 gl of test sample or standard with
300 ul of a solution consisting of '?*I-labeled apoFE
(15,000 cpm) and 0.25 ul of normal goat serum. Each
group of assays included a series of standards, five qual-
ity control sera (stored frozen at —80°C in small aliquots
and thawed once), and the test samples, all in duplicate.
In addition, duplicate tubes were included to assess 1)
nonspecific binding by the omission of goat anti-human
apoE serum; 2) maximum binding with excess antibody
by the addition of goat anti-human apoE serum at a
100-fold dilution; and 3) maximum binding at the an-
tibody dilution used for the assay by the omission of
unlabeled apoE. After vortexing, assay tubes were in-
cubated for 2 hr at 37°C and then for 40 hr at 4°C.
Rabbit anti-goat serum (30 ul) was then added to each
tube and incubation was continued for an additional 24
hr. Polyethyleneglycol 6000 (PEG) was then added to
a final concentration of 10%. The addition of PEG re-
duced the amount of second antibody required and did
not increase the nonspecific binding. Bound antigen was
separated from free antigen by centrifugation at 2500
rpm (1500 g) in a Beckman centrifuge for 30 min.

Initially, purified apoE was used as standard for this
assay. The protein content of the apoE standard was
determined by the method of Lowry et al. (27) using
bovine serum albumin as standard. A more reproduc-
ible and stable standard curve was obtained, however,
when a serum sample was calibrated against this purified
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TABLE 1. Summary of apolipoprotein RIA conditions

ApoA-l ApoB ApoE
Buffer 0.1 M borate, 0.1 M borate, 0.1 M borate,
3% BSA, 3% BSA, 0.1% Ovalbumin,
0.5% Tween 20, 0.5% Tween 20, 0.5% Tween 20,
pH 8.5 5 mM decyl SOy, 2.5 mM decyl SOy,
pH 8.5 pH 8.5
Nonspecific binding 3% 1% 3%
Maximum binding 88-92% 82-86% 78-85%
Working range 2-100 ng/ml 0.2-30 ug/ml 1-100 ng/ml
Coefhicients of variation:
Within assay 4.9% 4.8% 8.1%
Between assay 9.0% 8.7% 12.1%
Normal values
Males: 1.34 + 0.25 mg/ml 1.14 + 0.30 mg/ml 46.7 £ 16.3 pg/ml
(n = 108) (n = 108) (n = 108)

apoE primary standard and used routinely as secondary
standard. Specifically, the serum to be calibrated was
assayed against the purified apoE standard in duplicate
in ten different assays and the average apoE concentra-
tion determined (42.0 *+ 6.7 ug/ml) was used as the
true apoE concentration of the secondary standard.
This serum was stored at —80°C and used in multiple
dilutions as standard for all assays.

Coefficients of variation were determined by re-
peated analyses of the five quality control sera. The
within assay coefhicient of variation (8.1%) was calcu-
lated as the average of the coefficient of variation (stan-
dard deviation/mean X 100) of five replicates of five
quality control sera measured in a single assay. The be-
tween assay coefficient of variation (12.1%) represented
the average of the coefficients of variation for each of
the five quality control sera assayed in 14 different as-
says.

Validation of the RIA for apoE. A necessary condition
for the validation of any radioimmunoassay is the dem-
onstration that measured values are independent of di-
lution over the working range. In Fig. 1, the logit-log
graph of the displacement of '**I-labeled apoE by mul-
tiple dilutions of standard serum, VLDL, and HDL is
graphed. The parallelism of these curves confirms this
condition for the assay of apoE. In a separate assay, this
secondary serum standard was shown to displace in par-
allel with purified apoE (slopes of logit/log plots were
—1.044 and —1.039, respectively).

Since accurate measurement of apolipoproteins is fre-
quently confounded by the apparent masking of anti-
genic sites by associated lipid, each apolipoprotein RIA
was tested to verify that each apoprotein antigen was
fully exposed under the usual assay conditions. For
apok, this antigenic expression was tested in two ways.
In the first place, three serum samples, nine VLDL sam-

ples from hypertriglyceridemic and normal subjects,
and six HDL preparations were delipidated using ace-
tone-isopropanol. The apoE concentration before and
after delipidation was determined. After correction for
an 8% loss of apoE that occurred during delipidation
(assessed by inclusion of '#I-labeled apoE), the average
ratio of the apoE value before delipidation to the value
after delipidation was 1.10 = 0.24 (n = 18), indicating
that even in the presence of high triglyceride levels, all
apoE was measured.

In addition, a known quantity of purified apoE was
added in varying proportions to one normolipidemic
and one hypertriglyceridemic (TG = 379 mg/dl) plasma.
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*x o VLDL - 0.945 (0.012)
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Fig. 1. Logit-log plot representing the displacement of '**I-labeled
apokE by serial dilutions of human serum, VLDL, and HDL. The iden-
tity of the slopes of the two LP-associated forms of apoE with the
serum standard demonstrate that measurement of apoE is independent
of dilution.
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The recoveries—assessed as the observed/expected
X 100—of eight different combinations ranged from
92.0-135%, (x = 113.5 + 16.8%). We have also mea-
sured the serum apoE levels in 108 males selected for
triglyceride levels less than 150 mg/dl. The average
serum apoE was 46.7 + 16.3 ug/ml. In this total pop-
ulation of males in this latter sample, the plasma apoE
level increased with plasma TG, and the average of the
plasma apoE in the 108 males with TG less than 150
mg/dl was significantly less than that in 70 males with
TG greater than 150 mg/dl. The five quality control
sera used in our assay have been assayed independently
by Dr. C. Blum by a similar RIA procedure (17). The
average of the ratio of the total plasma apoE levels mea-
sured by the present assay to that measured by Dr. Blum
in a single assay was 0.979 % 0.149 with a range of
0.801-1.214.

Radioimmunoassay of apoprotein A-1

Apoprotein A-I purification. ApoA-I for immunization,
standardization, and iodination was purified from HDL
prepared from normal human plasma by a combination
of precipitation and gel filtration. Specifically, apoB-
containing lipoproteins were removed from plasma by
precipitation with dextran sulfate and MgCl; (23). The
supernatant was then exhaustively dialyzed against 0.01
M Tris, 0.01% EDTA, adjusted to density, 1.195 g/ml
with solid KBr, and ultracentrifuged to separate the
HDL from other serum proteins. After a single wash
at this same density, HDL was lyophilized, delipidated
(25), and solubilized in 6 M urea, 0.01 M Tris, 50 mM
dithiothreitol (DTT), pH 8.2. ApoA-l was separated
from other HDL apoproteins by gel filtration overa 2.5
X 100 cm column of G-150 equilibrated in 6 M urea,
0.01 M Tris HCl, and 4 mM DTT, pH 8.2. The major
peak, apoA-I, was further fractionated on DEAE Se-
phacel in 6 M urea using a linear gradient of Tris-HCI
(pH 8.2) between 0.01 and 0.1 M Tris-HCI. This apoA-
I was pure as determined by 10% polyacrylamide gel
electrophoresis in SDS (28).

Immunization. Antiserum to purified apoA-I was raised
in New Zealand white rabbits following the same im-
munization protocol described for apoE. Monospecif-
icity was established by Ouchterlony double immuno-
diffusion and by RIA analysis.

Iodination. Purified apoA-1 was iodinated using the
lactoperoxidase method (29); a specific activity of 20-
35 uCi '%1/ug apoA-I was usually obtained. After di-
alysis against 0.15 M sodium chloride, 0.01% EDTA,
pH 7.4 to remove free '?°1, the '?*I-labeled apoA-1 was
dialyzed against 6 M urea, 0.01 M Tris, pH 8.2, and
purified by gel filtration over a 2.5 X 50 cm column of
Sephadex G-150 equilibrated in 6 M urea, 0.01 M Tris-
HCI, and 0.1% BSA, pH 8.2. Over 99% of the radio-
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activity eluted in a single peak. The peak fractions were
immediately dialyzed against 5 mM ammonium bicar-
bonate, 0.05% Tween 20, and then diluted in 0.1 M
sodium borate, 0.05% Tween 20, and 0.2% BSA. They
were stored in aliquots of appropriate size at —80°C.
This tracer was stable for 6-8 weeks.

Assay. The general conditions for the RIA of apoA-
I are summarized in Table 1. Optimal conditions for
full expression of apoA-I included the addition of 0.5%
Tween 20 and 3% BSA to 0.1 M borate buffer. For a
typical assay, 100 ul of rabbit anti-human apoA-I diluted
1:12,000 in RIA buffer was added to each tube. This
was followed by the addition of 100 ul of each test or
standard solution of apoA-I with 300 ul of '?*I-labeled
apoA-1 (15,000 cpm) and 0.25 gl of normal rabbit
serum. In analogy with the apoE RIA, quality control
sera and appropriate mixtures to measure nonspecific
and maximum binding were included in each assay as
described. Goat anti-rabbit serum and PEG were used
to separate bound and free antigen as described for the
apoE RIA.

Between and within assay coefficients of variation are
shown in Table 1.

Validation of the apoA-I RIA. The condition of parallel
displacement of '*°I-labeled apoA-1 by purified apoA-1,
serum, and HDL over the working range of the assay
was confirmed as shown in Fig. 2. As initially shown by
Mao and Kottke (30), the inclusion of Tween 20 in the
RIA buffer resulted in complete antigenic expression
of lipoprotein bound apoA-I. This condition was veri-
fied in three ways. First, seven sera and five HDL prep-
arations were delipidated with acetone-isopropanol.
The average apoA-I measured in the intact sera and
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Fig. 2. Logit-log plot representing the displacement of '**I-labeled
apoA-1 by unlabeled apoA-I and by serial dilutions of human serum
and HDL. The identity of the slopes indicates that measurement of
apoA-1 in serum and in HDL is independent of dilution.
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HDL was 1.58 + 0.43 mg/ml and 2.33 + 0.83, re-
spectively. After delipidation the average values were
1.43 + 0.48 and 2.38 + 0.70, respectively, indicating
that no unmasking of antigenic sites in serum or in HDL
had occurred with delipidation. Secondly, purified
apoA-I was added to a series of serum samples and the
apparent recoveries were evaluated. In six recovery
studies, the expected/observed apoA-I values ranged
from 91-116%, (average = 98.2 + 9.5%). Thirdly, 35
HDL samples were prepared by sequential ultracentri-
fugation (31) and the measured apoA-I levels were com-
pared to the protein mass determined by the method
of Lowry et al. (27), using BSA as a standard. The av-
erage of the measured apoA-I concentration in these
HDL taken as a percentage of the total protein was 63.7
+ 8.3%. This is consistent with previous reports on the
apoA-I content of HDL (32, 33). Furthermore, the av-
erage plasma apoA-I level of 108 normolipidemic males
was 1.34 + 0.25 mg/ml, a value very similar to that
reported by others (31, 32).

Radioimmunoassay of apoprotein B

Purification. Apoprotein B was purified for immuni-
zation, but apoB in intact LDL was used both as stan-
dard and as tracer. LDL was obtained by ultracentri-
fugation of plasma within the density range 1.02-1.05
g/ml. To prepare apoB, LDL was delipidated as de-
scribed for VLDL and HDL, and LDL apoB was sol-
ubilized in 6 M urea, 0.01 M Tris-HCI, 200 mMm decyl
sulfate, pH 8.2. ApoB was then purified by gel filtration
over a 2.5 X 100 cm column of Sephadex G-100 equil-
ibrated in 6 M urea, 0.01 M Tris-HCI, 50 mM decyl
sulfate. The apoB eluting in the void volume was free
of other apolipoproteins as judged by polyacrylamide
gel electrophoresis.

Immunization. Antiserum to purified apoB was raised
by immunization of a sheep, according to the protocol
described for apoE. This anti-human apoB serum was
monospecific as judged by both Ouchterlony double im-
munodiffusion and by failure of apoA-I, apoC-IIl,, or
of human serum albumin to show displacement in the
RIA. Sheep anti-human and apoB IgG was prepared
from whole antiserum by sodium sulfate precipita-
tion (34).

Iodination. '?*1-labeled LDL apoB was obtained by
iodination of LDL (1.02-1.05 g/ml) according to a
modification (35) of the ICl method of McFarlane (36).
After iodination, '*I-labeled LDL was dialyzed first
against 0.15 M NaCl, 0.01% EDTA, pH 7.4, and then
against 0.1 M glycine, 2.5 mM sodium decyl sulfate,
0.05% Tween 20, pH 10, in preparation for gel filtra-
tion on 6% agarose (Biorad A5-M) in the same buffer
containing 0.1% BSA. A specific activity of 0.15-0.20
uCi '®1/ug of LDL protein was usually obtained. This

purified tracer was stored at 4°C and was stable for
approximately 4 weeks.

Assay. General conditions for the RIA of apoB are
summarized in Table 1. As for apoE and for apoA-I,
the inclusion of detergents (in this case, 0.5% Tween
20 and 5 mM decyl sulfate) provided optimal assay per-
formance. A typical assay tube included 100 ul of sheep
anti-human apoB IgG (25 mg/ml), diluted 1:3500 in
assay buffer, 100 ul test or standard solution, and 500
pl of '®I-labeled LDL (15,000 cpm) with 0.25 ul of
normal sheep IgG. Quality control sera and blanks were
included as described for apoE. After incubation at 4°C
for 48 hr, 50 ul of rabbit anti-sheep serum was added
and incubation was continued for 24 hr. Bound apoB
was pelleted and washed as described for apoE.

As standard, multiple dilutions of a calibrated serum
standard proved to be more stable than purified LDL.
For calibration of this secondary standard, several dis-
crete LDL fractions were prepared by repeated ultra-
centrifugation within the density interval 1.02-1.05
g/ml. Each LDL preparation was dialyzed against 0.1
M glycine, 0.05% EDTA, pH 10, stored at 4°C, and
used within 1 week for calibration of a standard serum
pool. The Lowry protein value of the LDL was used as
a measure of LDL apoB since no other apoproteins
could be detected by Ouchterlony double diffusion anal-
ysis against anti-apoE, anti-apoC-III, anti-apoA-1, and
anti-human serum albumin. The average apoB value of
the standard serum was then determined and used as
the true apoB value of the secondary standard for sub-
sequent assays. At approximately 6-week intervals, the
serum was restandardized against freshly prepared
LDL. Calibrated against four different LDL prepara-
tions over 3 months, this serum pool in ten dilutions
read 0.767 + 0.063 mg/ml, 0.720 * 0.062 mg/ml,
0.723 + 0.058 mg/ml, and 0.722 + 0.062 mg/ml. Be-
tween and within assay coefficients of variation were
determined as described for apoproteins E and A-I and
are summarized in Table 1.

Validation of apoB RIA. Fig. 3 represents the displace-
ment of '**I-labeled LDL by multiple dilutions of LDL,
serum, and VLDL. The parallel curves generated by
the logit-log analyses confirm that the apoB value of
these samples is independent of dilution.

Evaluating the antigenic expression of lipoprotein-
associated apoB is confounded by the insolubility of
delipidated apoB in aqueous buffers. We used two dif-
ferent approaches to this problem. In one study, two
VLDL preparations and seven sera were evaluated by
RIA before and after incubation with lipoprotein lipase
purified from bovine miik (37). This treatment served
to hydrolyze 80-100% (mean + 96.8%) of the triglyc-
eride present. The ratio of apoB measured directly to
apoB measured in samples treated with lipoprotein li-
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Fig. 3. Logit-log plot representing the displacement of '**I-labeled
LDL by unlabeled human LDL and serial dilutions of human serum
and VLDL. The parallelism of the displacement curves is shown by
the identity of the slopes and verifies that apoB measurement is in-
dependent of dilution in both serum and VLDL.

pase was 1.00 = 0.11. In addition, an estimate of the
apoB content of five VLDL samples was made using the
TMU procedure of Kane (38) and this value was com-
pared to the apoB concentration determined by RIA.
The ratio of RIA /TMU values ranged from 0.81-1.51
with a mean * SD = 1.16 * 0.30, indicating that the
RIA was not underestimating apoB in the presence of
lipid.

RESULTS

Study subjects

In this initial study, the apolipoprotein distribution
in 11 normolipidemic subjects, 6 males and 5 females,
was examined. Table 2 summarizes the clinical char-
acteristics, and plasma lipid and apolipoprotein levels

of these subjects. Ten of the 11 individuals studied had
total cholesterol, triglyceride, LDL, and HDL choles-
terol levels within the normal range for age reported
by the Lipid Research Clinics (39), and plasma apoli-
poprotein levels that were similar to published normal
values (17, 18, 30, 32, 33, 40) and similar to those de-
termined by us for a control population of adult males
(Table 1). Subject 1 had very low plasma LDL choles-
terol and correspondingly low apoB levels on repeated
analysis. ApoE is known to exist as several isoforms of
varying charge. These may be distinguished by both
one- and two-dimensional isoelectric focusing pattern
(IEF). The one-dimensional IEF pattern of these sub-
jects has been examined. These data have been inter-
preted in Table 2 in terms of homo- or heterozygosity
for the three major apoE isoforms apoE-2, apoE-3, and
apoE-4. Unequivocal assignment of these isoform pat-
terns is only possible with two-dimensional electropho-
resis or from IEF before and after cysteamine treat-
ment.

Column chromatography

Application of whole fasting plasma from these nor-
mal subjects to 4% agarose columns resulted in the com-
plete separation of the three major lipoproteins, VLDL,
LDL, and HDL, as identified by the cholesterol and
triglyceride profiles of the subject shown in Fig. 4. The
effectiveness of this separation was confirmed by analysis
of apoB, the major apolipoprotein of LDL and of apoA-
I, the dominant apolipoprotein of HDL (Fig. 4). In all
studies thus far, apoB chromatographed in a peak coin-
cident with the major cholesterol peak. ApoA-I was
coincident with the region of the second cholesterol
peak, although the ratio of cholesterol to A-I content
was usually higher in the earlier fractions of this peak.
In contrast, the pattern of elution of apoE was complex.
In the 11 normolipidemic fasting subjects studied thus
far, apoE was distributed among three LP regions.

TABLE 2. Clinical characteristics and lipid and apolipoprotein values
ApoE Isoform
Subject Sex Cholesterol Triglyceride HDL-Chol ApoB ApoA-I ApoE Pattern
mg/dl mg/dl mg/dl mg/mi mg/ml mg/ml ug/ml
1 M 137 30 68 0.346 1.75 32.7 E4
2 F 222 38 83 0.810 1.92 32.8 E3/4
3 M 167 52 68 0.520 1.51 31.9 E4
4 F 181 81 55 0.626 1.45 80.7 E3/4
5 M 182 54 44 0.928 1.65 49.8 E2/4
6 F 164 53 32 0.738 1.52 17.7 E3/4
7 M 206 58 40 0.800 1.29 42.5 E3
8 F 185 93 37 0.929 1.21 38.9 E3
9 M 165 118 36 0.781 1.40 35.2 E2/3
10 F 186 99 36 0.989 1.42 51.8 E3
11 M 210 54 65 0.921 1.79 67.9 E3
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Fig. 4. Lipid and apolipoprotein profiles of normal human plasma
after 4% agarose column chromatography. ApoB and apoA-I cochro-
matograph with LDL and HDL cholesterol, respectively, but apoE
elutes in three peaks. Peak I is coincident with VLDL, peak II is
intermediate in size between VLDL and LDL and peak 1 is slightly
larger than the major HDL fraction.

The first peak of apoE was coincident with the peak
triglyceride in fasting subjects, indicating that this frac-
tion of the plasma apoE was a component of VLDL
(fraction Iv). In nonfasting subjects, peak I actually com-
prised two separate fractions, one coincident with chy-
lomicrons in the void column (Ic) and one eluting with
VLDL (Iv). Two to 30% of the plasma apoE was asso-
ciated with VLDL in these fasting samples. The two
dominant peaks of apoE in normolipidemic subjects,
however, were distinctly different in size compared to
the major LP. The first of these was intermediate in
size between VLDL and LDL (fraction II) and the other
was slightly larger than HDL (fraction III). The distri-
bution of apoE in the plasma of individual subjects was
not affected by the immediate addition of the inhibitor
of lecithin cholesterol acyl transferase, DTNB (1.4 mMm)
to fresh plasma. It is noteworthy that in freshly chro-
matographed plasma, all apoE was associated with LP
fractions. By contrast, when a plasma sample was re-
chromatographed after storage at 4°C for 1 month,
12.5% of the apoE eluted later, near the salt volume of
the column, suggesting that dissociation had occurred
during storage.

In general, three patterns for the distribution of
plasma apoE among these chromatographically distin-
guished subfractions emerged from the normolipidemic
subjects studied. These patterns are diagrammed in Fig.
5. The particular pattern observed was unrelated to sex
or to total plasma apoE level. Also, in this small sample
of normotriglyceridemic subjects, plasma triglyceride
levels were not independently related to the apoE dis-
tribution. In contrast, the apoE distribution was related
to the plasma concentration of apoA-I. These data are
summarized in Table 2 and Table 3. Specifically, the
tendency for apoE to be associated with fraction I11 was
positively correlated (r = 0.79) with plasma apoA-I lev-
els. Partial correlation analysis confirmed that this re-
lationship was independent of plasma triglyceride levels.
The first type of pattern observed was a dominant peak
of apoE in fraction III (top, Fig. 5). Four of the seven
subjects with this pattern also had HDL cholesterol lev-
els that were significantly greater than the LRC norms
for age and sex (38) and had very low plasma triglyc-
eride concentrations. The second pattern was a more
uniform distribution of apoE between fractions II and
111, but with very little associated with the VLDL frac-
tion Iv (middle, Fig. 5). The two subjects demonstrating
this pattern were similar in having low triglyceride levels
and low to normal HDL levels. The third pattern dem-
onstrated a significant amount of apoE distributed
among each of the three apoE-containing fractions (bot-
tom, Fig. 5). The two subjects with this pattern both
had low HDL cholesterol levels and plasma triglyceride
levels that were higher than the other subjects, though
well within normal limits.

In order to compare the distributions of apoE among
LP separated by column chromatography and by ultra-
centrifugation, separate plasma samples from nine of
the subjects shown in Table 3 were submitted to se-
quential ultracentrifugation and the apolipoproteins
were analyzed in the d < 1.006, 1.006-1.019, 1.019-
1.063, 1.063-1.21, and d > 1.21 g/ml fractions. These
data are tabulated in Table 4. Whereas chromato-
graphic separation documented an association of apoE
with VLDL and with two other discrete LP subfractions,
ultracentrifugation described a more uniform distri-
bution of apoE between VLDL, IDL, LDL, HDL, and
a form with d > 1.21 g/ml. The substantial quantities
of apoE (27.4-45.5%) in the d > 1.21 g/ml fraction,
confirmed reports of others (12, 17) and raised impor-
tant questions as to the proportionality of these losses
from the different LP classes.

A second limitation of using ultracentrifugation for
separation of apoE-containing lipoproteins, is that the
flotation densities of the lipoprotein subfractions iso-
lated by column chromatography clearly overlap the
conventional density ranges used for lipoprotein sepa-
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Fig. 5. Summary of apoE profiles from normolipidemic subjects after 4% agarose chromatography. Total
plasma apoE concentration is at upper left. Open arrows denote the peaks of HDL and apoA-I and closed

arrows denote LDL and apoB.

ration. This was shown in two studies. In the first, rep-
licate aliquots of fractions Iv, 11, and III after agarose
chromatography of whole plasma from one subject were
submitted to ultracentrifugation at the fixed densities
of 1.006, 1.019, 1.063, 1.125, and 1.21 g/ml in a Beck-
man 40.3 fixed angle rotor at 39,000 rpm for 20 hr
(d 1.006, 1.019, 1.063 g/ml) or 40 hr (d 1.125, 1.21

g/ml). After reaching equilibrium, the apoE of the up-
per and lower halves of each tube was measured and
the apoE content of each density interval could then be
calculated by difference. As expected, greater than 85%
of the apoE in fraction v, floated at d 1.006 g/ml and
more than 94% floated at d 1.019 g/ml. ApoE fractions
II and 111, however, could not be clearly assigned to
any of the density intervals used. After centrifugation,

TABLE 3. ApoE distribution among lipoproteins separated
by column chromatography
TABLE 4. ApoE distribution of lipoproteins separated
Subject E-1 E-11 E-II Plasma ApoE by ultracentrifugation
% ug/ml Subject <1.006 1.006-1.019  1.019-1.063 1.063-1.21 >1.21
1 4.0 8.8 87.3 32.7 %
2 1.7 9.0 89.2 32.8
3 8.2 16.2 75.6 319 2 0 3.4 46.9 22.4 27.4
4 3.8 11.2 85.0 80.7 3 13.4 4.7 21.4 27.2 33.3
5 2.3 17.4 80.4 49.8 4 12.1 3.4 20.7 33.3 30.6
6 9.5 29.1 61.4 17.7 5 29.9 3.4 11.4 25.5 29.8
7 3.7 37.2 59.2 42.5 6 25.8 6.4 15.0 13.0 39.8
8 30.5 23.1 46.3 38.9 7 12.4 1.9 26.3 31.6 27.8
9 26.6 23.4 49.9 35.2 8 25.8 3.4 14.9 15.9 40.0
10 2.4 18.6 80.9 51.8 9 22.3 4.6 17.1 10.6 455
11 1.5 9.6 88.9 67.9 10 34.6 2.7 19.0 14.6 29.2
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63% of the apoE in fraction II was of density less than
1.006 g/ml and approximately 25% was of density
1.006-1.019 g/ml. Most of the apoE in fraction III
(48%) was within the density interval 1.063-1.125
g/ml (HDL,) and 37% was included between densities
1.125-1.21 g/ml (HDL;). The remainder was found
in the d > 1.21 g/ml infranatant. Individual subjects
may vary slightly in the proportions of apoE found in
each density interval depending on the degree of lipi-
dation of the LP. The general pattern described, how-
ever, was confirmed in one other subject studied.

In a separate series of experiments the lipoproteins
were first isolated by ultracentrifugation and then sub-
jected to column chromatography. For this, replicate
aliquots of fresh EDTA plasma were submitted simul-
taneously in separate tubes to ultracentrifugation at
densities 1.006, 1.019, and 1.063 g/ml in a Beckman
40.3 rotor at 39,000 rpm for 20 hr. The upper 3 ml
and the lower 3 ml were each diluted to 5 ml and sub-
jected to agarose column chromatography as described
previously for plasma. The results of this study are
shown in Fig. 6. The plasma distribution of apoE (Fig.
6a), demonstrated the anticipated three regions of the
apoE immunoreactivity, fraction II representing a
shoulder of fraction I in this subject (320 to 370 ml).

All of the apoE in fraction I (between 200 and 320
ml) appeared to be included in the d < 1.006 g/ml
fraction and all of that in fraction III (between 370 and
500 ml) was of density > 1.006 g/ml (Fig. 6b). Fraction
II (between 320 and 370 ml), on the other hand, was
included in both d < 1.006 and >1.006 g/ml fractions.
Centrifugation at 1.019 g/ml showed that all of apoE
in fraction I and nearly all of that in fraction II was of
density less than 1.019 g/ml and that fraction III was
of density greater than 1.019 g/ml (Fig. 6¢). After cen-
trifugation at 1.063 g/ml (Fig. 6d), most but not all, of
apoE in fraction 111 was in the 1.063 bottom fraction,
indicating that this fraction overlapped the 1.063 g/ml
density cut. These data thus confirm that apoE fractions
II and III are not discretely defined by conventional
density intervals. Two other subjects were also studied
after a single ultracentrifugation at 1.019 g/ml. The
resulting chromatographic profiles confirmed that frac-
tion I was all of density less than 1.019 g/ml and fraction
III was of density greater than 1.019 g/ml. Fraction II,
however, though primarily of density less than 1.019
g/ml, was also identified in the LP fraction of density
greater than 1.019 g/ml.

DISCUSSION

The major objective of the present study was to pro-
vide a more complete description of the distribution of

O6F
-PLASMA
04r

o2+ )

06} b -

04+ /'//\\{/ | i “\ B

L)

A
= 02F / < / v

/ ()

g _,'V/ /a' Jl ) - / ‘\\._‘
2 AR AT T
g O
5 06 B C /" \\‘ —
w N <1019¢/mi>; ~
o} < FooN
& 04t X VoS
L~ o hd . “

1

Y
i / \ ."7 \
02k / \
I N
.V/ - l\sl 1 1 1 l\

0 LT | e =
06d <1063g/m> A :
TERN
o4t ~ FN ]
i Y \ / \ 4
K \

02 - // N 14 \ -

. o '\\ ! s, \\
i / ool N \T

0O ST L L =1 I

200 240 220 320 360 400 440 480
ELUTION VOL (ml)

Fig. 6. Distribution of apoE after 4% agarose chromatography of
whole plasma and of LP fractions obtained after ultracentrifugation
atd 1.006, 1.019, and 1.063 g/ml. After centrifugation for 20 hr the
top and bottom halves of the centrifuge tubes were chromatographed.
The solid line represents the elution profile of the supernatant fraction
and the broken line represents that of the infranatant after ultracen-
trifugation. In whole plasma, fraction I elutes between 200 and 320
ml, fraction II between 320 and 370 ml, and fraction HI between 370
and 500 ml. The corresponding elution volumes were used to char-
acterize these fractions after ultracentrifugation.

apoE in normal human plasma. Several previous studies
have evaluated total plasma apoE levels in normal and
hyperlipoproteinemic subjects (17-19). Although total
plasma levels of apoE do appear to characterize certain
types of hyperlipoproteinemia, particularly dysbetali-
poproteinemia (Type 111) (17, 18), total apoE levels have
proved to be quite insensitive to dietary and other per-
turbations associated with changes in plasma lipids (41~
43). On the other hand, subtle changes in apoE content

Gibson et al. Apolipoprotein E-enriched subclasses 895

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

of specific LP fractions may be characteristic of physi-
ologically important metabolic processes.

Most previous evaluations of the distribution of apoE
among the human plasma LP have utilized the tech-
nique of preparative ultracentrifugation either alone or
as a preliminary to subfractionation. This technique has
at least two disadvantages: 1) dissociation of apoE from
LP occurs; and 2) arbitrary discontinuities within the
spectrum of apoE-containing LP are created. Previous
studies have consistently documented the association of
apoE with all lipoprotein density classes as well as with
a nonlipoprotein fraction of d > 1.21 g/ml when LP
fractions were prepared by ultracentrifugation (12, 17,
18). Blum, Aaron and Sciacca (17) however, utilizing
6% agarose column chromatography to fractionate LP
in whole plasma, concluded that when plasma was not
exposed to ultracentrifugation, all apoE was associated
with lipoproteins. Our data confirm this conclusion and
strongly suggest that the process of ultracentrifugation
leads to a dissociation of apoE from one or more LP
fractions. A recent study examining the specific effects
of several components of the ultracentrifugal process
on the association of apoA-I with HDL, concluded that
the most likely cause of the known apoA-I dissociation
from HDL was the high pressure generated by ultra-
centrifugal force (44). Significantly, this study showed
that not all apoA-I was capable of dissociating and sug-
gested that more than one pool of LP-associated apoA-
I may exist. If an analogous situation exists for apoE,
then ultracentrifugal losses may be nonuniform from
the various density classes.

Equilibrium ultracentrifugation is a technique that
effects a discontinuous separation of lipoprotein classes
on the basis of buoyant density. This classification was
historically created to maximize separations of LP on
the basis of lipid content and is well suited to the frac-
tionation of certain apolipoproteins, such as B and A-I.
However, quantitatively minor lipoprotein subfractions
that may not possess density characteristics of the major
lipid-carrying lipoproteins may overlap several density
classes. That this is the case is strongly suggested by our
own ultracentrifugal data and those of others which
have documented an association of apoE with all major
density classes. By contrast, our column chromato-
graphic separation of LP showed that apoE is found in
three major size distributions, two of which do not cor-
respond in terms of size or density to the major lipo-
proteins. These apoE-containing subfractions are quan-
titatively minor in terms of the lipids and apolipopro-
teins associated with the major cholesterol-transporting
LP, but may be highly significant in a metabolic context.

Fainaru et al. (9) utilized 4% agarose chromatography
to specifically characterize beta-migrating VLDL from
cholesterol-fed dogs and from human subjects with
Type III Hyperlipoproteinemia. Although these inves-
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tigators did not describe the apoE distribution of these
LP, they did identify two LP fractions, on the basis of
cholesterol profile, that were rich in apoE. One of these
eluted in the void volume and probably represented
chylomicrons. The second fraction was smaller than
VLDL in size, and may correspond to the fraction II
we describe. We have studied the apoE distribution
among chromatographically separated LP of one sub-
ject with a type I1I phenotype and have documented a
peak of cholesterol that was coincident with the apoE
fraction II and was clearly distinct from VLDL and from
LDL as identified by the apoB profile. Thus, the apoE
fraction II that we describe in normal human plasma
may be the normal counterpart of the beta-VLDL ac-
cumulating in type HI hyperlipoproteinemia and in cho-
lesterol-fed animals. In view of the capacity of beta-
VLDL to promote cholesterol esterification and accu-
mulation in mouse peritoneal macrophages (9), the
identification and quantification of this apoE fraction
may be an important addition to the assessment of car-
diovascular disease risk.

HDL has similarly been shown to be heterogeneous
in terms of size and apoprotein composition. HDL has
traditionally been divided, according to ultracentrifugal
criteria, into HDLy and HDL; (45). Anderson et al.
(46), utilizing density gradient ultracentrifugation, fur-
ther subdivided HDL,; into two subfractions, the larger
and less dense HDLg, (1.063-1.10 g/ml) and HDL,,
(1.10-1.125 g/ml) (46). More recently, Blanche et al.
(47) have identified HDL subfractions after gradient gel
electrophoresis (47). Blum et al. (17) were the first to
report a separation by size of a discrete apoE-containing
HDL subfraction in humans, but the existence of this
subfraction was inferred in a number of earlier studies.
Using Geon Pevikon preparative block electrophoresis,
Mahley, Weisgraber, and Innerarity (48) isolated HDL,
subfractions from hypercholesterolemic animals (dogs
and swine) that differed with respect to apoE content.
The most cholesteryl ester- and apoE-rich was termed
HDI. (48). Both Weisgraber and Mahley (10) and Mar-
cel et al. (11) subsequently utilized heparin-Sepharose
affinity chromatography to isolate apoE-enriched HDL
subspecies which may be counterparts to HDL, in hu-
man plasma. The apoFE fraction I1I we describe may also
be analogous to HDL,, but due to the fact that the first
step in HDL, isolation is centrifugation at d 1.063—
1.125 g/ml, HDL, may represent only part of frac-
tion III.

Our data go further in suggesting that even within
these subclasses, heterogeneity may exist with respect
to the association of apoE with other apolipoproteins
and lipids. Specifically, in our studies, normal and hy-
perlipidemic subjects were similar in consistently dem-
onstrating a shoulder on the downslope of the apoE
profile which described fraction III (Fig. 5). In view of
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the changing relative concentrations of apoE and apoA-
I in this region, particles of slightly different size with
varying ratios of apoE and apoA-I may exist.

A subject not addressed in this study is the stability
of the association of apoE with other apolipoproteins
and lipids in these subfractions. The distribution ob-
served within the plasma LP spectrum of any given sub-
ject may reflect a steady state mass equilibrium with
continuing exchange of apoE molecules. Alternatively,
the structures may be relatively stable requiring specific
metabolic processes to cause apoE transfer, such as the
action of lipoprotein lipase. In either case, it is to be
expected that perturbations such as the induction of
alimentary lipemia would alter this mass equilibrium,
and thus the apoE profile, in parallel with chylomicron
flux and transfer of its components to higher density
LP (49). We' and others (50) have observed that heparin
administration in vivo results in a decrement in apoE
associated with fraction I that is matched by a rise in
apoE in fraction IIL In the steady state, however, the
stability of the LP association of apoE is not known.
Studies are underway to specifically isolate these apoE-
containing subclasses and to examine the kinetics of
apoE transfer in vivo and in vitro.

In summary, this study has documented the associ-
ation of apoE with discrete lipoprotein subfractions.
The distribution of plasma apoE among each subfrac-
tion cannot be inferred from total plasma apoE levels.
On the basis of the size and ultracentrifugal character-
istics of these subfractions, fractions 11 and I1I may rep-
resent normal counterparts or precursors of LP sub-
species described previously under abnormal conditions
of cholesterol feeding (43). In view of the possibility
that these abnormal subfractions, (beta-VLDL and
HDL,) have opposing roles in cholesteryl ester accu-
mulation, description of the distribution of apoE among
these subfractions and definition of factors determining
this distribution may be significant in terms of assessing
atherosclerotic disease risk. Gel filtration appears to be
the only technique available to fractionate significant
quantities of these LP subfractions in a continuous fash-
ion without exposure to ultracentrifugation. For the
present study, the combination of gel filtration and RIA
analysis has been sufficient for the identification and
quantification of these subfractions. More investigative
studies, however, will require preparative techniques
such as immunoaffinity chromatography (51) to specif-
ically isolate the apoE-containing lipoprotein particles. i

The excellent assistance of Nora Ngai, Laurie Goldman, and
Rebecca Veiss for the radioimmunoassays and of Marion Shif-
fer for preparation of the manuscript is gratefully acknowl-
edged. We also wish to thank Dr. Marion Moses, Johns Hop-

! Gibson, J. C., A. Rubinstein, P. R. Bukberg, and W. V. Brown.
Unpublished observations.

kins University, for providing the sample from the industrial
population used as control. This work was supported by grants
from the New York Heart Association, the American Heart
Association, the American Egg Board, and a grant from the
National Institutes of Health, RR-71.

Manuscript received 8 December 1982 and in revised form 16 March 1983.

REFERENCES

1. Alaupovic, P. 1971. Apolipoproteins and lipoproteins.
Atherosclerosis. 13: 141-146.

2. Quarfordt, S. H., J. Hanks, R. S. Jones, and F. Shelburne.
1980. The uptake of high density lipoprotein cholesteryl
ester in the perfused rat liver. J. Biol. Chem. 255: 2934
2937.

3. Windler, E., Y. Chao, and R. ]J. Havel. 1980. Regulation
of the hepatic uptake of triglyceride-rich lipoproteins in
the rat. J. Biol. Chem. 255: 8303-8307.

4. Shelburne, F., . Hanks, W. Meyers, and S. Quarfordt.
1980. Effect of apoproteins on hepatic uptake of triglyc-
eride emulsions in the rat. J. Clin. Invest. 65: 652-658.

5. Pitas, R. E., T. L. Innerarity, and R. W. Mahley. 1980.
Cell surface receptor binding of phospholipid-protein
complexes containing different ratios of receptor-active
and -inactive E apoprotein. J. Biol. Chem. 255: 5454-5460.

6. Mahley, R. W., D. Y. Hui, T. L. Innerarity, and K. H.
Weisgraber. 1981. Two independent lipoprotein recep-
tors on hepatic membranes of dog, swine, and man. J.
Clin. Invest. 68: 1197-1206.

7. Hui, D. Y., T. L. Innerarity, and R. W. Mahley. 1981.
Lipoprotein binding to canine hepatic membranes. Met-
abolically distinct apoE and apoB-E receptors. J. Biol.
Chem. 256: 5646-5655.

8. Shelburne, F. A., and S. H. Quarfordt. 1977. The inter-
action of heparin with an apoprotein of human very low
density lipoprotein. J. Clin. Invest. 60: 944-950.

9. Fainaru, M., R. W. Mahley, R. L. Hamilton and T. L.
Innerarity. 1982. Structural and metabolic heterogeneity
of B-very low density lipoproteins from cholesterol-fed
dogs and from humans with Type III hyperlipopro-
teinemia. J. Lipid Res. 23: 702-714.

10. Weisgraber, K. H., and R. W. Mahley. 1980. Subfrac-
tionation of human high density lipoproteins by heparin-
Sepharose affinity chromatography. J. Lipid Res. 21: 316-
325.

11. Marcel, Y. L., C. Vezina, D. Emond, R. B. Verdery, and
R. W. Milne. 1981. High density lipoprotein subfractions
isolated by heparin-Sepharose affinity chromatography
and their role in cholesteryl ester transfer to very low
density lipoproteins. J. Lipid Res. 22: 1198-1205.

12. Fainaru, M., R. J. Havel, and K. Imaizumi. 1977. Ra-
dioimmunoassay of arginine-rich apolipoproteins of rat
serum. Biochim. Biophys. Acta. 490: 144-155.

13. Mahley, R. W. 1978. Alterations in plasma lipoproteins
induced by cholesterol feeding in animals including man.
In Disturbances in Lipid and Lipoprotein Metabolism.
J- M. Dietschy, A. M. Gotto, Jr. and J. A. Ontko, editors.
American Physiological Society, Bethesda, Md. 181-198.

14. Innerarity, T. L., R. E. Pitas, and R. W. Mahley. 1982.
Modulating effects of canine high density lipoproteins on
cholesteryl ester synthesis induced by beta-very low den-
sity lipoproteins in macrophages. Possible in vitro corre-
lates with atherosclerosis. Arteriosclerosis. 2: 114-124.

15. Rudel, L. L., J. A. Lee, M. D. Morris, and J. M. Felts.
1974. Characterization of plasma lipoproteins separated

Gibson et al. Apolipoprotein E-enriched subclasses 897

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

898

and purified by agarose column chromatography. Biochem.
J- 139: 89-95.

Quarfordt, S. H., A. Nathans, M. Dowdee, and H. L.
Hilderman. 1972. Heterogeneity of human very low den-
sity lipoproteins by gel filtration chromatography. J. Lipid
Res. 13: 435-444.

Blum, C. B., L. Aaron, and R. Sciacca. 1980. Radioim-
munoassay studies of human apolipoprotein E. J. Clin.
Invest. 66: 1240-1250.

Havel, R. J., L. Kotite, J-L. Vigne, ]J. P. Kane, P. Tun,
N. Phillips, and G. C. Chen. 1980. Radioimmunoassay of
human arginine-rich apolipoprotein, apoprotein E. J. Clin.
Invest. 266: 1351-1362.

Mackie, A., M. ]. Caslake, C. J. Packard, and J. Shepherd.
1981. Concentration and distribution of human plasma
apolipoprotein E. Clin. Chim. Acta. 116: 35-45.

Bucolo, G., and H. David. 1973. Quantitative determi-
nations of serum triglycerides by the use of enzymes. Clin.
Chem. 19: 476-482,

Allain, C. C,, L. S. Poon, S. C. G. Chan, W. Richmond,
and P. C. Fu. 1974. Enzymatic determination of total
serum cholesterol. Clin. Chem. 20: 470-475.

Manual of Laboratory Operations: Lipid Research Clinics
Program. Vol. 1. Lipid and Lipoprotein Analysis. 1974.
U.S. Department of Health, Education and Welfare. Pub-
lic Health Service. Publication No. (NIH) 75-628.
Finley, P. R., R. B. Schifman, R. ]J. Williams, and D. R.
Lichti. 1978. Cholesterol in high density lipoproteins: use
of Mg?*/dextran sulfate in its enzymatic measurement.
Clin. Chem. 24: 931-933.

Catapano, A. L., R. L. Jackson, E. B. Gilliam, A. M. Gotto,
Jr.,and L. C. Smith. 1978. Quantification of apoC-11I and
apoC-1II of human very low density lipoproteins by an-
alytical isoelectric focusing. J. Lipid Res. 19: 1047-1052.
Brown, W. V., R. 1. Levy, and D. S. Frederickson. 1969.
Studies of the proteins in human plasma very low density
lipoproteins. J. Biol. Chem. 244: 5687-5694.
Greenwood, F. C., W. M. Hunter, and J. S. Glover. 1963.
The preparation of !*'I-labeled human growth hormone
of high specific activity. Biochem. J. 89: 114-123.

Lowry, O. H., N. J. Rosenbrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phe-
nol reagent. J. Biol. Chem. 193: 265-275.

Weber, K., and M. Osborne. 1969. The reliability of
molecular weight determination by dodecyl sulfate poly-
acrylamide gel electrophoresis. J. Biol. Chem. 244: 4406—
4412.

Marchalonis, J. J. 1969. An enzymatic method for the
trace iodination of immunoglobulins and other proteins.
Biochem. J. 113: 299-305.

Mao, S. T. K., and B. Kottke. 1980. Tween 20 increases
the immunoreactivity of apolipoprotein A-I in plasma.
Biochim. Biophys. Acta. 620: 447-453.

Hatch, F. T., and R. S. Lees. 1968. Practical methods for
plasma lipoprotein analysis. Adv. Lipid Res. 6: 1-68.
Fainaru, M., M. C. Glangeaud, and S. Eisenberg. 1975.
Radioimmunoassay of human high density lipoprotein
apoprotein A-1. Biochim. Biophys. Acta. 386: 432-443.
Karlin, J. B., D. J. Juhn, J. I. Starr, A. M. Scanu, and
A. H. Rubenstein. 1976. Measurement of human high
density lipoprotein apolipoprotein A-I in serum by ra-
dioimmunoassay. J. Lipid. Res. 17: 30-37.

Heide, K., and H. G. Schwick. 1978. Salt fractionation
of immunoglobulins. Iz Handbook of Experimental Im-

Journal of Lipid Research Volume 24, 1983

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

munology. Vo. 1. D. M. Weir, editor. Blackwell Scientific
Publications, Oxford, England. 7.1-7.11.

Bilheimer, D. W., S. Eisenberg, and R. I. Levy. 1972.
The metabolism of very low density lipoprotein proteins.
I. Preliminary in vitro and in vivo observations. Biochim.
Biophys. Acta. 620: 447-453.

McFarlane, A. S. 1958. Efficient trace labeling of proteins
with iodine. Nature (London). 182: 53.

Kinnunen, P. K. J. 1977. Purification of bovine milk li-
poprotein lipase with the aid of detergent. Med. Biol. 55:
178-191.

Kane, J. P., T. Sata, R. L. Hamilton, and R. ]J. Havel.
1975. Apoprotein composition of very low density lipo-
proteins of human serum. J. Clin. Invest. 56: 1622-1634.
Heiss, G., 1. Tamir, C. E. Davis, H. A. Tyroler, B. M.
Rifkind, G. Schonfeld, D. Jacobs, and 1. Frantz. 1980.
Lipoprotein cholesterol distributions in selected North
American populations. The Lipid Research Clinics Pro-
gram Prevalence Study. Circulation. 61: 302-315.
Schonfeld, G., R. S. Lees, P. K. George, and B. Pfleger.
1974. Assay of total plasma apolipoprotein B concentra-
tion in human subjects. J. Clin. Invest. 53: 1458-1467.
Applebaum-Bowden, D., W. R. Hazzard, J. Cain, M. C.
Cheung, R. S. Kushwaha, and J. J. Albers. 1979. Short
term egg yolk feeding in humans. Atherosclerosis. 33: 385—
396.

Tan, M. H.,, M. A. Dickinson, J. J. Albers, R. ]J. Havel,
M. C. Cheung, and J-L. Vigne. 1980. The effects of a
high cholesterol saturated fat diet on serum high density
lipoprotein cholesterol, apoA-I and apoE levels in nor-
molipidemic subjects. Am. J. Clin. Nutr. 33: 2559-2565.
Mahley, R. W. 1981. Atherogenic hyperlipoproteinemia:
the cellular and molecular biology of plasma lipoproteins
altered by dietary fat and cholesterol. In Medical Clinics
of North America: Lipid Disorders. Vol. 66: No. 2. R. ]J.
Havel, editor. Academic Press, New York. 375-402.
Kunitake, S. T., and J. P. Kane. 1982. Factors affecting
the integrity of high density lipoproteins in the ultracen-
trifuge. J. Lipid Res. 28: 936-940.

DelLalla, O. F., and J. W. Gofman. 1954. Ultracentrifugal
analysis of serum lipoproteins. Methods Biochem. Anal. 1:
459-478.

Anderson, D. W., A. V. Nichols, S. S. Pan, and F. T.
Lindgren. 1978. HDL distribution. Resolution and de-
termination of three major components in a normal pop-
ulation sample. Atherosclerosis. 29: 161-179.

Blanche, P. J., E. L. Gong, T. M. Forte, and A. V. Nichols.
1981. Characterization of human high density lipopro-
teins by gradient gel electrophoresis. Biochim. Biophys.
Acta. 665: 408-419.

Mahley, R. W., K. H. Weisgraber, and T. L. Innerarity.
1974. Canine lipoproteins and atherosclerosis. II. Char-
acterization of the plasma lipoproteins associated with
atherogenic and nonatherogenic hyperlipidemia. Circ.
Res. 35: 722-733.

Tall, A. R., C. B. Blum, G. P. Forester, and C. A. Nelson.
1982. Changes in the distribution and composition of
plasma high density lipoproteins after ingestion of fat. J.
Biol. Chem. 257: 198-206.

Blum, C. 1982. Dynamics of apolipoprotein E metabolism
in humans. J. Lipid Res. 23: 1308-1316.

Gibson, J. C., A. Rubinstein, P. R. Bukberg, and
W. V. Brown. 1982. Discrete apoE-rich lipoproteins can
be isolated by immunoaffinity chromatography. Circula-
tion. 66: Supp. 11-240.

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

