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Abstract A kindred with apolipoprotein E deficiency and a 
truncated lower molecular weight apoE mutant, designated 
a p 0 E - 3 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  has been identified. Gel electrophoresis dem- 
onstrated complete absence of the normal apoE isoproteins and 
the presence of a small quantity of a lower molecular weight 
apoE. Plasma apoE levels in the proband were approximately 
4% of normal. This marked deficiency of apoE resulted in 
delayed uptake of chylomicron and very low density lipoprotein 
(VLDL) remnants by the liver, elevated plasma cholesterol 
levels, mild hypertriglyceridemia, and the development of type 
111 hyperlipoproteinemia. Sequence analysis of the patient's 
apoE gene revealed a single nucleotide substitution of an A for 
a G, which converted amino acid 210 of the mature protein, 
tryptophan (TGG), to a premature chain termination codon 
(TAG), thus leading to the synthesis of a truncated E apolipopro- 
tein of 209 amino acids with a molecular mass of 23.88 kDa. 
Northern blot analysis of differentiated monocyte-derived mac- 
rophages demonstrated a mutant mRNA indistinguishable in 
size from normal apoE mRNA. The nucleotide substitution also 
resulted in the formation of a new restriction site for Mae I. 
Using this enzyme we were able to establish that the proband is 
a homozygote and that her two offsprings are heterozygous for 
the e-QWarhlngton allele. I These data demonstrate that the 
striking deficiency of apoE-3Washington results in a moderate form 
of type 111 hyperlipoproteinemia. The clinical presentation also 
suggests a dispensable role of apoE in the nervous system and 
in immunoregu1ation.-Lohse, P., H. B. Brewer 111, M. S. 
Meng, S. I. Skarlatos, J. C. LaRosa, and H. B. Brewer, Jr. 
Familial apolipoprotein E deficiency and type 111 hyperlipopro- 
teinemia due to a premature stop codon in the apolipoprotein E 
gene. J. Lipid Res. 1992. 33: 1583-1590. 
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three common alleles that code for the isoproteins apoE-2, 
apoE-3, and apoE-4 (for review see ref. 6). T h e  e 3  allele 
has the highest frequency in the population and apoE-3 
is therefore considered to be the parent isoprotein. 
Homozygosity for ap0E-2(Arg,,~+Cys) predisposes to 
the development of type I11 hyperlipoproteinemia pre- 
sumably due to a reduced binding affinity of apoE-2 for the 
LDL receptor of less than 2% that of apoE-3 (7). This leads 
to a delayed metabolic clearance of apoE-containing par- 
ticles in vivo. ApoE-4 (Cysl 12+Arg) demonstrates normal 
binding to the LDL receptor in vitro (7), but is catabo- 
lized more rapidly when compared to apoE-3 as shown by 
in vivo kinetic studies (for review see refs. 8 and 9). 

Type 111 hyperlipoproteinemia is characterized by 
elevated plasma cholesterol and  triglyceride levels and the 
accumulation of cholesterol and apoE-enriched lipopro- 
tein remnants of both intestinal and hepatic origin 
(broad-/3 or floating-fl disease). Clinical features include 
tuboeruptive as well as palmar xanthomas and the devel- 
opment of premature coronary and peripheral atheroscle- 
rosis (for review see refs. 8, 10-12). 

A very rare form of type 111 hyperlipoproteinemia is 
due to apolipoprotein E deficiency. T h e  only kindred de- 
scribed thus far had no detectable plasma apoE (13) and 
markedly decreased levels (14, 15) of two abnormal apoE 
mRNAs (14). Cloning of the apoE gene from the apoE- 
deficient patient and subsequent DNA sequence analysis 
revealed an A to G substitution in the acceptor splice site 

Apolipoprotein E is a 299 amino acid glycoprotein of 
34.2 kDa (1). It is a constituent of chylomicrons, VLDL, 
and HDL,  and mediates the cellular uptake of these parti- 
cles through a n  interaction with LDL (apoB,E) and puta- 
tive apoE receptors (2-5). 

ApoE is a genetically polymorphic plasma protein with 

Abbreviations: apo, apolipoprotein; bp, base pairs; HDL, high den- 
sity lipoproteins; IDL, intermediate density lipoproteins; LDL, low den- 
sity lipoproteins; PCR, polymerase chain reaction; SDS, sodium 
dodecyl sulfate; VLDL, very low density lipoproteins. 

'To whom reprint requests should be addressed at: Bldg. 10, Room 
7N117, National Institutes of Health, 9000 Rockville Pike, Bethesda, 
MD 20892. 
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of the third intron of the apoE gene (16). This mutation 
caused aberrant splicing of the third intron, thus produc- 
ing two apoE mRNAs containing either the entire or the 
3'-portion of the third intron. Translation stop codons 
within these intronic sequences led to the production of 
apoE peptides of approximately 10,000 Da, which were 
not immunoprecipitable with a polyclonal apoE antibody 
(14, 16). The nucleotide substitution also created a new 
restriction site for the enzyme Sac I1 (16). Using a poly- 
merase chain reaction product that contained the 3'-end 
of intron 3 and the 5'-end of exon 4 and the restriction 
fragment length polymorphism for Sac 11, we were able 
to demonstrate that the proband is homozygous for this 
mutation (P. Lohse, unpublished data). 

In the present report we describe a new kindred with 
apoE deficiency due to a G to A substitution in the apoE 
gene, which replaces amino acid 210, tryptophan (TGG), 
with a premature stop codon (TAG). This leads to the 
synthesis of a truncated apoE with a predicted molecular 
weight of 23,880 and is proposed to be the basis for the 
type I11 hyperlipoproteinemia observed in the homozy- 
gous patient. 

MATERIALS AND METHODS 

Clinical data 

The proband is a 48-year-old white female who pre- 
sented at age 43 with fasting plasma cholesterol and tri- 
glyceride levels of 358 and 135 mg/dl, respectively. VLDL 
cholesterol, LDL cholesterol, and HDL cholesterol were 
140, 131, and 87 mg/dl, respectively. The diagnosis of type 
I11 hyperlipoproteinemia was established by a VLDL cho- 
lesterol to plasma triglycerides ratio of 1.04 (normal 
<0.3). The patient currently follows a low-fat diet 
without medication. Recent plasma cholesterol and tri- 
glyceride values were 291 and 121 mg/dl, respectively. 
VLDL cholesterol was 92 mg/dl; LDL cholesterol, 138 
mg/dl; and HDL cholesterol, 61 mg/dl. The VLDL cho- 
lesterol to plasma triglycerides ratio remained elevated at 
0.76. 

Isolation and characterization of plasma lipoproteins 

Na2EDTA blood was collected after an overnight fast 
and plasma was obtained by low-speed centrifugation at 
4OC. Total plasma cholesterol and triglyceride concentra- 
tions were measured with an Abbott VPSS analyzer 
(Abbott Lab., North Chicago, IL). HDL cholesterol was 
quantitated by dextran-sulfate precipitation of plasma 
(17). VLDL cholesterol and LDL cholesterol values were 
determined after sequential ultracentrifugation in a 40.3 
Beckman Rotor (Beckman Instruments, Inc., Fullerton, 
CA; refs. 18, 19). ApoE was measured by radioimmunoas- 
say as previously described (20). 

Plasma fractions were dialyzed against 10 mM am- 

monium bicarbonate and delipidated in chlorof'orm- 
methanol 2:l prior to gel electrophoresis. Protein concen- 
trations were determined by the Bradford method (21). 

Apolipoprotein gel electrophoresis 

SDS polyacrylamide slab gel electrophoresis (5 or 15% 
acrylamide, 0.5% bisacrylamide, 0.1% SDS) was per- 
formed in a Bio-Rad 220 Dual Slab Cell (Bio-Rad Labo- 
ratories, Richmond, CA) for 3-4 h at 200 V and 4OC (22). 

Two-dimensional analysis of plasma apolipoproteins 
was carried out by isoelectric focusing in the first dimen- 
sion followed by SDS polyacrylamide gel electrophoresis 
in the second dimension as previously described (23). Im- 
munoblotting (24) was performed using a monoclonal 
apoE antibody. 

DNA isolation and amplification by the polymerase 
chain reaction 

High molecular weight chromosomal DNA was isolated 
from white blood cells and amplified using apoE-specific 
primers synthesized by the phosphoramidite method (25). 
Amplification of exon 3 of the human apoE gene was per- 
formed in a reaction mixture of 50 mM KC1, 10 mM Tris- 
HCl, pH 8.3, 1.5 mM MgC12, and 200 ph4 each dATP, 
dCTP, dGTP, and dTTP. The fourth exon was amplified 
in the aforementioned buffer supplemented with 10% 
(v/v) dimethyl sulfoxide. A typical 30-cycle profile in- 
cluded melting at 94°C for 1 min, annealing at 62OC for 
1 min 20 sec, and polymerization at 72OC for 2 min. 

DNA sequence analysis 
Amplified DNA was subcloned into vectors M13mp18 

and mp19 (New England BioLabs, Inc., Beverly, MA; ref. 
26) and sequenced by the dideoxynucleotide chain termi- 
nation method (27) with T7 DNA polymerase (Sequenase; 
United States Biochemical Corp., Cleveland, OH). 

Restriction fragment length polymorphism analysis 

PCR-amplified DNA spanning exon 4 was isolated by 
1.5% low melting point agarose (Bethesda Research 
Laboratories) gel electrophoresis and digested with 2.7 
units of the restriction enzyme Mae I (Boehringer Mann- 
heim, Indianapolis, IN) for 2 h at 45OC according to the 
manufacturer's instructions. The fragments were sepa- 
rated on a 1.5% agarose minigel at 25 mA for 3 h. DNA 
was stained with ethidium bromide. 

Northern blot analysis of monocyte-derived- 
macrophage RNA 

Monocyte-derived macrophages from the patient and 
from a control subject were isolated and cultivated as 
previously described (28). Total RNA from differentiated 
macrophages was extracted by the guanidine isothio- 
cyanate method (29) at days 7 and 21. Ten-pg samples of 
total RNA were electrophoresed on a 1% formaldehyde/ 
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agarose gel (30) and transferred to a nylon membrane 
(Nytran; Schleicher & Schuell, Keene, NH). The blot was 
hybridized with a uniformly 32P-labeled full-length apoE 
cDNA probe (15), washed as outlined in the protocol of 
the manufacturer, and exposed to X-ray film. 

RESULTS 

Normal ApoE + 
--+ 

ApoE-3 Washington 

1 2 3  4 

Apolipoprotein gel electrophoresis 
Two-dimensional gel electrophoresis demonstrated the 

complete absence of the normal apoE isoproteins, at their 
typical positions, in the patient’s plasma, when compared 
to that of plasma from a normal subject (data not shown). 
Quantitation of apoE by radioimmunoassay revealed that 
the apoE level was markedly decreased to 0.15 mg/dl, which 
is approximately 4% of normal values (3.5 * 1 mg/dl). 

The increase in concentration of lipoprotein remnants 
(0-VLDL) in the plasma was confirmed by 5% SDS poly- 
acrylamide gel electrophoresis comparing chylomicrons/ 
VLDL and LDL of the patient with chylomicrons/VLDL 
and LDL of a normal subject. As illustrated in Fig. 1, 
apoB-48, a marker apolipoprotein for lipoproteins of in- 
testinal origin, was significantly elevated in the chylo- 
micronNLDL fraction and especially in the LDL of the 
apoE-deficient patient. This is consistent with a defect in 
liver uptake of remnant lipoproteins due to the low levels 
of plasma apoE. 

ApoB-100 + 

ApoB-48 + 

Pl 

f 
k 

I I 

VLDL LDL VLDL LDL 

Normal ApoE Deficient 
Subject Patient 

Fig. 1. One-dimensional SDS polyacrylamide gel electrophoresis of 
150 pg each apoVLDL and apoLDL from a normal subject and from the 
apoE-deficient patient. Chloroform-methanol-delipidated VLDL and 
LDL from a control subject and from the apoE-deficient proband were 
separated on a 5% SDS polyacrylamide gel. After fixation of the gel, 
proteins were visualized by staining with Coomassie Brilliant Blue 
R-250. The positions of apoB-100, a marker for lipoproteins of hepatic 
origin, and of apoB-48, a protein component of intestinally derived 
chylomicrons, are shown on the left side. 

Fig. 2. Immunoblot of normal apoE-3 and apoVLDL from the apoE- 
deficient patient (enlargement). ApoE-3 standard (lanes 1 and 4), 400 pg 
of the patient’s apoVLDL (lane 2). and 400 pg of the patient’s apoVLDL 
mixed with apoE-3 standard (lane 3) were separated on a 15% SDS poly- 
acrylamide gel, transferred to nitrocellulose and incubated with a mono- 
clonal apoE antibody. The positions of both normal apoE-3 and 
apoE-3washington (riding on top of apoA-I) are indicated on the left side. 

To further evaluate the small quantity of apoE present 
in the apoE-deficient patient, we determined the apoE 
content of the lipoprotein fractions. The proband’s 
VLDL, LDL, HDL, and 1.21 g/ml infranate contained 
0.05, 0.01, 0.02, and 0.04 mg/dl apoE, respectively. 
However, two-dimensional gel electrophoresis of the 
VLDL, LDL, and HDL fractions followed by immuno- 
blotting failed to visualize any apoE. 

To facilitate the detection of apoE in the proband, a 
Western blot of 400 pg of the patient’s apoVLDL was per- 
formed after separation by one-dimensional 15% SDS 
polyacrylamide gel electrophoresis. Fig. 2 illustrates an 
enlargement of the original immunoblot. The apoE 
present in the proband had a significantly lower molecular 
weight than purified apoE-3 from a normal subject and 
was estimated to have a mass of approximately 25 kDA. 

DNA sequence analysis 
Genomic DNAs from a normal subject and from the 

apoE-deficient patient were amplified by the polymerase 
chain reaction using apoE-specific primers. Sequence 
analysis of the apolipoprotein coding exons as well as their 
donor and acceptor splice sites in both subjects led to the 
identification of a single G to A substitution at nucleotide 
447 in the fourth exon of the proband’s apoE gene which 
results in the introduction of a premature translational 
stop codon TAG (Fig. 3). This mutation occurs at a posi- 
tion corresponding to amino acid 210, tryptophan (TGG), 
of the mature apoE, thus leading to the synthesis of a 
truncated 209 residue protein with a calculated molecular 
mass of 23,880 Da (theoretical PI 5.35 instead of 5.32 for 
apoE-3). The parent genetic allele was e 3  and the apoE 
mutant was therefore designated apoE-3washington. 

Polymorphic restriction enzyme sites 
Computer analysis (PCIGENE; IntelliGenetics, Moun- 

tain View, CA) of the E-3Washingron allele revealed that the 
mutation created a new restriction site for the enzyme 
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y 144 805870 196 155 2738 3597 3’ 
Y 

44 760 66 1092 193 582 860 

208 209 210 
Gln Ala TERM 

CAG GCC T@3 GGC GAG Patient Sequence 

208 209 210 211 212 
Gln Ala Trp Gly Glu 

CAG GCC GGC GAG NormalSequence 

--- 

3’ G A T C  

5’ ApoE Deficient Normal 5’ 
Patient Subject 

Fig. 3. Representation of the human apoE gene and the mutation identified in the patient with apoE deficiency. 
A schematic diagram of the genomic structure of apoE (upper panel) illustrates the location of the mutation in the 
fourth exon of the apoE-3~~~hi,,~,,,, gene. A nucleotide substitution of an A for a G replaces tryptophan ( X G ) ,  
amino acid 210 of the mature apoE, with a premature termination codon (TAG). The corresponding autoradiogram 
of a sequencing gel of DNA from a normal subject with the phenotype apoE-3/3 (right lanes) and from the apoE- 
deficient patient (left lanes) is shown in the lower panel. The position of the mutation is indicated by the arrows. 

Mae I (CITAG). Digestion of DNA amplified by the poly- 
merase chain reaction using primers 3 and 6 (25) allowed 
us to identify the mutation in members of the Washington 
kindred. Fig. 4 illustrates the electrophoretic analysis of 
amplified and Mae I-digested DNA from a control sub- 
ject, the proband, and her two offsprings. The restriction 
enzyme Mae I is expected to cleave the patient’s 785 bp 
amplification product once, leading to the formation of 
two abnormally sized fragments of 505 and 280 bp in 
length. In the proband, only these two smaller fragments 
were visible, confirming that she is a homozygote for the 
mutation. Her daughter and son, however, had both the 
normal, uncleaved PCR product as well as the two abnor- 
mal restriction fragments, establishing them as being 
heterozygous for the G to A substitution. 

Northern blot analysis of monocyte-derived 
macrophage RNA 

Monocyte-macrophages isolated from the proband and 
cultivated in vitro for 7 and 21 days contained apoE 
mRNA of about the same size as found in control macro- 
phages (data not shown). 

DISCUSSION 

Apolipoprotein E is essential for the normal catabolism 
of intestinally derived chylomicron remnants and hepati- 
cally derived VLDL remnants via LDL (apoB,E) and 
putative apoE receptor pathways. It is also necessary for 
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ApoE Gene 
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Rimer 6 
-l 
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154r 1 220/201 f 
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d -280 

Fig. 4. Restriction enzyme digestion of PCR-amplified DNA from members of the Washington kindred and from 
a control subject. Primers 3 and 6 (25) were used to amplify the region of the mutation within exon 4 of the human 
apoE gene as shown in the upper panel. The resulting product of 785 bp was then digested with the restriction en- 
zyme Mae I, which cuts at the site indicated by the letter M in the patient’s DNA and leads to the formation of 
two fragments of 505 and 280 bp in length. The lower panel illustrates the electrophoretic analysis of PCR-amplified 
DNA from a control subject (lane 2). the proband (lane 3). her son (lane 4). and her daughter (lane 5) after restric- 
tion enzyme digestion with Mae I. A nucleic acid molecular size standard is shown in lanes 1 and 6 and the size 
of the fragments is given on the left side. The sizes of the uncut and digested fragments are illustrated on the right 
side. 

efficient conversion of VLDL to IDL and finally to LDL. 
A number of structural variants of apoE as well as apoE 
deficiency have been shown to result in an accumulation 
of cholesterol-enriched remnant particles (6-VLDL), type 
111 hyperlipoproteinemia, and premature atherosclerosis 

ApoE deficiency is an inherited genetic disease that had 
been previously described only in a single kindred (13-16). 
The proband in this earlier study had no immunodetecta- 
ble apoE and her monocyte-derived macrophages synthe- 
sized only 1-3% of normal amounts of two aberrant apoE 
mRNAs. Sequence analysis revealed a single A to G sub- 
stitution in the acceptor splice site of the third intron of 
the apoE gene. 

(6, 8-12). 

In the present study we have analyzed a second patient 
with apoE deficiency who synthesizes a truncated form of 
plasma apoE. Physical examination was surprisingly un- 
remarkable with no xanthomas or corneal arcus. There 
was, however, a strong history of hyperlipidemia and 
premature atherosclerosis in the family. Two paternal 
uncles had died in their 60s of myocardial infarction. A 
maternal uncle (age 66) and an aunt (age 63) as well as 
a sister (age 50) and a brother (age 46) of the patient have 
hypercholesterolemia. 

The proband’s lipid and lipoprotein cholesterol profile 
w a s  similar to that of the first described patient with apoE 
deficiency and clearly differs from the values found in 
other subjects with type 111 hyperlipoproteinemia (13). 
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Plasma triglyceride levels were lower and the ratio of 
VLDL cholesterol to plasma triglycerides was higher than 
in the typical type I11 hyperlipoproteinemic patient. The 
only slightly elevated plasma triglyceride concentrations 
and the increased HDL cholesterol values may be due, 
however, in part to the fact that the proband has been on 
estrogen replacement therapy for more than 10 years (31, 
32). 

Two-dimensional electrophoresis of plasma followed by 
protein staining demonstrated that the normal apoE iso- 
protein pattern was completely absent in this patient. 
Two-dimensional electrophoretograms of the patient’s 
VLDL, LDL, and HDL fractions and immunoblotting 
with a monoclonal apoE antibody also failed to detect 
any apoE. Quantitation by radioimmunoassay, however, 
revealed very low concentrations of apoE in plasma (ap- 
proximately 4% of normal values), the lipoprotein frac- 
tions, and the infranate. The failure to visualize apoE was 
therefore interpreted as being due to the inability to load 
sufficient protein on the isoelectric focusing gel. 

One-dimensional 5% SDS polyacrylamide gel electro- 
phoresis of 150 pg each of the proband’s apoVLDL and 
apoLDL demonstrated an increased concentration of 
apoB-48, a marker for lipoproteins of intestinal origin, in 
both density fractions, especially pronounced in LDL 
(Fig. 1). These results are in agreement with previous ob- 
servations in the first reported kindred with apoE de- 
ficiency (13, 33, 34) and illustrate the essential role of 
apoE for receptor-mediated removal of remnants of 
chylomicrons and VLDL. A protein load of 400 pg 
apoVLDL was necessary to detect apoE by immunostain- 
ing. An enlarged portion of this Western blot is shown in 
Fig. 2, demonstrating the presence of a significantly 
smaller apoE of approximately 25 kDa in the apoE- 
deficient patient. 

To identify the underlying molecular defect in this sub- 
ject, portions of the apoE gene of the apoE-deficient 
patient and of a normal subject were amplified by the 
polymerase chain reaction. Sequence analysis of the pro- 
tein coding regions of the apoE gene of the apoE-deficient 
patient revealed a single nucleotide substitution at posi- 
tion 447 of the fourth exon (Fig. 3) which replaced amino 
acid 210, tryptophan (TCG), with a premature transla- 
tional stop codon (TAG) and resulted in a truncated apoE 
with 209 instead of 299 amino acids and a predicted 
molecular weight of 23,880 instead of 34,236. The size of 
the mutant apoE mRNA was indistinguishable from that 
found in control macrophages, consistent with a point 
mutation in the patient’s apoE gene. 

The mutation also created a new restriction site for the 
enzyme Mae I (C/TAG). Digestion of PCR-amplified 
DNA spanning the region of the G to A substitution with 
this enzyme established that the proband is a homozygote 
(Fig. 4), although no consanguinity could be documented. 
However, we cannot rule out a large deletion of one apoE 

allele. Southern blot hybridization, similar amounts of 
PCR-generated products, and analysis of the patient’s two 
offsprings render this highly unlikely. The son (age 28) 
and daughter (age 21) are both heterozygotes for the mu- 
tation as demonstrated by the restriction fragment length 
polymorphism analysis (Fig. 4), and they have plasma 
apoE levels of less than 50% of normal. Plasma lipid and 
lipoprotein cholesterol values of the two offsprings were 
found to be within the normal range. 

The truncated E apolipoprotein probably has retained 
its full activity to bind to the LDL receptor, based on 
previous observations with the amino-terminal 22 kDa 
thrombolytic fragment (residues 1-191; ref. 35). The mu- 
tant also contains the attachment site for carbohydrate 
side chains, which has been localized at amino acid 194, 
threonine (36). This may explain the unusual double 
band seen on the immunoblot of the proband’s apoVLDL 
(Fig. 2) which suggests that approximately 50% of 
ap0E-3washlngton is glycosylated. A ~ o E - ~ w ~ ~ ~ ~ ~ ~ ~ ~ ~  lacks, on 
the other hand, the complete carboxyl-terminal third 
which contains four amphiphilic a-helices (residues 
203-221, 226-243, 245-266, and 268-285) proposed to 
play an important role in lipid binding (1, 37). However, 
the mutant protein has at least limited ability to bind to 
lipoprotein particles, since we were able to visualize 
a p 0 E - 3 ~ ~ ~ h ~ ~ ~ ~ ~  in the patient’s apoVLDL. This is in 
agreement with earlier reports demonstrating binding of 
the 22 kDa thrombolytic fragment and of various cyano- 
gen bromide peptides of apoE to dimyristoylphosphatidyl- 
choline (35, 38). Furthermore, it would be anticipated 
that a p 0 E - 3 ~ ~ ~ h ~ ~ ~ ~ ~ ~  would not form tetrameric com- 
plexes in aqueous solutions by self-association (39), since 
this property has been attributed to the carboxyl-terminal 
region of apoE (amino acids 225-299) and could be 
modeled by the 10 kDa thrombolytic peptide (residues 
216-299). The tendency of the amino-terminal fragment 
to self-associate, in contrast, was low and the 22 kDa 
thrombolytic peptide was found to be a predominantly 
monomeric protein of roughly globular shape (40, 41). 

Therefore, it may be speculated that ap0E-3washlngton, 
although resembling a globular protein, is metabolically 
less stable than apoE-3 and/or has reduced ability for lipid 
binding, which could explain the low plasma apoE levels 
found in this apoE-deficient patient. Still, we cannot rule 
out the possibility that the mutant protein is catabolized 
mainly intracellularly due to an impaired cytoplasmic 
transport, as has been reported for the Lebanese nonsense 
mutation of the LDL receptor (42). 

In summary, apoE deficiency due to a truncated lower 
molecular weight apoE mutant, designated apoE-Qwashlngton, 
results in type 111 hyperlipoproteinemia and premature 
cardiovascular disease. The disturbances of lipoprotein 
metabolism created by the low levels of ap0E-3washlngton 
appear to be less pronounced than those caused by struc- 
tural variants of apoE associated with impaired binding 
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to the LDL (apoB,E) receptor. T h e  lack of clinical symp- 
toms related to the nervous and immune systems in apoE 
deficiency suggests that additional proposed functions of 
apoE can either be assumed by other proteins or are of 
minimal physiological importance. I 

Dr. Lohse was supported by the Deutsche Forschungsgemein- 
schaft. 
Manuscript received 26 August 1991 and in  reuisedform 30 June 1992. 

REFERENCES 

1. Rall, S. C., Jr., K. H. Weisgraber, and R. W. Mahley. 1982. 
Human apolipoprotein E. The complete amino acid se- 
quence. J Biol. Chem. 257: 4171-4178. 

2. Alaupovic, P. 1982. The role of apolipoproteins in lipid 
transport processes. Ric. Clin. Lab. 12: 3-21. 

3. Mahley, R. W., and T. L. Innerarity. 1983. Lipoprotein 
receptors and cholesterol homeostasis. Biochim. Biophys. 
Acta. 737: 197-222. 

4. Beisiegel, U., W. Weber, G. Ihrke, J. Herz, and K. Stanley. 
1989. The LDL-receptor-related protein, LRP, is an apo- 
lipoprotein E binding protein. Nature. 341: 162-164. 

5. Brown, M. S., J. Herz, R. C. Kowal, and J. L. Goldstein. 
1991. The low-density lipoprotein receptor-related protein: 
double agent or decoy? Cum OpW Lipidol. 2: 65-72. 

6. Mahley, R. W. 1988. Apolipoprotein E: cholesterol trans- 
port protein with expanding role in cell biology. Science. 

7. Weisgraber, K. H., T. L. Innerarity, and R. W. Mahley. 
1982. Abnormal lipoprotein receptor-binding activity of the 
human E apoprotein due to cysteine-arginine interchange 
at a single site. J.  Biol. Chem. 257: 2518-2521. 

8. Davignon, J., R. E. Gregg, and C. F. Sing. 1988. Apolipo- 
protein E polymorphism and atherosclerosis. Arterioscleroszs. 

9. Gregg, R. E., and H. B. Brewer, Jr. 1988. The role of 
apolipoprotein E and lipoprotein receptors in modulating 
the in vivo metabolism of apolipoprotein B-containing 
lipoproteins in humans. Clin. Chem. 34: B28-B32. 
Havel, R. J. 1982. Familial dysbetalipoproteinemia. New 
aspects of pathogenesis and diagnosis. Med. Clin. A! Am. 

Brewer, H. B., Jr., L. A. Zech, R. E. Gregg, D. Schwartz, 
and E. J. Schaefer. 1983. Type I11 hyperlipoproteinemia: di- 
agnosis, molecular defects, pathology, and treatment. Ann. 
Intern. Med. 98: 623-640. 
Mahley, R. W., and S. C. Rall, Jr. 1989. Type I11 hyper- 
lipoproteinemia (dysbetalipoproteinemia): the role of apo- 
lipoprotein E in normal and abnormal lipoprotein metabo- 
lism. In The Metabolic Basis of Inherited Disease. 6th ed. 
C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle, edi- 
tors. McGraw-Hill, New York, NY. 1195-1213. 

13. Ghiselli, G., E. J. Schaefer, P. Gascon, and H. B. Brewer, 
Jr. 1981. Type I11 hyperlipoproteinemia associated with 
apolipoprotein E deficiency. Science. 214: 1239-1241. 

14. Zannis, V. I., J. M. Ordovas, C. Cladaras, F. S. Cole, 
G. Forbes, and E. J. Schaefer. 1985. mRNA and apolipo- 
protein E synthesis abnormalities in peripheral blood 
monocyte macrophages in familial apolipoprotein E 
deficiency. J Biol. Chem. 260: 12891-12894. 

15. Anchors, J. M., R. E. Gregg, S. W. Law, and H. B. Brewer, 
Jr. 1986. ApoE deficiency: markedly decreased levels of cel- 

240: 622-630. 

8: 1-21. 

10. 

66: 441-454. 
11. 

12. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

lular apoE mRNA. Biochem. Biophys. Res. Commun. 134: 
937-943. 
Cladaras, C., M. Hadzopoulou-Cladaras, B. K. Felber, 
G. Pavlakis, and V. I. Zannis. 1987. The molecular basis of 
a familial apoE deficiency. An acceptor splice site mutation 
in the third intron of the deficient apoE gene.J Biol. C h h .  
262: 2310-2315. 
Warnick, G. R., J. Benderson, J. J. Albers, E. E. Baillie, B. 
Sexton, E. J. Schaefer, D. Carlson, M. Hill, H. B. Brewer, 
Jr., D. A. Wiebe, J. Hazlehurst, and G. R. Cooper. 1982. 
Dextran sulfate-Mg*+ precipitation procedure for quantita- 
tion of high-density-lipoprotein cholesterol. Clin. Chem. 28: 
1379-1388. 
Manual of Laboratory Operations. Lipid Research Clinics 
Program. 1974. U.S. Department of Health, Education, 
and Welfare Publication No. 75-628. National Heart, 
Lung, and Blood Institute, Bethesda, MD. 
Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The dis- 
tribution and chemical composition of ultracentrifugally 
separated lipoproteins in human serum. J. Clin. Inuest. 34: 

Gregg, R. E., D. Wilson, E. Rubalcaba, R. Ronan, and 
H. B. Brewer, Jr. 1983. Immunoquantitation of apolipopro- 
tein E. In Proceedings of the Workshop on Apolipoprotein 
Quantification. K. Lippel, editor. National Institutes of 
Health Publication No. 83-1266. Bethesda, MD. 383-401. 
Bradford, M. M. 1976. A rapid and sensitive method for 
the quantitation of microgram quantities of protein utiliz- 
ing the principle of protein-dye binding. Anal. Biochem. 72: 

Laemmli, U. K. 1970. Cleavage of structural proteins dur- 
ing the assembly of the head of bacteriophage T4. Nature. 

Sprecher, D. L., L. Taam, and H. B. Brewer, Jr. 1984. Two- 
dimensional electrophoresis of human plasma apolipopro- 
teins. Clin. Chem. 30: 2084-2092. 
Towbin, H., T. Staehelin, and J. Gordon. 1979. Electro- 
phoretic transfer of proteins from polyacrylamide gels to 
nitrocellulose sheets: procedure and some applications. 
Proc. Natl. Acad. Sci. USA. 76: 4350-4354. 
Lohse, P., W. A. Mann, E. A. Stein, and H.  B. Brewer, Jr. 
1991. Apolipoprotein E-~P~~~~~,~~~~(G~U~~-’LYSPLT~~~~-’~YS). 
Homozygosity for two rare point mutations in the 
apolipoprotein E gene combined with severe type 111 
hyperlipoproteinemia. J.  Biol. Chem. 266: 10479- 
10484. 
Messing, J. 1983. New M13 vectors for cloning. Methods 
Enzymol. 101: 20-78. 
Sanger, F., S. Nicklen, and A*. R. Coulson. 1977. DNA se- 
quencing with chain-terminating inhibitors. Proc. Natl. 
Acad. Sci. USA. 74: 5463-5467. 
Beg, 0. U., M. S. Meng, S. I. Skarlatos, L. Previato, J. D. 
Brunzell, H. B. Brewer, Jr., and S. S. Fojo. 1990. Lipo- 
protein lipasesethesd,: a single amino acid substitution 
(Ala-176’Thr) leads to abnormal heparin binding and loss 
of enzymic activity. Pmc. Natl. Acad. Sci. USA. 87: 

Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and 
W. J. Rutter. 1979. Isolation of biologically active ribo- 
nucleic acid from sources enriched in ribonuclease. Bio- 

Lehrach, H., D. Diamond, J. M. Wozney, and H. Boedtker. 
1977. RNA molecular weight determinations by gel elec- 
trophoresis under denaturing conditions, a critical reexami- 
nation. BiochemGtty 16 4743-4751. 
Kushwaha, R. S., W. R. Hazzard, C. Gagne, A. Chait, and 

1345-1353. 

248-254. 

227: 680-685. 

3474-3478. 

ChemGtV. 18: 5294-5299. 

Lohse et al. Apolipoprotein E-3Wasbington (Trp,,,,+Amber) 1589 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


J. J. Albers. 1977. Type I11 hyperlipoproteinemia: paradoxi- 
cal hypolipidemic response to estrogen. Ann. Zntcn. Med. 

32. Falko, J. M., G. Schonfeld, J. L. Witztum, J. Kolar, and 
S. W. Weidman. 1979. Effects of estrogen therapy on apo- 
lipoprotein E in type I11 hyperlipoproteinemia. Metab. Clin. 

33. Meng, M. S., R. E. Gregg, E. J. Schaefer, J. M. Hoeg, and 
H. B. Brewer, Jr. 1983. Presence of two forms of apolipo- 
protein B in patients with dyslipoproteinemia. J. Lipid Res. 

34. Schaefer, E. J., R. E. Gregg, G. Ghiselli, T. M. Forte, J. M. 
Ordovas, L. A. Zech, and H. B. Brewer, Jr. 1986. Familial 
apolipoprotein E deficiency. J Clin. Invest. 78: 1206-1219. 

35. Innerarity, T. L., E. J. Friedlander, S. C. Rall, Jr., K. H. 
Weisgraber, and R. W. Mahley. 1983. The receptor-binding 
domain of human apolipoprotein E. Binding of apolipopro- 
tein E fragments. J Biol. Chem. 258: 12341-12347. 

36. Rall, S. C., K. H. Weisgraber, T. L. Innerarity, and R. W. 
Mahley. 1985. The carbohydrate moiety of human plasma 
apolipoprotein E. Circulation. 72 (Suppl. 111): 143. 

37. Bradley, W. A., S-L. C. Hwang, J. B. Karlin, A. H. Y. Lin, 
S. C. Prasad, A. M. Gotto, Jr., and S. H. Gianturco. 1984. 
Low-density lipoprotein receptor binding determinants 
switch from apolipoprotein E to apolipoprotein B during 

87: 517-525. 

EX$. 28: 1171-1177. 

24: 803-809. 

conversion of hypertriglyceridemic very-low-density lipcl- 
protein to low-density lipoprotein. J Biol. Chem. 259: 

38. Innerarity, T. L., K. H. Weisgraber, K. S. Arnold, S. C .  
Rall, Jr., and R. W. Mahley. 1984. Normalization of recep- 
tor binding of apolipoprotein E2. Evidence for modulation 
of the binding site conformation. J Biol. Chem. 259: 

39. Yokoyama, S., Y. Kawai, S. Tajima, and A. Yamamoto. 
1985. Behavior of human apolipoprotein E in aqueous solu- 
tions and at interfaces. J Biol. Chem. 260: 16375-16382. 

40. Wetterau, J. R., L. P. Aggerbeck, S. C. Rall, Jr., and K. H. 
Weisgraber. 1988. Human apolipoprotein E3 in aqueous 
solution. I. Evidence for two structural domains. J Biol. 
Chem. 263: 6240-6248. 
Aggerbeck, L. P., J. R. Wetterau, K. H. Weisgraber, C-S. 
C. Wu, and F. T. Lindgren. 1988. Human apolipoprotein 
E3 in aqueous solution. 11. Properties of the amino- and 
carboxyl-terminal domains. J Biol. Chm.  263: 6249-6258. 
Lehrman, M. A,, W. J. Schneider, M. S. Brown, C. G. 
Davis, A. Elhammer, D. W. Russell, and J. L. Goldstein. 
1987. The Lebanese allele at the low density lipoprotein 
receptor locus. Non-sense mutation produces truncated 
receptor that is retained in endoplasmic reticulum. J Biol. 
Chem. 2ti2: 401-410. 

14728-14735. 

7261-7267. 

41. 

42. 

1590 Journal of Lipid Research Volume 33, 1992 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

