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THOMASBERSOT, Cardiovascular Research Institute, Gladstone Foundation
Laboratories for Cardiovascular Disease and Department of Medicine,
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A B S T R A C T Familial dysbetalipoproteinemia has
been reported to be associated uniquely with an apo-
lipoprotein E phenotype (E2/2) that occurs in '1%
of all persons. Wehave observed the typical clinical
and biochemical characteristics of this disorder in five
members of a family, in all of whomthe apolipoprotein
E phenotype, as determined by isoelectric focusing
electrophoresis, is E3/3. The disorder is present in
three generations of the family: the proband, her
mother, and three of the proband's five children. The
proband's husband, father of all five children, also has
apolipoprotein E phenotype E3/3, as do his two un-
affected children. As in normal persons with phenotype
E3/S, the apolipoprotein E of affected members ap-
pears to have a single residue of cysteine. When in-
corporated with egg lecithin into discoidal complexes,
the apolipoprotein E from affected members was taken
up normally into perfused livers of estradiol-treated
rats, in which a high level of LDL receptors is ex-
pressed. When isoelectric focusing electrophoresis was
carried out over a narrow range of pH (5-7), each of
the apolipoprotein E isoforms of affected members was
observed as a doublet, even after reduction of dimers
of the protein with 2-mercaptoethanol and treatment
with neuraminidase to minimize the content of sia-
lylated forms of the protein. Doublets were also ob-
served in the apolipoprotein E-2 of patients with clas-
sical dysbetalipoproteinemia, but only in the affected
members of the family with atypical dysbetalipopro-
teinemia were the components of the doublets equally
prominent. As in classical dysbetalipoproteinemia,
both apolipoprotein B-100 and B-48 were present in
the very low density lipoprotein fraction of plasma
obtained in the postabsorptive state, indicating that
remnantlike lipoproteins of both hepatic and intestinal
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origin accumulate. This observation, together with
available evidence on the structural and functional
heterogeneity of human apolipoprotein E, lead us to
suggest that the disorder in this family is caused by
one or two structurally abnormal forms of apolipo-
protein E that contain a single residue of cysteine.

INTRODUCTION

Familial dysbetalipoproteinemia is a distinctive dis-
order of the plasma lipoproteins associated with the
accumulation of triglyceride-rich lipoproteins that
contain increased amounts of cholesteryl esters and
apolipoprotein (apo)' E (1). Apo E exhibits genetic
polymorphism dictated by several alleles at a common
locus (3). By isoelectric focusing gel electrophoresis,
three forms of the protein can be distinguished that
differ in pI by a single charge unit, owing to cysteine-
arginine interchanges at one or two sites (4). The form
of the protein thus designated as E-4 contains no cys-
teine, that designated at E-3 contains one cysteine, and
that designated as E-2 contains two cysteines. Apo E
is a single polypeptide chain containing 299 amino
acids (5). E-3 has been found to contain cysteine at
position 112, and E-2 to contain an additional residue
of cysteine at either position 158 or position 145 (5,
6). Persons with familial dysbetalipoproteinemia de-
scribed to date have, with the exception of one kindred
in whom apo E is absent (7), been found to be ho-
mozygous for alleles specifying E-2 (phenotype E2/2).
The form of E-2 containing cysteine at positions 112
and 158 is poorly recognized by the low density li-
poprotein (LDL) receptor in cultured human fibro-
blasts and by lipoprotein receptors in membrane prep-
arations of bovine adrenal gland and rat liver, but the

' Abbreviations used in this paper: apo, apolipoprotein;
E3/3, E2/2 denote phenotypes of apo E, designated ac-
cording to a recently proposed system of nomenclature (2).
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form of E-2 containing cysteine at positions 112 and
145 is recognized to a much greater extent by these
receptors, albeit not quite normally (6, 8). However,
these differences in biological behavior are not asso-
ciated with obvious differences in the expression of
dysbetalipoproteinemia.

We report here our studies of a kindred in whom
the clinical features of dysbetalipoproteinemia are as-
sociated with the accumulation of triglyceride-rich li-
poproteins having all of the properties that character-
ize this disorder with the exception that the apo E
phenotype in unaffected and affected members alike
is E3/3. The disorder appears in three generations of
this family, thus having characteristics of a dominant
trait. The E-3 in affected members is functionally com-
petent with respect to its interaction with the LDL
receptor in rat liver and the triglyceride-rich lipopro-
teins are recognized by the ,-very low density lipo-
protein (VLDL) receptor on mouse macrophages
(T. P. Bersot, T. L. Innerarity, R. W. Mahley, and
R. J. Havel, submitted for publication).

METHODS
Lipid and lipoprotein analysis. Lipoproteins were sep-

arated by preparative ultracentrifugation of serum from
blood obtained from antecubital veins of members of the A.
kindred who had fasted 9-15 h. For measurement of the
concentration of total cholesterol and triglycerides (9) and
apo E (10) in three major lipoprotein fractions, samples were
subjected to ultracentrifugation at densities of 1.006 and
1.063 g/ml (11). For measurement of the composition (12)
of lipoprotein classes, lipoproteins were separated by se-
quential ultracentrifugation (13) and purified and concen-
trated by recentrifugation at the respective upper density
limits. Apo B in VLDL was determined as protein insoluble
in tetramethylurea (14) and content of other apoproteins of
VLDL, delipidated with ethanol/ether, 3:1 (15), was deter-
mined by quantitative densitometric analysis of polyacryl-
amide gel electrophoretograms stained with Amidoschwarz
(14). The presence of different forms of apo B in VLDL was
determined by sodium dodecyl sulfate (SDS) electrophoresis
in 3% polyacrylamide gels (16).

Analysis of apo E and its isoforms. Distribution of iso-
forms of apo E was determined by analytical isoelectric fo-
cusing polyacrylamide gel electrophoresis (17), with a pH
gradient of 3.5-7.0 or 5.0-7.0. Samples of apo VLDL were
analyzed routinely with and without reduction of disulfides
with 2-mercaptoethanol (10). To determine the effect of
desialylation upon the isoelectric focusing pattern, samples
of apo VLDL were incubated with neuraminidase (from
Clostridium perfringens, 0.6 U/ml, Boehringer Mannheim
Biochemicals, Indianapolis, IN) before electrophoresis. VLDL
(-2 mg protein in 1 ml 0.15 M NaCl and 0.02 M sodium
acetate, pH 5.2, or apo E (50-100 ug in 0.1% sodium dec-
yl sulfate, 0.02 Msodium acetate, pH 5.2) was incubated with
0.01 U neuraminidase/mg protein for 30 min at 370C. Two-
dimensional electrophoresis of apo VLDL was performed as
described by Menzel et al. (18) with 5% polyacrylamide gel
for the first dimension and 12% gel for the second dimension.
Apo E was isolated from VLDL delipidated with tetrame-
thylurea and diethyl ether by gel filtration chromatography

(19). Composition of apo E was determined by amino acid
analysis (20). The number of cysteine residues was evaluated
by isoelectric focusing electrophoresis of apo E in apo VLDL
reacted with cysteamine (21).

Other procedures and analyses. Apo E was iodinated
with 125I and complexed with egg phosphatidylcholine (22).
Uptake of the '251-apo E was measured in single-pass per-
fusions of isolated rat livers (22). Total and salt-insensitive
lipolytic activities were estimated in plasma obtained 10 min
after intravenous injection of 1.0 mg heparin/kg body
weight (23).

RESULTS

Clinical features of the A. kindred. The proband,
Ad.A., and her family emigrated to California from
El Salvador in 1960. She was found to have palmar
xanthomas, hyperlipidemia, and hypertension in 1971.
Clofibrate, 1.5 g/d, and antihypertensive medications
were prescribed, with disappearance of the xanthomas
and reduction of blood pressure. Concentrations of
cholesterol and triglyceride remained at levels of 300-
400 mg/dl. In 1978, she underwent a left renal throm-
boendarterectomy and repair of an abdominal aortic
aneurysm. She was first seen in the Lipid Clinic at the
University of California, San Francisco, in August,
1979. Plasma cholesterol and triglycerides were found
to be grossly elevated and findings upon lipoprotein
analysis were typical of dysbetalipoproteinemia (Table
I). She had no symptoms of ischemic vascular disease
and no xanthomas were evident. She was placed on
nicotinic acid, 0.7 g three times daily, in September,
1979, with reduction of serum cholesterol to 180-240
mg/dl and serum triglycerides to 135-200 mg/dl.
Medications for hypertension (hydrochlorothiazide, 50
mg twice daily, and propranolol, 120 mg twice daily)
have been continued.

The proband's mother, G.P., was found.to be hy-
perlipidemic in 1965, at which time she had yellowish,
elevated lesions over her elbows and yellowish discol-
oration of the palmar creases. Clofibrate was pre-
scribed (1.0-1.5 g daily), with disappearance of the
presumed xanthomas. She was found to be hyperten-
sive in May, 1980, and placed on hydrochlorothiazide.
Lipoprotein analysis was typical for dysbetalipopro-
teinemia (Table I). Corneal arcus was evident but no
xanthomas were evident. An abdominal aortic aneu-
rysm was repaired in June, 1980. She has little knowl-
edge of her parents, except that her mother died in
her sixties. She is an only child.

The proband's parents are second cousins, once re-
moved. Three of her five children (Jo.A, R.A., and
M.A.A.) were found to have typical dysbetalipopro-
teinemia and all were hyperlipidemic (Table I). R.A.
had small, raised yellow lesions in the web of both
hands between the first and second digits. Jo.A. had
a diminished right posterior tibial pulse and absent left
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TABLE I
Concentration of Serum and Lipoprotein Lipids and Apo E in the A. Family (mg/dl)

Serum VLDL IDL + LDL HDL
Kindred

Patient position Sex Age TC TG Apo E TC TG Apo E TC TG Apo E TC TG Apo E

yr

G. P. e I-i F 66 179 110 9.9 45 72 90 26 - 36 14
Ad.A. II-1 F 45 630 623 56.9 354 500 - 222 76 33 22
Jo.A. III-2 M 20 380 212 29.5 95 140 12.5 232 35 8.7 41 19 2.9
M.A.A. III-3 F 17 216 195 23.3 81 123 14.0 103 26 4.3 29 14 1.6
R.A. III-4 F 16 330 188 25.0 90 127 10.5 207 46 63 32 16 6.5
M.G.A. III-1 F 21 195 93 4.7 8 49 154 18 31 20
Ju.A. III-5 M 12 230 53 6.5 6 21 0.48 192 22 2.1 42 10 3.5
Ar.A. II-2 M 45 218 83 4.3 15 41 0.79 172 31 0.8 29 12 2.3

° During treatment with clofibrate; no hypolipidemic drugs were being taken by others tested.

dorsalis pedal pulse. The composition of the lipopro-
teins of the other two children (M.G.A. and Ju.A.) was
normal, but one (Ju.A.) had increased cholesterol levels
in serum and intermediate density lipoprotein (IDL)
plus LDL.

The proband's husband, Ar.A., father of all five chil-
dren, was found to be hypertriglyceridemic (489 mg/
dl) on one occasion, when he was drinking -2.5 liters
of beer daily, but was later normolipidemic after he
had stopped drinking and had lost weight (Table I).
He had no xanthomas or evidence of ischemic vascular
disease. Ad.A. and Ar.A. come from the same small
town in El Salvador, but careful questioning revealed
no evidence that they are genetically related. The pe-
digree of the A. family is summarized in Fig. 1.

Lipid and lipoprotein analyses. All five of the af-
fected members of the kindred had elevated serum
triglyceride levels and all but one have had elevated
serum cholesterol levels when hyperlipidemic drugs
were not given (Table I). The levels of these lipids
have responded well to clofibrate or nicotinic acid in
the proband (Ad.A.) and her mother (G.P.). In affected
members, VLDL of beta electrophoretic mobility were
present (Table II) and the ratio of total cholesterol to

_

:} b b b ~~~~~~~l?ysbefa-II-20 0 0 [-] Not tested

m-5 M-4 m-3 m-2 r-I

FIGURE 1 Pedigree of the A. kindred.

triglycerides in VLDL varied between 0.63 and 0.75
(Table I). The ratio in the two unaffected children was
0.16 and 0.29 and f,-VLDL were absent in them and
the proband's husband (Ar.A). All affected members
(except G.P., who was taking clofibrate) had grossly
elevated levels of apo E in serum and VLDL. Levels
of cholesterol in IDL plus LDL varied, but in affected
members tested, the levels of apo E in this fraction
were increased, consistent with the presence of rem-
nantlike particles. The composition of the VLDL of
the proband was typical of dysbetalipoproteinemia,
with increased content of cholesteryl esters and re-
duced content of triglycerides (Table III). The com-
position of the IDL, LDL, and high density lipoprotein
(HDL) was normal (24). Several members of the
kindred had reduced HDL-cholesterol levels, includ-
ing the unaffected husband of the proband and one of
his two unaffected children. Apo E comprised an ab-
normally large fraction of the protein component of
VLDL in dysbetalipoproteinemic members, but was
well within normal limits (10) in those not affected
(Table II).

Isoelectric focusing electrophoresis of apo VLDL.
The variation of isoelectric behavior of apo E appears
to result both from polymorphism of the gene dictating
the structure of apo E and from posttranslational mod-
ifications of the protein (1, 3). Reduction of disulfide
dimers of apo E (apo E-apo E or apo E-apo A-II) sim-
plifies the pattern in most persons (1, 10) and facilitates
assignment of apo E phenotype. Apo E is a glycopro-
tein that appears to be variably sialylated (3), so that
treatment of apo VLDL with neuraminidase further
simplifies the pattern of apo E in isoelectric focusing
gels (1).

The isoelectric focusing pattern of apo E in the pro-
band was virtually indistinguishable from that of the
E3/3 phenotype, when apo E was reduced with 2-
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TABLE II
Apoprotein Composition of VLDL

Electrophoretic Component (% rass)
mobility of

Patient VLDL E-3:E-2 B E C-I C-Il C-lII-O C-Ill-I C-III-2 C-111-3

G.P. 1B + pre-# 2.79 49.5 18.9 2.7 5.5 2.2 10.8 7.9 2.8
Ad.A. ,B + pre-,B 3.03 52.1 26.0 3.1 2.7 1.3 8.6 4.8 0.7
Jo.A. , 3.27 59.9 19.6 2.3 3.1 1.4 7.6 4.5 1.6
M.A.A. fl + pre-# 2.83 43.8 24.8 3.3 4.3 1.7 11.8 7.7 2.8
R.A. ,B + pre-,B 3.04 54.4 23.8 2.8 3.4 1.2 6.2 4.8 2.1
M.G.A. double pre-f# 3.15 38.4 9.3 5.3 9.6 4.4 18.8 11.1 3.1
Ju.A. double pre-j3 1.83 49.0 7.9 3.9 7.0 3.6 13.7 10.8 4.2
Ar.A. Single pre-/3 1.96 47.1 5.8 4.1 9.5 3.7 12.8 13.7 3.4

° As determined by isoelectric focusing gel electrophoresis, in the presence of 2-mercaptoethanol.

mercaptoethanol, with or without treatment of apo
VLDL with neuraminidase (Fig. 2). The E-3/E-2 ratio
in the proband and in the other four affected members
of the kindred ranged from 2.79 to 3.27 (Table II),
consistent with an E3/3 phenotype. This was con-
firmed by two-dimensional electrophoretic analysis,
which showed the predominant unsialylated apo E
component to be E-3 (Fig. 3). However, in one-di-
mensional gels run in the absence of 2-mercaptoeth-
anol, the isoforms with pl of E-3 and E-2 were each
seen as a closely spaced doublet (Fig. 2). This pattern
appeared to be identical in all five affected members
of the kindred (Fig. 4). Isoforms with pl in the region
of E-1 usually appeared as a doublet with and as a
triplet without treatment of apo VLDL with 2-mer-
captoethanol (compare upper and lower groups of gels
in Fig. 3).

Mixing experiments showed that the more anionic
member of the doublet of the apo E-3 bands of affected
members of the A. kindred co-focused with the E-3
from unaffected individuals (Fig. 5). Treatment of apo
VLDL with 2-mercaptoethanol appeared to decrease
(by <0.01 pH unit) the apparent pI of the more cat-
ionic component.

To evaluate further the presence of these compo-
nents of apo E, isoelectric focusing was performed over

TABLE III
Composition of Lipoproteins of Proband, Ad.A. (% nass)

VLDL IDL LDL HDL

Cholesteryl esters 29.5 20.2 40.7 19.8
Triglycerides 27.4 20.9 7.4 0.2
Cholesterol 11.0 10.4 11.5 3.2
Phospholipids 20.5 24.0 17.8 21.9
Protein 11.5 24.5 22.7 55.0

Total cholesterol and triglycerides in serum were 217 and 143 mg/
dl. Total cholesterol in VLDL, IDL, LDL, and HDL were 42, 11,
133, and 22 mg/dl, respectively.

a narrower range of pH, from 5.0 to 7.0 (Fig. 6). Under
these conditions, each of the isoform regions (E-3, E-
2, and E-1) was resolved into three components in all
affected members of the kindred; of these, two re-
mained after treatment of apo VLDL with 2-mercap-
toethanol. No clear splitting of bands was observed in
the unaffected individuals whose apo E included E-3
(Fig. 7). However, apo E-2 in apo VLDL from patients
with classical dysbetalipoproteinemia was seen as a
doublet, with or without reduction of disulfide dimers

E-4.
*N

a b c aI b C

FIGURE 2 Isoelectric focusing polyacrylamide gel electro-
phoretograms (pH gradient 3.5-7.0) of apo VLDL. For the
group of three gels on the right, apo VLDL was incubated
with 2-mercaptoethanol to dissociate disulfide-bonded mul-
timers. a,a'; apo VLDL from a patient with phenotype E4/
3. b,b'; apo VLDL from the proband, Ad.A. c,c'; apo VLDL
from the proband treated with neuraminidase. When2-mer-
captoethanol was not used, E-3 and E-2 appear as two closely
spaced components of approximately equal intensity (doub-
lets). Note also reduction of component in the region of E-
1 in c', as compared with b'.
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FIGURE 3 Two-dimensional gel electrophoretograms of apo
E from VLDL of the proband Ad.A. (top), her affected child,
Jo.A. (middle), and a subject with a normal E3/3 phenotype
(bottom). Only the region of the gel containing components
of apo E is shown. The distribution of both E-3 and sialylated
components with the mobility of E-2 and E-1 is similar in
all gels.

with 2-mercaptoethanol (Fig. 7). The doublets ob-
served in affected members of the A. kindred and in
persons with classical dysbetalipoproteinemia re-
mained after treatment of apo VLDL with neuramin-
idase (Fig. 7). In the members of the A. kindred, the
intensity of the two components of the doublet was
approximately equal, whereas in those with classical
dysbetalipoproteinemia the cationic member of the
doublet predominated.

Composition of apo E and apo B. The amino acid
composition of apo E from the proband and one of her
affected children was indistinguishable from that of
apo E from unaffected persons (data not shown). Treat-
ment of apo VLDL of the proband and her mother
with cysteamine (Fig. 8) increased the pI of each com-
ponent of apo E by a single charge unit, consistent
with the presence of a single residue of cysteine, as
with normal persons with the E3/3 phenotype (1, 21).
As in patients with classical dysbetalipoproteinemia,
the apo B of the VLDL fraction of the proband and
her mother contained a distinct component with the
mobility of B-48 as well as B-100, consistent with the
presence of partially catabolized chylomicrons as well
as VLDL (Fig. 9). The apo B of VLDL of normal
individuals, subjected to the same analysis, rarely con-
tains a detectable B-48 component.

Uptake of apo E by isolated rat liver. Apo E from
the proband and one of her children was iodinated
with 1251 and complexed with egg lecithin. The com-
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FIGURE 4 Isoelectric focusing gel electrophoretograms (pH
gradient 3.5-7.0) of apo VLDL from five affected and two
unaffected members of the A. kindred. For the lower group
of gels, apo VLDL was incubated with 2-mercaptoethanol.
a, I-1; b, II-1; c, III-3; d, 111-4; e, III-2; f, 11-2; g, III-5. In
upper group of gels (apo VLDL not treated with 2-mercap-
toethanol), E-3 and E-2 of affected members (five gels on
left) appear as doublets and E-1 usually appears as three
components. In lower group of gels, E-3 and E-2 of affected
members appear as a single component and E-1 as two
closely spaced components. Gels c, d, e, and g were electro-
phoresed together; the others were run separately, account-
ing for slight differences in position of the components.

plexes were mainly discoidal particles -45 X 300 A,
as described previously for complexes prepared from
rat apo E or apo E from patients with phenotype E4/
3 or E2/2 (22). The complexes were perfused through
isolated livers from normal rats and rats that had been
treated with large amounts of 17-a-ethinyl estradiol
for 5 d (22). In each case, the uptake of '25I-apo E was
stimulated by 20-30% in livers of estradiol-treated, as
compared with normal rats (Fig. 10). The behavior of
the apo E from dyslipoproteinemic members of the A.
kindred therefore resembles that of apo E from persons
with phenotype E4/3 or E3/3 (unpublished data), and
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FIGURE 5 Isoelectric focusing polyacrylamide gel electro-
phoretograms (pH gradient 3.5-7.0) of apo VLDL. For
group of three gels on right, apo VLDL was incubated with
2-mercaptoethanol. a,a'; apo VLDL from a patient with phe-
notype E4/3. b,b'; apo VLDL from proband, Ad.A. c,c';
mixture of apo VLDL shown in a,a' and b,b'. The lower of
the two components of E-3 and E-2 from Ad.A. co-focuses
with the E-3 and E-2 from the patient with pheno-
type E4/3.

E2/2 with cysteine at positions 112 and 145, rather
than E2/2 with cysteine at positions 112 and 158, in
which little or no stimulation of uptake was observed
(6, 8, 22).

Postheparin lipolytic activities. Blood plasma was
obtained from the proband and a normolipidemic sub-
ject 10 min after intravenous injection of 1.0 mg hep-
arin/kg body weight. Total lipolytic activity against
emulsified triglycerides (control 12.8, proband 17.3
jsmol fatty acid produced/ml plasma in 1 h) and ac-
tivity resistant to 1.0 MNaCl (control 6.6, proband 4.9
jsmol fatty acid produced/ml plasma in 1 h) were sim-
ilar.

,mwqw i U.w =,w' =

FIGURE 7 Isoelectric focusing gel electrophoretograms of
apo VLDL (pH gradient 5.0-7.0) from: (1) proband Ad.A.;
(2) patient with phenotype E3/3; (3 and 4) patients with
classical dysbetalipoproteinemia. The apo VLDL for the
middle member of each group of three gels was treated with
2-mercaptoethanol and that for the right member was
treated with 2-mercaptoethanol and incubated with neur-
aminidase. Note that doublets seen with E-3, E-2 and E-1
from Ad.A. and with E-2 from patients with classical dys-
betalipoproteinemia are unaffected by treatment of apo
VLDL with neuraminidase. In Ad.A., the doublets stain with
approximately equal intensity, whereas in those of E-2 from
patients with classical dysbetalipoproteinemia, the more cat-
ionic component predominates. All isoforms from the patient
with the usual E3/3 phenotype appear as single bands.

DISCUSSION

VLDL of many persons contain two electrophoretic
components, the more slowly migrating of which has
properties resembling those of VLDL remnants (17).
In a few persons without other evidences of dysbetali-

VW mU am

_ --4

FIGURE 8 Effect of treatment of apo VLDL with cysteamine
2 3 4 5 6 upon the isoelectric focusing patterns of apo E. The apo

VLDL of the left member of each pair of gels was reduced
FIGURE 6 Isoelectric focusing polyacrylamide gel electro- with ,8-mercaptoethanol; the apo VLDL of the right member
phoretograms of apo VLDL (pH gradient 5.0-7.0): (1) pa- was treated with cysteamine to convert cysteine residues to
tient with phenotype E4/3; (2-6) five affected members of a positively charged derivative. Left pair of gels, patient
A. kindred. In apo VLDL not treated with 2-mercaptoeth- with classical dysbetalipoproteinemia; middle pair of gels,
anol (left member of each pair), E-3, E-2, and E-1 appear proband Ad.A.; right pair of gels, proband's mother G.P.
as three closely spaced components; in apo VLDL treated The predominant E-3 component of Ad.A. and G.P. is shifted
with 2-mercaptoethanol (right member of each pair), only to the position of E-4. The pI of E-2 and E-1 is also increased
two closely spaced components are evident. by a single charge unit.
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FICURE 9 SDS polyacrylamide gel (3%) electrophoreto-
grams of apoproteins of VLDL from (1) proband Ad.A., (2)
proband's mother, G.P., and (3) a patient with classical dys-
betalipoproteinemia. In each case, the major high molecular
weight component has the mobility of apo B-100 and a minor
component has the mobility of apo B-48.

poproteinemia, the mobility of the more slowly mi-
grating component overlaps that of LDL, and is there-
fore designated as #l-VLDL. However, only persons
with apo E phenotype E2/2 or absence of apo E have
heretofore been found to have fl-VLDL with very high
content of cholesteryl esters, associated with tuberous
or palmar xanthomas (1, 7). The affected members of
the A. kindred present all of the characteristic clinical
and biochemical features of familial dysbetalipopro-
teinemia except phenotype E2/2. They, as well as the
unaffected father of the three affected children of the
proband, have phenotype E3/3. If the father's E-3 is
normal (i.e., if it contains a single cysteine at position
112), these children must be presumed to have one
allele for apo E that specifies a normal protein; yet
their lipoprotein abnormality is as severe as that of
their mother and grandmother. Their lipoproteins are
typical of persons with phenotype E2/2, which is pre-
sumed to reflect homozygosity for a form of apo E
that, at least as present in plasma lipoproteins, reacts
poorly with cell surface receptors (1). If the apo E
specified by a normal apo E-3 allele is expressed in
these children, it must be presumed that it is ineffec-
tive in promoting the metabolism of remnants of tri-
glyceride-rich lipoproteins. On the other hand, the
father may be heterozygous for two alleles, each of
which specifies E-3, and one of which reacts poorly

80-

60- ~~ ~ ~ ~ ~ ~ ~ 0 0

40-1~~~~~~~~~~~~
Z * <

0100 200 o 100 200

PERFUSION VOLUME(mI)

FIGURE 10 Uptake of '251-apo E in lamellar complexes into
livers of control (0) and estradiol-treated (0) rats perfused
in a single-pass system at a rate of 12 ml/min. Medium
containing no complexes was replaced by medium contain-
ing labeled complexes at the beginning of the collection pe-
riods shown, and all perfusate was collected in 10-ml portions
during the next 17 min. Panel on left shows a paired ex-
periment with apo E from proband, Ad.A. (concentration
of apo E in perfusate was 0.34 ug/ml); panel on right shows
two paired experiments with apo E from proband's daughter,
M.A.A. (concentration of apo E in perfusate was 0.31
yg/ml).

with cell surface receptors. The three affected chil-
dren, then, could have two alleles specifying synthesis
of apo E-3, each of which is functionally defective.
The observation that the E-3 and E-2 are each com-
posed of two components, approximately equal in
amount and differing in pI by -0.01 pH unit, after
reduction of disulfide dimers with 2-mercaptoethanol
(Fig. 6) and desialylation of the protein by treatment
of neuraminidase (Fig. 7), is consistent with hetero-
zygosity for such alleles in all five affected members
of the family. The presence of doublets in the apo E-
2 of patients with classical dysbetalipoproteinemia
(Fig. 7), makes the significance of this observation
somewhat uncertain, but one component of those
doublets was less prominent than the other.

An alternate explanation for the occurrence of dys-
betalipoproteinemia in this kindred is that they lack
the normal receptor-dependent mechanisms for pro-
cessing remnants of triglyceride-rich lipoproteins in
the liver. Apo E reacts with several lipoprotein recep-
tors, including receptors on cells in extrahepatic tissues
and receptors in the liver. Under some conditions, the
liver expresses the LDL receptor first described in cul-
tured human fibroblasts (25). This receptor recognizes
lipoproteins or lipid-protein complexes containing apo
B-100, the B apoprotein secreted by the liver (26), and
apo E, which is also secreted from the liver (27). In
addition, liver membranes have a binding site for li-
poproteins containing apo E but not apo B-100 (28).
In principle, one or both of these receptors could there-
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fore participate in the uptake and catabolism of rem-
nant lipoproteins. Wefound that the apo E of affected
members was effectively recognized by the estradiol-
induced LDL receptor of rat liver (Fig. 10). Although
this observation is consistent with a defect in an hepatic
receptor or receptors, it is now known that the apo E-
2 from patients with classical dysbetalipoproteinemia
can differ both structurally and functionally. Thus, the
apo E-2 from a patient in which cysteine is present at
positions 112 and 145 (6) is also taken up readily in
livers of estradiol-treated rats (8) and reacts almost
normally with LDL receptors in cells and cell mem-
brane preparations (6, 8). It seems unlikely that this
patient has both a defective apo E and defective he-
patic remnant receptors. In addition, recent studies in
Watanabe heritable hyperlipidemic rabbits, which
lack hepatic LDL receptors, suggest that partially ca-
tabolized chylomicrons and VLDL may be processed
differently by hepatic receptors. The metabolism of
chylomicrons is normal in Watanabe heritable hyper-
lipidemic rabbits (29), but that of VLDL is impaired
(30), consistent with the hypothesis that chylomicron
remnants are processed by apo E receptors, whereas
partially catabolized VLDL are processed at least in
part by the LDL receptor that recognizes both apo B-
100 and apo E. As in patients with classical dysbeta-
lipoproteinemia (1, 31, 32), both chylomicron rem-
nants and VLDL remnants appear to accumulate in
the affected members of the A. kindred. It therefore
seems more likely that they will be found to have one
or two structurally abnormal apo E that contain a sin-
gle cysteine residue.

The observations presented here are consistent with
other evidence that multiple mutations of apo E cause
dysbetalipoproteinemia. The present observations sug-
gest that such mutations may be associated with the
E3/3 phenotype.
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