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A B S T R A C T Detailed studies of apolipoprotein E
(apoE)-containing lipoproteins in abetalipoprotein-
emia have been performed in an attempt to resolve
the apparent paradox of a suppressed low density li-
poprotein (LDL) receptor pathway in the absence of
apoB-containing lipoproteins. It was hypothesized that
apoE-containing high density lipoproteins (HDL) in
abetalipoproteinemia might functionally substitute for
LDL in regulation of cholesterol metabolism in these
patients.
The mean (±standard deviation) plasma concentra-

tion of apoE in nine patients with abetalipoprotein-
emia was 44.8±8.2 ug/ml, slightly higher than the
corresponding value for a group of 50 normal volun-
teers, 36.3±11 gg/ml. Fractionation of plasma lipo-
proteins by agarose column chromatography or by
ultracentrifugation indicated that in abetalipoprotei-
nemia, plasma apoE was restricted to a subfraction of
HDL. This was in contrast to the results obtained with
plasma from 30 normal volunteers, in whom apoE was
distributed between very low density lipoproteins
(VLDL) and HDL. Consequently, the mean apoE con-
tent of HDL in abetalipoproteinemia (44.8 ;g/ml) was
more than twice that found in the normal volunteers
(20.3 gg/ml).

ApoE-rich and apoE-poor subfractions of HDL2
were isolated by heparin-agarose affinity chromatog-
raphy. ApoE comprised a mean of 81% of the protein
mass of the apoE-rich subfraction. Compared with the
apoE-poor subfraction, the apoE-rich HDL2 was of
larger mean particle diameter (141±7 vs. 115±15 A)
and had a higher ratio of total cholesterol/protein
(1.01±0.11 vs. 0.63±0.14).
Plasma and HDL fractions from three patients were

studied with respect to their ability to compete with
1251-LDL in specific binding to receptors on cultured
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human fibroblasts. The binding activity of plasma
from patients (per milligram of protein) was about half
that of plasma from normal volunteers. All binding
activity in the patients' plasma was found to reside in
the HDL fraction. The binding activity of the patients'
HDL (on a total protein basis) was intermediate be-
tween that of normal HDL and normal LDL. How-
ever, the large differences in binding between patients'
HDL and normal HDL entirely disappeared when
data were expressed in terms of the apoE content of
these lipoproteins. This suggested that the binding ac-
tivity was restricted to that subfraction of HDL par-
ticles that contain apoE. These apoE-rich HDL par-
ticles had calculated binding potencies per milligram
of protein 10-25 times that of normal LDL. Direct
binding studies using '25I-apoE-rich HDL2 and 125I-
apoE-poor HDL2, confirmed the suggestion that bind-
ing is restricted to the subfraction of HDL particles
containing apoE. The apoE-rich HDL2 were found to
be very potent inhibitors of 3-hydroxy-3-methyl-glu-
taryl coenzyme A reductase activity in cultured fibro-
blasts, providing direct evidence of the ability of these
lipoproteins to regulate cholesterol metabolism.
On the basis of binding potencies of apoE-rich HDL,

apoE concentrations, and the composition of apoE-rich
HDL, it could be calculated that apoE-rich HDL in
abetalipoproteinemia have a capacity to deliver cho-
lesterol to tissues via the LDL receptor pathway equiv-
alent to an LDL concentration of 50-150 mg/dl of
cholesterol. Thus, these apoE-rich lipoproteins are ca-
pable of producing the suppression of cholesterol syn-
thesis and LDL receptor activity previously observed
in abetalipoproteinemia.

INTRODUCTION

Abetalipoproteinemia is a rare genetic disease char-
acterized by extreme hypocholesterolemia and hypo-
triglyceridemia, fat malabsorption, neuromuscular and
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retinal degeneration, and acanthocytosis. The bio-
chemical hallmark of this disease is complete absence
of apolipoprotein B (apoB)' which leads to an absence
of all apoB-containing lipoproteins, namely, chylo-
microns, very low density lipoproteins (VLDL), and
low density lipoproteins (LDL) (1).
Brown and Goldstein (2) have established a major

role for LDL, which contains apoB as its sole protein
component, in the feedback regulation of cholesterol
biosynthesis via the LDL receptor pathway. Thus, it
had been predicted that in abetalipoproteinemia the
LDL receptor pathway would be completely dere-
pressed (3-6). Such derepression would be evidenced
by rapid rates of cholesterol biosynthesis, high con-
centrations of LDL receptors on cell surfaces, high
levels of 3-hydroxy-3-methyl-glutaryl coenzyme A
(HMG CoA) reductase, and low levels of acylcoenzyme
A acyltransferase (ACAT). However, several labora-
tories have presented data to indicate that the LDL
receptor pathway is not derepressed and that total en-
dogenous cholesterol synthesis is not excessive in abe-
talipoproteinemia (3-7).

This report describes an attempt to resolve the ap-
parent paradox of a repressed LDL receptor pathway
in the absence of apoB-containing lipoproteins in abe-
talipoproteinemia. Because of the considerable evi-
dence that apoE can interact with the same cell surface
receptor as LDL (8-11), thereby delivering lipoprotein
cholesterol to cells, it seemed possible that lipoproteins
containing apoE might functionally substitute for
apoB-containing lipoproteins in abetalipoproteinemia.
To test this hypothesis, we have performed detailed
studies of the lipoproteins containing apoE in abeta-
lipoproteinemia and of their potential role in regula-
tion of lipoprotein metabolism.
Some of the findings presented here have previously

appeared in abstract form (12).

METHODS

Subjects
Nine patients with abetalipoproteinemia were studied

(Table I). All had acanthocytosis, malabsorption, and other
typical clinical findings of abetalipoproteinemia. They ranged
in age from 1 to 30 yr. Plasma cholesterol and triglyceride
levels averaged (±SD) 32±8 mg/dl and 7±3 mg/dl, respec-
tively. No apoB was detectable by radioimmunoassay (RIA)
in the plasma of any of the nine patients. The patients' par-
ents had normal plasma cholesterol and triglyceride con-
centrations, excluding the possibility that some of the pa-
tients may have had homozygous hypobetalipoproteinemia
rather than abetalipoproteinemia (1). The extremely low

'Abbreviations used in this paper: apoA-I, apoA-II, apoB,
apoE, apolipoprotein A-I, A-II, B, and E, respectively; HMG
CoA reductase, 3-hydroxy-3-methyl-glutaryl coenzyme A
reductase.

TABLE I
Subjects with Abetalipoproteinemia

Subject no. Age Sex Cholesterol Triglycerides

yr mg/dl

1 21 F 41 18
2 30 M 45 4
3 29 F 35 5
4 2 M 29 5
5 4 F 28 7
6 4 M 30 9
7 2 M 20 4
8 1 F 26 2
9 1 M 31 10

Mean±SD 32±8 7±3

plasma triglyceride levels and the complete absence of im-
munoreactive apoB excluded normotriglyceridemic abeta-
lipoproteinemia (13).
The normnal volunteers comprised 50 persons who were

selected without prior knowledge of their plasma lipid levels.
They were healthy at the timne of sampling, and they ranged
in age from 22 to 62 yr.

RIA of apolipoproteins A-I, A-II, and E
The procedure for double-antibody RIA of apoE has been

described in detail (14). In brief, standards or unknowns
were preincubated overnight in 50 mM Na phosphate, 100
mM NaCl, 0.02% Na azide, 50 mM Na decyl sulfate, pH 7.4.
The assay was performed in the presence of a final concen-
tration of 5 mM Na decyl sulfate. The within assay coeffi-
cient of variation was 9% and the coefficient of variation for
systematic between assay variability was 3%.
ApoA-I and apoA-II RIA were performed similarly, except

that specific antisera for apoA-I or apoA-II replaced the an-
tiserum for apoE, and radioiodinated apoA-I or apoA-II re-
placed radioiodinated apoE. Within and between assay coef-
ficients of variation were 10.6 and 9.0% for apoA-I, and 5.0
and 4.4% for apoA-II.

Fractionation of plasma lipoproteins
Agarose column chromatography. Whole plasma (1-2

ml) was applied to a 1.2 X 100-cm column of 6% agarose
(Bio-Gel A5M, Bio-Rad Laboratories, Richmond, CA) and
was eluted with a solution of 0.2 M NaCl, 1 mM EDTA, 2
mM Na phosphate, 0.02% Na azide, pH 7.4. Some plasma
samples underwent a single freezing and thawing before
chromatography. These samples yielded identical results to
those obtained from material chromatographed within 7 d
of venipuncture, which had never been frozen.

Preparative ultracentrifugation. Aliquots of plasma
(never frozen) were adjusted to 1.063, 1.125, and 1.21 g/ml
densities. Each aliquot underwent a single ultracentrifuga-
tion at 4°C and 40,000 rpm in a Beckman 40.3 rotor in a
Beckman L2-65B ultracentrifuge (Beckman Instruments,
Inc., Spinco Div., Palo Alto, CA). The aliquot at 1.063 g/ml
was centrifuged for 18 h; the aliquots at 1.125 and 1.21 g/
ml were centrifuged for 48 h. Top and bottom fractions were
separated by tube slicing. ApoE in these fractions was mea-
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sured by RIA, and the distributiotn of apoF in density ranges
was determined by (lifference.

Heparin-agarose affinity chromatography. Heparin-aga-
rose affinity chromatography was used to fractionate the
HDL,2 (d < 1.125 g/ml lipoproteins) from three patients wvith
abetalipoproteinemia. For these studies, in which lipoprotein
composition was measured, Na p-chloromercuriphenylsul-
fonate (2 mM) was added to the bloodl imnmediately after
venipunctuire to inhibit the enzvme lecithini cholesterol acvi-
transferase. These samples were niever frozen. Hepariin-aga-
rose affinity chromatography of HDI,2 was performed in a
column containing 10 ml of Sepharose CL-4B to which was
bound -100 mg of heparin (Fisher Scientific Co., Pitts-
burgh, PA) (14). Lipoproteins were applied to the coluimn
in a solution of 5 mM Na phosphate, 0.02% Na azide, pil
7.4. The column was washed with 100 ml of the same buffer,
and apoE-rich lipoproteins were then eltted with a solui-
tion of 5 mNM Na phosphate, 500 mM NaCl, 0.02% Na azide,
pH 7.4.

Studies of binding to LDL receptors
The ability of plasma and lipoprotein fractions to conmpete

with 1251-LDL in binding to fibroblasts was deterninie(d as
previously described (15, 16). Normal human skin fibroblasts
were grown as monolayers in tissue culture plates (15). Cells
obtained from conflueint stock cultures by dissociation with
0.05% trvpsin/0.02% EDI'A were seeded into 35-mm petri
dishes at 4 X 104 cells in fresh stock cuilture medium (con-
taining 10% fetal calf serum). On day 5, whein the cells were
in a late logarithmic phase of cell grow.th, the monolayers
were washed once with Dulbecco's-modified Eagle's rne-
dium conitaininig 2 mg of bovine serum albumtin/mI. Mediuimn
containiing fetal calf lipoprotein-deficient serum (5 mg pro-
tein/ml) was then added. Fetal calf lipoprotein-deficient
serum was prepared by ultracentrifugatioin as the d > 1.215
g/ml fraction. The cells wvere incubated for ain additioinal
48 h and then used in assays that test the ability of lipopro-
teins to compete for bindinig to LD)L receptors. L)1L
(d = 1.019-1.050 g/ml) was radioiodinated by a mnodifica-
tion of the ICL proceduire of McFarlane (17, 18). 2511_,L)L,
binding was measuredi at 4°C as specific cell-surface binding
releasable by dextran sulfate. Competition curves were gen-
erated by studyinig 1251-LDL binding in the presence of in-
creasing concentrations of plasma or lipoprotein fractions.

Direct binding of radioiodinated apoE-rich and apol-4-poor
HDL2 was assessed at 37°C (16). ApoE-rich and apoE-poor
subfractions of HDL2 were isolated bv heparin-agarose af-
finity chromatography as described above. Ali(luots of these
subfractions were then radioiodinated by a modification of
the iodine monochloride method of McFarlane (17, 18).
After incubation of the cells with '251-apoE-rich or 1251-apoE-
poor HDL,2 at 37°C for 5 h, the cells were cooled to 4°C' and
the medium removed from each monolayer. The cell mono-
layers were extensively washed, and '251-lipoprotein cell sur-
face binding was determined by measuring the radioactivity
released from the cells by dextran sulfate.

HMG CoA reductase activity
To determine the ability of apoE-rich and apoE-poor

HDL,2 from patients with abetalipoproteinemia to regulate
the activity of HMG CoA reductase in cultured human fi-
broblasts, several concentrations of these lipoproteins or of
normal LDL were incubated with cultured human fibro-
blasts for 8 h at 37°C. The medium was then removed and
the monolayers were washed once with iced 0.15 M NaCl,

50 mM tris HCl, p1l 7.4. 'he cells were then scraped into
I ml of the same buffer and centrifuge(d in a Beckniman mi-
crofuige. The buffer xwas thein aspirated anid the cell pellets
frozen in liquid N2 unItil HIM(G CoA reductase was measured.
1iMG CoA reductase activitv wVas assayed according to the

method of Beg et al. (19). 'rhe assay measure(d the formation
of ['4C]mevalonate from ['4C1]IMG( CoA during incubations
of cell extracts in the presence of 2.5 mNl NAI)PII, 150 NM
[I4C]tIM(; CoA, 10 mM dithiothreitol, and 3.75 mM ED'I'A.
T'lhe reaction was carried out in a total volumeIof 100 ,1l in
K phosphate buffer (0.1 M, pi1 7.4) for 60 min at 37°C. The
reaction was terminated by, addition of 20 ml of 5 N H(Cl,
and [3'1jmevalonolactone 'vas addle(d as an internal standard
to mornitor the recovery(of the product. 'he reaction prodtict
(mevalonic acid), converted to its lactone derivative, was
separated fromii suibstrate by ioIn exchange chromatography
on BioRex 5 resin, (Bio-Rad Laboratories), and assayed for
radioactivitv.

Electron microscopy
Before electroni microscopy, samplIes were dlialyzedl against

four changes of distilled water adljuste(d to pl 7.0 by addition
of NH4O)i. Electron microscopy was performed on a Ilitachi
lIlc electron microscope (Ilitachi Ltd., Tokyo, Japan) op-
crated at 75 kV. I)ilute samples (0.2 to 0.5 nmg/miil lipopro-
tein) were applied to carbon-coated Formvar-Cu grids for
-1 miii, theiinegatively stained wvith 2%t4 phosphotungstate,

p1-1 6.8 for 20 s. Electron mnicrographs were obtained tinder
observer-hlinded condlitions, selecting areas wvhere particles
were not conflueit. Electron inicrographs were takeni at
X67,000 maginification. Particles wsere size(i directly fromll
raindonily chosen areas of negatives of electroin mnicrographls,
using a magnifying eye piece wvith a reticle. Nonspherical
particles were not tise(d for this anialvsis. 'I'o determinie the
effects of temnperature oIn particle morphology, lipoprotein
solutioins wvere warmned to 45°C( for 1 ntiin, then applied to
grids that had been placed oin Parafilnm floating in a water
bath rnaintained at 45(. 'I'These sampIles were compared
with preparations made at 25(C.

Analytical niethods
Sodium dodecyl sulfate (SDS) polvacrylamide gel electro-

phoresis was performed in gels cointaininig 6%C acrVlamnide,
0.5%( niethylene bisacrylamnide ising a previously d(escribed
continuous buffer system (14). The gels were stained by the
method of Weber and Osborne (20).

Protein was mleasured by the method of Lowry et al. (21),
usinig bovine serum albumin as standar(l. 'I'otal cholesterol
in extracts of agarose columin fractioins and in extracts of
lipoprotein fractions was measlire(l by the metho(Iof Chia-
mori and hlenry (22). Free and esterified cholesterol in apoE-
rich and apoE-poor subfractionus of IIL,2 were measured by
gas-liquid chromatography; triglyceride in subfractions was
measured by (quantitative thin-layer chiromiatograpthy; phos-
pholipid in subfractions was measured by the method of
Bartlett (23). 'I'he total cholesterol and triglyceride concen-
trations in plasmia were meiasured using Techiicomn AA-1
nethodology (Technicorn Instruments Corp., Tarrytown,
NY) (24, 25).

RESULTS

Plasma apoF concentration. The conceiitrationis of
apoE in the plasma of the nine patientts with abetali-
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poproteinemia are given in Table II. The mean±SD
apoE concentration of 44.8±8.2 ,ug/ml was signifi-
cantly greater than the mean±SD of 36.3±11.1 ,ug/ml
for a group of 50 normal volunteers (P < 0.025). How-
ever, the distribution of plasma total apoE levels in
the two groups did overlap considerably; seven of the
nine patients had values below the 90th percentile of
the normals' distribution (50 ,ug/ml), and 20% of the
normals had values exceeding the mean for the pa-
tients with abetalipoproteinemia. The three adult pa-
tients (No. 1-3) had similar plasma apoE levels to those
of the six children with abetalipoproteinemia. There-
fore, the single adult control group can be used to show
that total plasma apoE concentrations in patients with
abetalipoproteinemia are not subnormal.

Distribution of apoE among lipoproteins. Whole
plasma from each of seven different patients with
abetalipoproteinemia was fractionated by 6% agarose
column chromatography yielding a single symmetrical
peak of apoE immunoreactivity (Fig. 1, lower panel).
This slightly preceded the single peak of cholesterol
in the column eluate and was located where very large
particles of normal HDL elute from this same column.
This pattern was in sharp contrast to that seen in
plasma samples from 30 normal volunteers (Fig. 1,
upper panel) in which two major peaks of apoE im-
munoreactivity were invariably apparent: a first peak
corresponded to VLDL and a second peak corre-
sponded in elution volume to large HDL particles. The

peaks of apoE and cholesterol in patients' plasma
eluted slightly earlier than the HDL peaks of apoE
and cholesterol in normal plasma; this indicated a
somewhat larger mean particle size of the lipoproteins
in the corresponding fractions from patients with
abetalipoproteinemia. In fresh plasma from normal
volunteers or from patients with abetalipoproteinemia,
all apoE eluted from the column associated with li-
poproteins.

Ultracentrifugation demonstrated a lipoprotein dis-
tribution of apoE analogous to that seen with column
chromatography (Table II). A mean of 69.3% of plasma
apoE was found in the 1.063-1.125 g/ml density range
in abetalipoproteinemia, compared with 23.9% in nor-
mal volunteers. Even more striking was the finding
that only 5.6% of plasma apoE was found in the
d < 1.063 g/ml density range; this compared with
38.4% in this combined VLDL-LDL density range in
normal volunteers. It was also of interest that the por-
tion of apoE found in the d > 1.21 g/ml fraction after
ultracentrifugation was much smaller in the patients
with abetalipoproteinemia (7.6±4.2%) than in the nor-
mal volunteers (27.3±6.0%) (P < 0.001).
The observation that in abetalipoproteinemia plasma

apoE is localized to a subfraction of HDL is strength-
ened by the qualitative agreement of two fundamen-
tally different techniques of fractionation, gel filtra-
tion and preparative ultracentrifugation. Since all of
the apoE in the plasma of these patients was associated

TABLE II
Lipoprotein Density Distribution of ApoE

Percent distribution of apoE in density ranges
Plasma

Patient no. apoE d < 1.063 1.063-1.125 1.125-1.21 d > 1.21

pg/ml g/ml

1 33.3 5.0 65.3 23.7 6.0
2 49.6 7.8 65.2 24.5 2.5
3 43.6 5.9 69.0 13.4 11.7
°4 36.6 5.9 72.4 9.1 12.5
5 37.6 5.0 73.8 17.8 3.4
6 40.9 4.1 75.7 20.9 9.3
7 51.6 - - - -

8 55.4 - - - -
9 54.3 - - - -

Mean 44.8 5.6 69.3 18.2 7.6
SD 8.2 1.3 3.8 6.1 4.2
tNormal volunteers 36.3 38.4 23.9 10.4 27.3
SD 11.1 16.1 13.0 5.7 6.0

° For this patient, the sample centrifuged at 1.063 g/ml was lost. Distribution 1.063
g/ml was assumed to be the same as the mean distribution for the other five patients
in whom lipoprotein density distributions were measured. The reported SD for d <
1.063 g/ml and for d = 1.063-1.125 g/ml exclude this patient.
I n = 50 for plasma apoE concentration; n = 9 for lipoprotein density distribution.
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FIGURE 1 Agarose column chromatography of plasma.
Plasma from a normal volunteer (above) and from patient
2 (below) were applied to a 1.0 X 100-cm column of 6%
agarose and were eluted with 0.2 M NaCl, 1 mM EDTA, 2
mM Na phosphate, 0.02% Na azide, pH 7.4. Similar patterns
to that shown in the upper panel were obtained in chro-
matography of samples from 30 different normal volunteers,
and similar patterns to that shown in the lower panel were
obtained in chromatography of samples from patients 1-7.

with HDL, the concentration of apoE in HDL must
approximate the total plasma concentration of apoE,
44.8±8.2 ytg/ml. Agarose column chromatography of
plasma from 30 normal volunteers indicated a
mean±SD concentration of 20.3±6.8 tig/ml for apoE
in the HDL fraction of normal plasma. Thus, although
the plasma concentration of apoE in these patients is
not very different from that in normal volunteers, the
concentration of apoE in HDL of patients with abe-
talipoproteinemia is more than twice the concentration
of apoE in HDL in normal volunteers.

Preparation and characterization of apoE-rich
HDL2. ApoE-rich HDL2 and apoE-poor HDL2 were
separated from each other by heparin-agarose affinity
chromatography of the d < 1.125 g/ml fraction of
plasma from patients 2, 3, 4, and 6. SDS gels of the
two fractions of HDL2 obtained from patient 2 are
shown in Fig. 2. The fraction retained by the column
and eluted with 0.5 M NaCl (gels 1 and 3) is seen to
be truly rich in apoE. The fraction not retained by the

column (gels 2 and 4) is seen to contain apoA-I as its
major apoprotein. Total recovery of immunoassayable
apoE from plasma through the heparin affinity chro-
matography step averaged 59%. The 41% total loss of
apoE occurred as follows: 5% in ultracentrifugation,
12% in dialysis, and 24% in heparin-agarose affinity
chromatography.
The results of RIA of the two fractions for apoA-I,

apo-II, and apoE are shown in Table I1I. ApoE ac-
counted for a mean of 79.4% of the protein mass of
the apoE-rich fractions, while apoA-I accounted for
a mean of 76.2% of the protein mass of the apoE-poor
fractions.
The percentage of apoE that might be covalently

bound to apoA-II in an apoE-apoA-II complex was
estimated by two different methods (Table IV). Method
1 assumed that all of the apoA-II present in the apoE-
rich HDL2 was involved in an apoE-apoA-II complex.
The concentration of apoE present in the apoE-apoA-
II complex was then calculated as the concentration
of the apoE that could be bound by the measured
amount of apoA-II, i.e., molar concentration of apoA-
II as monomer per molar concentration of apoE.
Method 2 for estimating the fraction of apoE in the
apoE-apoA-II complex was densitometric scanning of
stained SDS polyacrylamide gels of the two fractions.
Fig. 2, gel 3 demonstrates the pattern generated by

a
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;. II
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FiC,URE 2 SDS gels of apoE-rich and apoE-poor fractions
of HDL2 (d < 1.125 g/ml) from patient 2. Gels 1 and 3:
apoE-rich HDL2; gels 2 and 4: apoE-poor HDL2. Gels 1, 2
and 5 were run after samples had been incubated for 30 min
in 1% 3-mercaptoethanol; gels 3 and 4 were run in the ab-
sence of reducing agents. Gel 5 shows the apoproteins of
normal human plasma chylomicrons to indicate the mobil-
ities of apoB, apoE, apoA-I, and the C apoproteins.
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TABLE III
Percent Apoprotein Composition of HDL2 Subfractions

ApoA-I ApoA-1I ApoE

'Patient 2 ApoE-rich 16.7 6.9 76.4
ApoE-poor 77.9 19.7 2.4

'Patient 2 ApoE-rich 12.2 7.9 79.9
ApoE-poor 80.9 16.5 2.6

Patient 3 ApoE-rich 12.9 5.1 82.0
ApoE-poor 79.7 18.0 2.3

Patient 4 ApoE-rich 13.1 13.4 73.5
ApoE-poor 66.6 29.9 3.5

Patient 6 ApoE-rich 10.3 6.2 83.5
ApoE-poor 79.1 15.1 5.8

°Mean±SD ApoE-rich 12.6±2.1 8.0±3.7 79.4±4.5
ApoE-poor 76.2±6.4 20.3±6.6 3.5±1.6

HDL2 subfractions from patient 2 were isolated and characterized on two different
occasions. Data from the first isolate area presented first, data from the second isolate
are presented second. The averages of first and second isolate values from patient 2 were
used in calculating the overall means.

SDS gel electrophoresis of apoE-rich HDL2 without
exposure of the sample to reducing agents. The clearly
visible bands correspond to apoA-I, apoE, and proteins
with apparent molecular mass of 45,500 and 67,100
daltons. Since the 45,500- and the 67,100-dalton bands
disappear with a concurrent increase in the relative
intensity of the apoE band on treatment of the samples
with p-mercaptoethanol (Fig. 2, gel 1), these two bands
are felt to represent apoE-apoA-II and apoE-apoE
disulfide dimers, respectively. Their apparent molec-
ular mass is consistent with this interpretation. Lower
molecular mass proteins are poorly visualized in the
6% SDS gel system we used; this accounts for the ab-
sence of a visible band of apoA-II monomer in gel 1.

Estimates of the percent of apoE in the apoE-apoA-
II complex by method 1 and by method 2 suggest that
about one-third of apoE is bound covalently to apoA-

TABLE IV
Estimates of Percent Distribution of Plasma ApoE

in ApoE-ApoA-II Complex

Method I Method 2

Patient 2 37 43
Patient 3 26 42
Patient 6 31

Method I is based on the apoprotein composition of apoE-rich
HDL2 as measured by RIA. Method 2 is based on densitometric
scanning of stained SDS polyacrylamide gels. See text for details.

II. Method 2 further suggested that a somewhat smaller
fraction of plasma apoE was present in an apoE-apoE
disulfide dimer (30% for patient 2, 27% for patient 3).
Thus, both methods agree that only a limited amount
of apoE may be present in an apoE-apoA-II complex.
The apoE-rich and apoE-poor fractions of HDL2

from patients 2, 3, and 6 were analyzed by negative-
stain electron microscopy (Fig. 3). The apoE-rich
HDL2 were in each case of larger mean particle di-
ameter (141±7 A) than the apoE-poor HDL2 (115±15
A). Both fractions contained a predominant population
of spherical or nearly spherical particles. The apoE-
rich HDL2 demonstrated a tendency to aggregate,
which resulted in a packing artifact of apparently
square-shaped particles. This phenomenon was inde-
pendent of the temperature of fixation, being evident
when samples were fixed at room temperature or at
45°C, i.e., below or above the cholesteryl ester tran-
sition temperature. Square-shaped lipoproteins were,
however, not seen in very dilute sarnples where only
free standing particles were present.
The total cholesterol/protein ratio of apoE-rich

HDL2 (1.01±0.11) was higher than that of apoE-poor
HDL2 (0.63±0.14). Percent distribution of the lipid
components in apoE-rich HDL2 was 23% cholesterol,
32% cholesteryl ester, and 45% phospholipid. In apoE-
poor HDL2 it was 21% cholesterol, 44% cholesteryl
ester, and 35% phospholipid. Triglyceride was not de-
tected in any fraction.

Studies of LDL receptor binding activity and reg-
ulation of HMG CoA reductase. The abilitv of
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FIGURE 3 Negative stain electron micrographs of apoE-rich (left) and apoE-poor (right) HDL2
from patient 2. The bar is equivalent to 500 A.

plasma and lipoprotein fractions from three patients
(No. 6-8) to compete with '25I-LDL in binding to LDL
receptors was assessed. Figs. 4 and 5 give results from
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FIGURE 4 LDL receptor binding activity of plasma. The
ability of the indicated quantities of plasma (given on the
abscissa as amount of added plasma protein) from a patient
with abetalipoproteinemia (-) and from a normal volunteer
(0) to inhibit the binding of 1251-LDL to cultured human
fibroblasts is shown. Specific binding of labeled LDL is plot-
ted against the ordinate as nanograms of labeled LDL per
milligram of cellular protein.

patient 8. Similar results were obtained from the other
two patients studied. Fig. 4 demonstrates that whole
plasma from patient 8 could inhibit the binding of 1251_
LDL to cultured human fibroblasts, although with
somewhat less potency than could normal plasma. On
a protein basis, normal plasma had -1.4 times the
potency of plasma from patient 6 and - four times
the potency of plasma from patient 8. (Data on plasma
are not available for patient 7 because of accidental
loss of a sample.)
The ability of lipoproteins to compete with '251-LDL

in binding to fibroblasts is illustrated in Fig. 5. HDL2
(d = 1.063-1.125 g/ml) from patient 8 had a binding
potency intermediate between that of normal HDL2
and normal LDL (d = 1.019-1.050 g/ml) when con-
centrations were expressed as total protein in the li-
poprotein fractions (Fig. 5, panel A). HDL from pa-
tients 6 and 7 had even greater potency relative to
LDL or normal HDL when the data were expressed
in this manner. However, the difference between HDL
from patient 8 and HDL from a normal volunteer
disappeared when the lipoprotein concentrations were
expressed as the amount of the apoE present (Fig. 5,
panel B). Studies of the lipoproteins of patients 6 and
7 yielded similar results. These data support the hy-
pothesis that all of the LDL receptor binding activity
of HDL resides in the small subset of HDL particles
containing apoE.
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(-) are expressed in terms of their apoE content. For panel C, the total protein content of the
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divided by 0.806, since a mean of 80.6% of the protein in apoE-rich HDL2 was found to be
apoE. ApoE-rich HDL2 from a normal volunteer (0) and from patient 8 (0) are compared
with normal LDL (A) in their ability to compete with '251-LDL for specific binding on fibro-
blasts.

Fig. 5, panel C, expresses in a different manner indicating that a mean of 79.4% of protein in apoE-
the data from this experiment in which HDL2 and rich HDL2 is apoE, we can calculate the total protein
LDL were allowed to compete with '251-LDL in bind- concentration of apoE-rich HDL2 in a solution of un-
ing to fibroblasts. On the basis of our measurements fractionated HDL2 as the apoE concentration divided
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by 0.794. This calculated concentration of the protein
in apoE-rich HDL2 particles is plotted on the abscissa.
For normal LDL, the protein concentration deter-
mined by the method of Lowry et al. (20) is plotted
on another scale on the abscissa. In comparing the rel-
ative binding activities of apoE-rich HDL and normal
LDL on this plot, it can be seen that any given con-
centration of apoE-rich HDL2 from patient 8 had, on
a protein basis, equivalent binding activity to 10 times
that concentration of normal LDL. Thus, apoE-rich
HDL2 from patient 8 had 10 times the potency of
normal LDL for binding to LDL receptors of cultured
human fibroblasts. ApoE-rich HDL2 from patients 6
and 7 had measured LDL receptor binding potencies
of 25 and 11 times that of normal LDL. It is possible,
since the apoE-apoA-II dimer does not interact with
LDL receptors, that patient-to-patient variation in re-
ceptor binding potency of apoE-rich HDL may be due
to variation in the fraction of apoE bound to apoA-II.
The experiments described above demonstrated the

ability of the patients' HDL2 to compete with normal
1251-LDL for binding sites on cultured human fibro-
blasts; those experiments suggested that it was the
apoE-rich subfraction of the patients' HDL2 that con-
tained the LDL receptor binding activity. This sug-
gestion was confirmed in another series of experiments
demonstrating specific binding of apoE-rich HDL2 to
fibroblasts (Fig. 6). ApoE-rich and apoE-poor subfrac-
tions of HDL2 were isolated from patients 2 and 4.
Radioiodinated aliquots of these HDL2 subfractions
were then tested for their ability to bind to fibroblasts.
At any particular lipoprotein concentration, binding
of apoE-rich HDL2 was much greater than was that
of apoE-poor HDL2. The binding of apoE-rich HDL2
could be substantially inhibited (86% inhibition) by
including 400 ,ug/ml of normal LDL in the incubation
medium, further indicating that this binding involved
the LDL receptor. In contrast, 400 jig/ml of LDL pro-
duced only 5% inhibition of the binding of apoE-poor
HDL2 to fibroblasts.
An additional series of experiments was performed

to demonstrate that the apoE-rich HDL2 of abetali-
poproteinemia were not only capable of binding to
LDL receptors, but could also effectively suppress
HMG CoA reductase activity. ApoE-rich and apoE-
poor HDL2 from subjects 2 and 4 were used in these
experiments. The data from subject 4 are presented
in Fig. 7. The regulatory activity of apoE-rich HDL2
per microgram of lipoprotein protein was -3.5 times
that of normal LDL and -20 times that of the apoE-
poor fraction of HDL2 from the same patient. Since
apoE accounted for 3.5% of the protein of the apoE-
poor fraction and 73.5% of the protein in the apoE-
rich fraction from this patient, the difference in re-
ductase-suppressing activity of the two fractions is

entirely consistent with the concept that all of that
activity resides in the apoE-containing lipoproteins.
Similar results were obtained in experiments with the
apoE-rich and apoE-poor subfractions of HDL2 from
patient 2. There was also a 20-30-fold difference in
reductase regulating activity of the two fractions, cor-
responding to a 20-30-fold difference in the apoE con-
tents of the two subfractions and strongly supporting
the concept that the small amount of reductase-reg-
ulating activity in the apoE-poor fraction results en-
tirely from small amounts of contamination (3.5%)
with apoE-containing HDL2.

DISCUSSION

In previous studies of the abnormal lipoproteins of
abetalipoproteinemia, Scanu et al. (26) showed that a
protein (then unidentified), with mobility similar to
that of apoE in SDS polyacrylamide gel electropho-
resis, was a prominent component of the patients'
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FIGURE 6 Binding of radioiodinated HDL2 subfractions to
cultured human fibroblasts. Radioiodinated subfractions of
HDL2 were incubated with the cells for 5 h at 37°C and
then cooled to 4°C. Cell monolayers were extensively
washed, and dextran sulfate releasable radioactivity was
measured. Upper panel: binding of '251-apoE-rich HDL2
(3,585 cpm/mg). Lower panel: binding of '251-apoE-poor
HDL2 (506 cpm/mg).
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FIGURE -7 Regulation of IiNIG CoA reductase by apoE-rich and apoE-poor HDL2. The indi-
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Beckman microfuge. The buffer was then aspirated and the cell pellets frozen in liquid N2 until
HMC, CoA reductase was measured.

HIDL. On the other hand, lllinigworth et al. (27) re-
ported that the plasma concentrationr of apoE in a sinl-
gle patient with abetalipoproteinemia was abouit half
of the mnean-i concentration of a group of norrnal vol-
unteers. In the present stuidies, xe have found that the
mean plasma level of apolX in niine patienits with abe-
talipoproteinemia was slightly higher than the mean
plasnma level in 50 normiial volunteers, but that the con-
cenltration of apoE in lIDL in abetalipoproteinemia
was ablout twice that of normals. Thlis was a conse-
quence of apoE being distributed between VLDIL and
1I1)L in normals, while it is restricted to HDL in
abetalipoproteinem ia.
When we subfractioniated the HIDL2 of three pa-

tieiits with abetalipoproteinemia into apoE-rich and
apol-poor fractions, we fouind that the patients with
abetalipoproteinemia (lenlonistrated (qualitative simi-
larities to what had beenl reported in normals (28, 29):
the fractions richl irn apoE-contained particles of larger
mean diameter and higher cholesterol/protein ratio
than did those poor in apoE. As had b)een inoted when
1-H1)12 was isolated by zonal ultracenitrifugation (30),
we found that the HDI-2 of abetalipoproteinemia was
of larger mean particle size thain the HDL2 of normal
volunteers. We found this to be the case for both
sub)fractions of HDL2 as well as for that entire lipo-
protein class when our data on particle diameter for
abetalipoproteinemia (apoE-rich IIDDL2 141 A, apoE-
poor HDL2 115 A) were compared withl the normative

(lata of Weisgraber and Mahley (28) (apoE-rich HDL2,
122 A, apoE-poor HDL2 95 A). Consistent with this,
we found higher cholesterol/protein ratios in apoE-
rich HDL2 from the patients than had been reported
by Weisgraber and Mahley (28) or by Marcel et al.
(29) for the corresponding subfractions of normal
HDL2. The apoE-rich HDL2 particles in abetalipo-
proteinemia have - 1.5 times the volume of apoE-rich
HDL2 in normals. Thus, cellular cholesterol delivery
per bound apoE-rich HDL2 particle in abetalipopro-
teinemia can be expected to be 1.5 times that in nor-
mals.

Because of the report that the apoE-apoA-11 disul-
fide dimer does not interact with LDL receptors (31),
it was of interest that in the apoE-rich HDL.2 about
one-third of apoE was in monomeric form, about one-
third vas in an apoE-ApoA-II dimer, and about one-
third was in an apoE-apoE dimer. Our estimates of
the amount of apoE-apoA-II dimer present were made
with tvo fundamentally different methods that gave
similar results. Method 1, based on the amount of im-
munoassayable apoA-II and apoE present in apoE-rich
HIDL2 should theoretically yield an upper bound for
the amount of apoE-apoA-II dimer present. Method
2 was based on densitometric scanning of stained SDS
polyacrylamide gels after electrophoresis of the pro-
teins of apoE-rich HDL.2. Since the sulfhydryl-binding
reagent p-chloromercuriphenylsulfonate had been
added to these samples immediately after venipunc-
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ture, it is to be expected that there was no in vitro
formation of apoE-apoA-I1 dimer or of apoE-apoE
dimer and that the estimate truly reflected the forms
of circulating apoE. Both methods agree that only a
limited portion of apoE may be present in the apoE-
apoA-II dimer in the three patients studied.

In the study of the regulation of cholesterol synthesis
in nonhepatic tissues, the case of abetalipoproteinemia
has been seen as potentially instrtuctive. It was initially
expected that the primacy of the LDL in this regu-
lation would be evidenced by the finding of elevated
levels of HNIG CoA reductase activity, LDL receptor
activity, and cholesterol synthesis in abetalipoprotein-
emia (3-6). However, after an initial report that
plasma from a patient with abetalipoproteinemnia did
not suppress HMG CoA reductase activity in cultured
human fibroblasts (32), all other publications have
been at variance with the expected results. Myant,
Reichl, and Lloyd (3) have measured whole body cho-
lesterol synthesis in a patient with abetalipoprotein-
emia by sterol balance techniqtues as 15.4 mg/kg per
d, hardly different from their normal value of 14.3
mg/kg per d. Using similar methods, Kayden (33) de-
termined the cholesterol synthesis rate to be 15.2 mg/
kg per d in a patient with abetalipoproteinemia. Al-
though Illingworth et al. (4, 6) have reported approx-
imately twice normal rates of cholesterol synthesis in
three patients with abetalipoproteinemia, they could
completely account for this as compensation for losses
due to intestinal malabsorption. Thuis, in vivo choles-
terol synthesis in abetalipoproteinemia seems to be
effectively down regulated despite the complete ab-
sence of lipoproteins containing apoB.

Studies of the regulation of cellular lipid metabolism
in vitro yield similar conclusions. Reichl, Myaint, and
Lloyd (5) have reported that LDL receptor activity'
was completely suppressed in freshly isolated lym-
phocytes from patients with abetalipoproteinemia.
When they measured the synthesis of (C27 plulS C30 ste-
rols from ['4C]acetate in fresh lymphocytes, they found
similar rates of incorporationi in cells from patients
with abetalipoproteinemia and in control cells. In a
similar experiment, Ho et al. (7) found a higher rate
of incorporation of ['4C]acetate into cholesterol in fresh
lymphocytes from patients with abetalipoproteinemia
than in normal lymphocytes, but the rate of incor-
poration in the patients' fresh cells was only one-third
to one-sixth of that found in normal control cells prein-
cubated in lipoprotein-deficient medium, indicating
substantial suppression of cholesterol synthesis in abe-
talipoproteinemia. Thus, studies froin all laboratories
that have reported relevant data have shown complete
or substantial suppression of cholesterol synthesis in
abetalipoproteinemia.

Data from the laboratory of Mahley (8-10, 34) in-
dicate that apoE-rich HDL may deliver cholesterol to

cells in culture by interaction with highi affinity cell
surface receptors. In a preliminary report, Bersot et
al. (35) indicated that ani apoE-containing subfraction
of the HDL of patients with abetalipoproteinemia can
inhibit the binding of '251_1 DL to cultured huimian fi-
broblasts. The experiments described in the present
report provide direct evidence that apoF-rich H11I,
may regulate lipidl metal)olism in vivo an(d can resolve
the apparent paradox of a suppressed LIDL receptor
pathway in the absence of apoB-containing lipopro-
teins in abetalipoproteinemia. We found that IIDL
from patients and from normal volunlteers were ca-
pable of competing with I251-LDL for specific binding
sites on the surface of hlumilani skin fibroblasts. The ex-
tent of this binding was directly related to the apoF
concentration in all cases, stuggesting that the apoE-
rich subfractioin of IID)L accounted for the binding.

In the present work, in addition to having demoni-
strated binding of the apoE-containing lipoproteins of
abetalipoproteinemia to LDL receptors, wve have pro-
vided direct evidence that those lipoproteins partici-
pate in the regulatory portion of the LDL receptor
pathway. In particular, the apoE-rich IIDL,2 were po-
tent inhibitors of HMG; CoA reductase. This finding
is in accord with a large bod) of available infornmation
indicating that with the exception of specific, very rare
abnormnalities of lipoprotein internalizatioin (36) or ly-
sosomal hydrolysis (37), bouind lipoproteins have ef-
fected metabolic regulationi wlhenever studied (e.g.,
refereinces 2, 7, 9, 38-45). Furthermore, experiments
with cells from patients with abetalipoproteinemia in-
dicate the presenice of normal mechanisms for inter-
nalizatioin of bounld lipoproteins and for the subse-
(luent steps in the LDL receptor path-way (5, 38).

Thus, there is an abundancee of evidei-ice to indicate
that valid predictions regardinig cholesterol delivery
in abetalipoproteinemia can be made on the basis of
our data on the receptor binding activity of the pa-
tients' lipoproteins and the composition of their lipo-
proteins. Table \V summarizes a calculation of the cho-

TABLE. V
Poteritial of ApoE-Rich IIDI for Cholesterol Delivery

in Abetalipoproteineinia

Patient uio.

6 7 8

Proteini in apoE-rich HDL (pg/nzl) 51.5 60.9 69.7
Receptor binding potency

(apoE-rich IIDlI/IDI.) 25X lix 1(X
°Cholesterol delivery capacity

(equlivalent LDL cholesterol
concenitratioin, mg/dl) 130 72 70

Represents protein in apol-rich }iDI. X receptor bindi[ng potency
X (clholesterol/protein)a,xE-richl 10
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lesterol delivering capacity of apoE-rich HDL in three
patients with abetalipoproteinemia. The cholesterol
delivering capacity is calculated as the protein con-
centration of apoE-rich HDL, multiplied by the re-
ceptor binding potency of apoE-rich HDL relative to
LDL, multiplied by the cholesterol/protein ratio of
apoE-rich HDL in abetalipoproteinemia. Our data
yield a calculated cholesterol-delivering capacity of
apoE-rich HDL equivalent to an LDL cholesterol con-
centration of 50-150 mg/dl. Analogous calculations
from experiments on regulation of HMG CoA reduc-
tase in two different patients (No. 2 and 4) yield similar
but slightly lower results. The plasma concentrations
of apoE-rich HDL were found to be the functional
equivalent of 30-40 mg/dl of LDL cholesterol. Con-
centrations of 2.0 mg/dl of LDL cholesterol in tissue
culture have been shown to be capable of producing
maximal suppression of LDI, receptor activity (46).
Since tissue interstitial levels of LDL may be -10%
of plasma levels (47-49), a tissue concentration of 2.0
mg/dl might be equivalent to a plasma LDL concen-
tration of 20 mg/dl. This is considerably less than the
concentrations of LDL cholesterol, which are the cal-
culated functional equivalents of the concentrations
of apoE-rich HID1. present in abetalipoproteinemia.
Thus, the concentrations of apoE-rich HDL present
in abetalipoproteinemia are capable of playing a reg-
ulatory role in lipid metabolism in patients with this
disease. We conclude that these apoE-rich lipoproteins
can account for the suppression of cholesterol synthesis
and LDL receptor activity previously observed in
abetalipoproteinemia.
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