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Abstract Apolipoprotein (apo) E polymorphism has a 
significant effect on plasma cholesterol and low density 
lipoprotein cholesterol concentrations. The association of two 
apoE5 isoforms with elevated plasma low density lipoprotein 
cholesterol levels in two unrelated subjects led us to investigate 
the primary structures and receptor-binding properties of their 
apoE. Cysteamine modification and isoelectric focusing demon- 
strated that the apoE5 isoform from subject 1 did not contain 
cysteine but that the apoE5 isoform from subject 2 contained 
one residue of cysteine. The structural mutation in the apoE5 
isoform of subject 1 was determined by peptide sequencing. Like 
apoE4, this variant had arginine at position 112 but differed 
from apoE4 by the substitution of arginine for proline at position 
84. When purified and subjected to a competitive binding assay, 
this apoE5(84 Pro-Arg, 112 Cys-Arg) variant had the same 
receptor-binding activity as normal apoE3. Because subject 2 
was of Japanese descent and her apoE5 contained one cysteine 
residue, we suspected that it would contain the lysine-for- 
glutamic acid mutation at position 3 that has been described 
previously in Japanese subjects. This was confirmed by directly 
sequencing the first 10 amino acid residues of her apoE. When 
subjected to the competitive binding assay, the total apoE from 
subject 2, which consisted of approximately equal amounts of 
normal apoE3 and apoE5(3 Glu-Lys), had a binding activity 
of 188'36, copfirming the previously reported enhanced binding 
of this variant. I These results demonstrate that the en- 
hancement of receptor-binding activity of more basic isoforms 
of apoE depends on the position at which additional positively 
charged amino acids are incorporated.-Wardell, M. R., S.  C. 
Rall, Jr., E. J. Schaefer, J. P. Kane, and K. H. Weisgraber. 
Two apolipoprotein E5 variants illustrate the importance of the 
position of additional positive charge on receptor-binding ac- 
tivity. J. Libid Res. 1991. 32: 521-528. 
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Through its ability to bind to cell surface receptors and 
mediate the uptake of lipoprotein particles, apolipo- 
protein (apo) E is central to the metabolism of plasma 

~, 

94143-0130 

cholesterol and triglyceride (1, 2). Three common iso- 
forms of apoE, designated apoE2, apoE3, and apoE4, oc- 
cur (3), but they do not all have the same receptor- 
binding activities (4). Whereas the parent form, apoE3, 
and apoE4 bind with equal affinity to the low density 
lipoprotein (LDL) receptor, apoE2 possesses only -1% of 
this normal receptor-binding activity (4). Apolipoprotein 
E4 and apoE2 differ from the parent apoE3 isoprotein 
only by single amino acid substitutions at positions 112 
and 158 (5,6). Whereas apoE3 has cysteine at position 112 
(the only cysteine in apoE3) and arginine at position 158, 
apoE4 has arginine at both sites (and completely lacks 
cysteine) and apoE2 has cysteine at both sites (5, 6). 
Thus, it is the cysteine-for-arginine substitution at posi- 
tion 158 in apoE2 that is responsible for the dramatically 
decreased receptor-binding activity of this variant (4), 
and in subjects homozygous for apoE2, this leads to dys- 
betalipoproteinemia, or the accumulation of remnant 
lipoproteins in the plasma (7, 8). Most of these subjects 
have plasma and LDL cholesterol levels that are slightly 
lower than normal (9, lo), but they are at a markedly in- 
creased risk of developing type I11 hyperlipoproteinemia, 
which is characterized by severely elevated cholesterol and 
triglyceride levels (11). 

Although apoE4 has normal receptor-binding activity 
(4), it is nevertheless associated with elevated plasma and 
LDL cholesterol levels (10, 12). The mechanism responsi- 
ble for this is unknown; however, relative to apoE3, apoE4 

Abbreviations: apo, apolipoprotein; LDL, low density lipoprotein; 
VLDL, very low density lipoprotein; PVDF, polyvinylidene ditluoride; 
SDS, sodium dodecyl sulfate; DMPC, dimyristoylphosphatidylcholine. 
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does preferentially distribute to triglyceride-rich 
lipoproteins [chylomicrons and very low density 
lipoproteins (VLDL)] (13, 14), and the positively charged 
arginine at position 112 has been implicated in this process 
(15). The relative enrichment of apoE on the chylomicron 
and VLDL particles is thought to lead to their accelerated 
uptake and the consequent down-regulation of LDL recep- 
tor expression. This, in turn, would account for the in- 
creased levels of LDL (the major cholesterol-carrying 
lipoprotein) in the plasma of apoE4 subjects. Through these 
effects of apoE2 and apoE4, the apoE gene accounts for 
a significant fraction of the variation in plasma cholesterol 
levels in the population. It has been estimated that 60% 
of the variation in plasma cholesterol levels is genetically 
determined and that apoE polymorphism accounts for ap- 
proximately 14% of the genetic variation (10). 

In addition to the three common apoE isoforms, a 
number of rare apoE mutants have been described (for 
review, see ref. 2) and in one family apoE deficiency has 
been described (16). Because many of these natural mu- 
tants were associated with lipoprotein abnormalities and 
had defective receptor-binding activities, they helped 
define a region of the molecule in the vicinity of residues 
130-160, rich in basic amino acids, that is very important 
for receptor binding. Prediction of the secondary struc- 
ture of this region indicates that residues 131-150 form an 
a-helix, with many of the basic residues occupying one 
face of the helix (6). Natural as well as bacterially 
produced mutants in which subsitutions for these basic 
residues occur resulted in reduced receptor-binding ac- 
tivity; it is thought that these basic residues are responsi- 
ble for forming ionic interactions with negatively charged 
residues in the ligand-binding domain of the LDL recep- 
tor (2, 17). 

Whereas the removal of positive charge from this 
region of apoE results in a decrease of binding activity, a 
bacterially produced variant that had an additional posi- 
tively charged residue introduced into the basic a-helix 
(arginine for serine at position 139) resulted in enhanced 
binding activity (18). A natural variant with enhanced 
receptor-binding activity, apoE5(3 Glu+ Lys), has also 
recently been reported (19), and this also involved the ad- 
dition of positive charge to the molecule (20). However, 
the mechanism by which the addition of positive charge 
near the amino terminus enhances receptor binding is 
unknown. In this report we describe the molecular abnor- 
malities in two apoE5 variants that are associated with 
elevated LDL cholesterol levels. One of these contains the 
same mutation previously reported (20), apoE5(3 
Glu+Lys), and we confirmed the enhanced receptor- 
binding activity of this variant. The second is a novel 
apoE5 variant with normal receptor-binding activity. The 
differential effects of these mutations support the hypothe- 
sis that the position of additional positively charged amino 

acids is critical to the alteration of receptor-binding ac- 
tivity. 

METHODS 

Subject description 

Subject 1 was a 54-year-old woman of European des- 
cent with the apoE5/3 phenotype whose plasma and 
lipoprotein lipid levels have been described previously 
(21). She had both elevated plasma total cholesterol (266 
mg/dl) and LDL cholesterol (177 mg/dl) levels. Subject 1 
had no claudication, no chest pain upon exertion, and no 
evidence of either cardiovascular or cerebrovascular dis- 
ease. Her mother, age 75 years, also has the apoE5/3 
phenotype and elevated plasma total cholesterol (308 
mg/dl) and LDL cholesterol (208 mg/dl) levels and also 
has no evidence of angina, coronary heart disease, claudi- 
cation, or stroke. There were no secondary causes of 
elevated LDL, such as thyroid disease, liver disease, kid- 
ney disease, or diabetes mellitus present in either subject 
1 or her mother, and the elevated lipid levels in both sub- 
jects were reduced significantly with a combination of 
cholesterol-lowering diet and lovastatin treatment. 

Subject 2 was a 64-year-old woman of Japanese descent 
who also has the apoE5/3 phenotype. She had familial 
hypercholesterolemia with tendon xanthomas and LDL 
cholesterol levels consistently above 250 mg/dl. She also 
had very severe triple-vessel disease as determined by an- 
giography. 

Isolation and characterization of apolipoprotein E 

Lipoproteins of d<1.006 g/ml, d<1.02 g/ml, and 
d < 1.21 g/ml were prepared from the subjects’ plasma us- 
ing EDTA as anticoagulant. Total apoE was isolated as 
described previously (4, 22). Apolipoprotein E isoforms 
were isolated in two ways. Preparative Immobiline isoe- 
lectric focusing was performed on 5 % polyacrylamide 
slab gels containing 6 M urea and having a pH gradient 
of 5.5-6.5 (23). Thiopropyl chromatography was used to 
separate apoE isoforms containing cysteine from those 
that did not and was performed as described (24). Analyt- 
ical isoelectric focusing was performed on 5 % polyacryla- 
mide gels containing 8 M urea and 2 %  Ampholine, pH 
4-6 (Pharmacia LKB Biotechnology Inc.), according to 
the method of Pagnan et al. (25) with the modification 
previously described (26). The apoE on the d C 1.02 g/ml 
lipoproteins was modified with cysteamine as described 
(4). 

Structural analysis 

Purified apoE isoforms were digested with L-(l-tosyla- 
mido-2-phenyl) ethyl chloromethyl ketone trypsin 
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(Cooper Biomedical, Freehold, NJ), and the tryptic pep- 
tides were separated by two-dimensional paper mapping 
as described (27); 0.5 mg of digest was applied to each 
map. Tyrosine-containing peptides were located using a 
specific staining procedure (28). Amino acid analyses 
were performed using two systems. Phenylthiocarbamyl 
amino acid analyses (29) were performed on all peptides 
from the two-dimensional paper maps using a Waters 
Nova-Pak C le  stainless steel column (15 cm x 3.9 mm, 
Waters Chromatography Division, Millipore Corp., Mil- 
ford, MA) maintained at 34OC on a Beckman model 334 
High Performance Liquid Chromatography system 
(Beckman Instruments, Fullerton, CA). For the intact 
protein, amino acid analyses were performed on a Beck- 
man 121MB analyzer as described previously for apoE 
(5). Cysteine was determined as cysteic acid according to 
the method of Moore (30). 

Automated peptide sequencing was performed on an 
Applied Biosystems 477A pulsed-liquid sequencer (Ap- 
plied Biosystems, Foster City, CA) equipped with an on- 
line 120A analyzer. Tryptic peptides that had been located 
on the paper maps with fluorescamine (Aldrich Chemical 
Co., Milwaukee, WI) were eluted with acetic 
acid-ethanol-water 1:1:8 (v/v/v) and sequenced. Because 
limited quantities of apoE were available from subject 2, 
the amino-terminal sequence of her total apoE was deter- 
mined directly on an Immobilon polyvinylidene difluo- 
ride (PVDF) membrane (Millipore Corp., Bedford, MA) 
for 10 cycles. For this procedure, a volume of d<1.006 
g/ml lipoproteins that contained 150 pg of total protein 
was delipidated once with chloroform-methanol 2:l (VI.). 
The apolipoprotein mixture was then dissolved in 3% so- 
dium dodecyl sulfate (SDS), 10% glycerol, 2% p- 
mercaptoethanol, 62.5 mM Tris-HC1, pH 6.8, and sepa- 
rated by SDS-polyacrylamide gel electrophoresis on a 
10-20% gradient slab gel using the buffer system of 
Laemmli (31) but substituting 2-amino-2-methyl-1,3-pro- 
panediol for Tris. Immediately after electrophoresis, the 
proteins were transferred onto the PVDF membrane us- 
ing a semi-dry electrophoretic transfer unit (Gelman 
Sciences) for 1 h at 350 mA. The proteins were located 
with Ponceau S, and the pieces of membrane containing 
apoE were placed in the reaction cartridge of the se- 
quencer for analysis. 

Receptor binding assays were carried out using 
apoE-dimyristoylphosphatidylcholine (DMPC) com- 
plexes as competitors for lZ5I-labeled LDL binding to cul- 
tured human fibroblasts (32). 

RESULTS 

Electrophoretic analysis of apolipoprotein E 
Isoelectric focusing analysis of the apolipoproteins in 

the d < 1.006 g/ml lipoprotein fraction from fasting 

plasma demonstrated that both subjects 1 and 2 had the 
apoE5/3 phenotype (Fig. 1, lanes 1 and 5). However, after 
cysteamine treatment the apoE5 isoform of subject 1 did 
not shift, indicating that it did not contain cysteine (lane 
2), whereas the apoE5 isoform of subject 2 shifted one 
charge unit to the E6 position (lane 6), indicating that it 
contained one cysteine residue. As expected, the apoE3 
isoform in both subjects also moved one charge unit more 
cathodally, to the E4 position (lanes 2 and 6). 

Structural analysis 

Because the apoE5 isoform in subject 2 contained one 
residue of cysteine and because she was of Japanese des- 
cent, we suspected that this apoE variant might be identi- 
cal to the apoE5 variant found in the Japanese popula- 
tion, i.e., apoE5(3 Glu-+Lys) (20). To test this, we 
performed direct protein sequencing of total apoE from 
subject 2 that had been transferred onto a PVDF mem- 
brane from an SDS-polyacrylamide gel of the d<1.006 
g/ml lipoproteins (fasting VLDL) from this subject. The 
sequencing results for 10 cycles (Table 1) show that both 
glutamic acid and lysine were detected at the third cycle. 
The glutamic acid is from the normal apoE3 isoform in 
this subject, whereas the lysine is from the variant apoE5 
isoform, where it arises as a result of a mutation of 3 
Glu+ Lys, the same substitution previously described 
(20). Based on a repetitive yield of 85% (calculated from 
the yields of the valines at cycles 2 and 6 and the glutamic 
acid residues at cycles 7 and 9; this value for repetitive 
yield is typical when sequencing samples from PVDF 
membranes), the yields of the amino acids determined at 
cycle 3 indicate that of the total apoE in the VLDL of sub- 

- 
E5. 
E4. 
E3' 

+ T 
1 2 3 4 5 6 

Fig. 1. Analytical isoelectric focusing of the very low density 
lipoproteins from subjects 1 and 2. Lane 1 ,  150 pg of untreated d<1.02 
glml lipoproteins from subject 1; lane 2, 150 pg ofcysteamine-treated (T) 
dC1.02 glml lipoproteins from subject 1; lane 3, 150 pg of untreated 
d <LO2 glml lipoproteins from a subject homozygous for normal apoE3; 
lane 4. 150 pg of cysteamine-treated (T) dC1.02 glml lipoproteins from 
a subject homozygous for normal apoE3; lane 5, 150 fig of untreated 
dC1.006 glml lipoproteins from subject 2; lane 6,150 pg of cysteamine- 
treated (T) d<1.006 glml lipoproteins from subject 2. The cathode ( - )  
is at the top, and the anode (+ )  is at the bottom. The focusing positions 
of apoE3, apoE4, apoE5, and apoE6 are indicated. The minor bands 
migrating in the E4 position in lanes 1 and 5 are the monosialylated 
apoE5 variants from subjects I and 2, respectively. 
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TABLE 1. Amino-terminal sequence analysis of total arginine rather than cysteine at residue 112 and addition- 
ally having an arginine-for-proline substitution some- 
where else in the molecule. 

apolipoprotein E from subject 2, demonstrating the 
substitution at position 3 

Cycle Amino Acid Determined Concent ration 

LY s 

Val 

:; 
Gln 

Ala 

Val 

Glu 

Thr 

Glu 

P;o 

pmol 

8.5 

22.9 

12.2 
2.4 

26.1 

29.2 

14.5 

17.6 

19.8 

17.0 

10.3 

ject 2, -60% is the apoE3 isoform and -40% is the vari- 
ant apoE5 isoform. 

The apoE5 isoprotein in subject 1 was shown not to 
contain cysteine by isoelectric focusing and therefore 
represents a new apoE variant. We purified this isoform 
by preparative Immobiline focusing in a pH gradient of 
5.5-6.5. The isoelectric point of the apoE5 isoform from 
this subject was determined to be - 6.2, and the purity of 
the isoform was assessed by isoelectric focusing (Fig. 2, 
lane 3). The apoE5 isoform was also purified from the to- 
tal apoE of subject 1 by thiopropyl chromatography. By 
this method, the apoE3 isoform is retained by the column 
through interaction of the cysteine sulfhydryl with the 
functional thiol groups of the column resin, while the 
apoE5 isoform, which does not contain cysteine, does not 
bind and flows directly through the column. 

The results of amino acid analysis of both apoE iso- 
forms from subject 1 are given in Table 2. The results for 
the apoE5 isoform are the mean of five determinations of 
this isoform prepared either by Immobiline focusing or 
thiopropyl chromatography. The results for the apoE3 iso- 
form are the mean of nine determinations of this isoform 
prepared either from subject 1 by both methods or from 
a subject homozygous for apoE3. Three significant differ- 
ences between the apoE3 and apoE5 isoforms were indi- 
cated by the amino acid analyses. First, whereas apoE3 
had one cysteine (as indicated by the isoelectric focusing 
results), it was confirmed that the apoE5 isoform did not 
contain cysteine. Second, the apoE5 isoform had an addi- 
tional 1.6 residues of arginine compared with apoE3. The 
third difference observed was that the apoE5 isoform had 
one less proline residue than apoE3. These results were 
consistent with the apoE5 isoform of subject 1 possessing 

To determine the latter substitution site in this apoE5 
isoform, the apoE5 was digested with trypsin and sub- 
jected to two-dimensional paper mapping. There were 
four new peptides present on the apoE5 tryptic peptide 
map (Fig. 3) as compared with the tryptic map of normal 
apoE3. Three of these new peptides had a net negative 
charge, and one had a net positive charge. One of the new 
acidic peptides and the new basic peptide, labeled T13* 
and T13**, respectively (Fig. 3), arose as a result of an 
arginine-for-cysteine substitution at position 112, yielding 
a new tryptic cleavage site in apoE5. The presence of the 
other two acidic peptides (labeled T8/9* and T9** in Fig. 
3) also arose as a result of a new tryptic cleavage site. Pep- 
tide T8/9* stained positively for tyrosine, and its amino 
acid composition is given in Table 3. The sequence of this 
new peptide was Ala-Tyr-Lys-Ser-Glu-Leu-Glu-Glu-Gln- 
Leu-Thr-Arg. Inspection of this sequence indicated that it 
represented amino acid residues 73-84 of normal apoE, 
but with arginine substituted for the normally occurring 
proline-84. The other acidic peptide (labeled T9** in Fig. 
3) had the composition given in Table 3 and the sequence 
Val-Ala-Glu-Glu-Thr-Arg, which represents amino acid 
residues 85-90 of normal apoE. Therefore, peptides 
T8/9* and T9** result from the substitution of arginine 
for proline at residue 84, introducing a new tryptic 
cleavage site in the apoE5 variant. This also means that, 
although this apoE5 variant has arginine at position 112, 
making it "E4-like: it focuses in the E5 position because 
of the presence of the additional positively charged argi- 
nine residue at position 84. 

0 -E5 

+ 
1 2 3 

Fig. 2. Analytical isoelectric focusing of purified apoE3 and apoE5 iso- 
forms from subject 1. Lane 1 ,  10 pg of the total apoE from subject 1; lane 
2, 5 pg of the apoE3 isoform from subject 1; lane 3, 5 pg of the apoE5 
isoform from subject 1. The purified apoE3 and -E5 isoforms in lanes 
2 and 3 had been isolated by preparative Immobiline focusing and were 
subsequently used for structural determinations. The cathode (-) is at 
the top, and the anode (+) is at the bottom. The focusing positions of 
apoE3 and apoE5 are indicated. 
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TABLE 2. The amino acid compositions of the purified 
apolipoprotein E3 and apolipoprotein E5 isoforms from subject 1 

E3 E5 Aa 
Amino Acid (n - 9)  (n - 5 )  E5-E3 

LYS 

Arg 
CYS 

His 

Asx 
T h r  
Ser 
Clx 
Pro 

Ala 
Val 
Met 
Ile 
LCU 

TYr 
Phe 
TrP 

GlY 

12.4 (12)b 

32.2 (34) 
N.D. (1) 

13.2 (12) 
10.7 (11) 
12.6 (14) 
71.3 (71) 
8.6 (8) 

17.9 (17) 

22.3 (22) 
5.8 (7) 
2.3 (2) 

37.6 (37) 

3.1 (3) 
N.D. (7) 

2.1 (2) 

34.9 (35) 

3.7 (4) 

12.7 
2.3 

33.8 
0.1 

13.1 
10.5 
12.8 
71.6 

7.7 
17.4 
35.3 
22.3 
5.8 
2.3 

37.3 
3.6 
3.3 

N.D. 

+ 0.3 
+ 0.2 
+ 1.6' 
- 0.9. 
- 0.1 
- 0.2 
+ 0.2 
+ 0.3 
- 0.9' 
- 0.5 
+ 0.4 
0 
0 
0 

- 0.3 
- 0.1 
+ 0.2 

Total residues 299 

N.D., not determined. 
"The values determined for amino acids in the apoE3 isoform were 

subtracted from the values determined for amino acids in the apoE5 iso- 
form. These results suggested that the apoE5 isoform had gained two ar- 
ginines at the expense of one cysteine and one proline relative to apoE3 
(indicated by asterisks). 

'The numbers in parentheses were determined by sequencing (6). 

Receptor-binding activities of the apolipoprotein E5 
variants from subjects 1 and 2 

Receptor binding assays were performed on the isolated 
apoE5 isoform from subject 1 that had either been 
purified from the total apoE fraction by preparative Im- 
mobiline focusing (only the nonglycosylated apoE5) or by 
thiopropyl chromatography (nonglycosylated plus glyco- 
sylated apoE5). In total, four binding experiments indi- 
cated that the receptor-binding activity of this variant, 
apoE5(84 Pro-Arg, 112 Cys-Arg), was normal. A con- 
centration of 30.0 * 7 ng of apoE5(84 Pro+Arg, 112 
Cys+Arg)/ml was required to prevent 50% of the lZ5I- 
labeled LDL from binding to the LDL receptors of cul- 
tured human fibroblasts, which was not significantly 
different from 35.9 * 8 ng/ml for normal apoE3 (n = 8) 
(unpaired t-test). Data from a representative binding ex- 
periment are plotted in Fig. 4. There were no differences 
in the binding activities of the apoE5 preparations that 
had been isolated by the two different procedures 
described above, indicating that glycosylation did not 
affect receptor-binding activity. 

Because limited amounts of plasma were available from 
subject 2, we were able to obtain only a very small amount 
of her apoE. Therefore, receptor binding assays were per- 
formed on the total mixture of the two components, nor- 
mal apoE3 and apoE5(3 Glu-Lys), isolated from her 
d < 1.21 g/ml lipoproteins and present in approximately 

f 

-Electrophoresis pH 6.4- 

Fig. 3. Fluorescamine-stained two-dimensional tryptic peptide map of 
the purified apoE5 isoform from subject 1. The  tryptic digest (0.5 mg) 
was applied at the origin and electrophoresed at 3 kV for 55 min in a 
pH 6.4 pyridine-acetate buffer (pyridine-acetic acid-water 100:4:900, 
v/v/v) in the fint dimension and chromatographed in the ascending 
direction in the second dimension for 20 h in the upper phase of pyri- 
dine-isoamyl alcohol-water 6:6:7 (v/v/v) (27). Basic, neutral, and acidic 
peptides are indicated. The peptides are designated as in Rall et al. (6) 
and Wardell et al. (37). The new peptides in this apoE5 isoform are la- 
beled with asterisks and result from the introduction of two new tryptic 
cleavage sites in this variant. 

equal amounts. In three separate binding assays the 
apoE3/5-DMPC complexes were consistently more active 
in binding to the LDL receptors on cultured human 
fibroblasts when compared with normal apoE3. A con- 
centration of 19.1 * 8 ng of apoE3/5(3 Glu+Lys)/ml was 
able to compete for 50% of the binding of 1251-labeled 
LDL to the LDL receptor, which was significantly differ- 
ent (P < 0.02) from a concentration of 35.9 * 8 ng/ml 

TABLE 3. Amino acid compositions of selected tryptic peptides of 
awlimprotein E from subiect 1 

Amino Acid T13" T13" T8/9' T9" 

Glx 1.1  (1 )  4.3 (4) 2.2 (2) 
Ser 0.1 0.1 0.9 (1) 
GIY 

Asx 1.9 (2)b 

1.2 (1) 0.8 (1)  0.4 
His 

0.9 (1) 1.1 (1) 1.0 (1) 0.8 (1) 
T h r  0.6 (1) 0.7 (1)  

Pro 
TYr 0.7 (1) 

Ala 1.0 (1) 0.2 1.1 (1) 1.1 (1) 

Val 1.0 (1) 0.4 1.0 (1) 
Met 0.9 (1) 

Leu 0.9 (1) 0.2 2.2 (2) 

LYS 0.9 (1) 

Ile 

Phe 

Total residues 9 2 12 6 

'The peptides are designated as in Rall et al. (6) and Wardell et al. 
(2;). 

The numbers in parentheses were determined by sequencing. 
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0 0.04 0.08 0.12 0.16 0.20 

ApeE DMPC (pg/ml) 

Fig. 4. Receptor-binding activities of the purified apoE5 isoform from 
subject 1 and the total apoE from subject 2. Various concentrations of 
apoE-DMPC complexes were mixed with 2 pg of '25I-labeled LDL and 
incubated with cultured human fibroblasts on 35-mm culture dishes for 
4 h at 4°C. (0) Normal apoE3; (A) apoE5(84 Pro-+Arg, 112 Cys+Arg) 
purified from subject 1; (0) total apoE isolated from subject 2, who is het- 
erozygous for normal apoE3 and apoE5(3 Glu'Lys). 

for normal apoE3 (n = 8) (unpaired t-test). A representa- 
tive binding assay for this variant is given in Fig. 4. Based 
on these data, the total apoE from subject 2, who pos- 
sessed the apoE5(3 Glu+Lys) isoform, displayed 188% of 
normal binding. Previously, Dong, Yamamura, and 
Yamamoto (19) reported that the purified apoE5(3 
Glu+Lys) isoform was two times more active in binding 
to LDL receptors than normal apoE3. 

DISCUSSION 

The primary structures of two different apoE5 variants 
have been determined. The first, apoE5(84 Pro+Arg, 112 
Cys-Arg), was present in a 54-year-old woman of Euro- 
pean descent (subject 1) with elevated LDL cholesterol 
levels who was part of the Framingham Offspring Study. 
Despite her elevated LDL cholesterol levels, subject 1 was 
totally asymptomatic, with no evidence of either cardi- 
ovascular or cerebrovascular disease. This was also true 
for her mother, who also had the apoE5/3 phenotype and 
elevated LDL cholesterol. Furthermore, there is no clear 
history of premature heart disease in this family. Because 
the apoE5 variant in subject 1 had arginine at position 

112, it is likely that apoE5(84 Pro+Arg, 112 Cys-iArg) 
arose as a result of a point mutation, CCG to CGG, in the 
€4 allele. The second variant, apoE5(3 Glu-iLyu), was 
present in a 64-year-old woman of Japanese descent (sub- 
ject 2) who had familial hypercholesterolemia and 
atherosclerotic vascular disease. This variant has previ- 
ously been reported to result from a single base substitu- 
tion, GAG to AAG, in the €3 allele (20), has only been ob- 
served in subjects of Japanese origin, and appears to be 
commonly associated with mild types of hyperlipidemia 
in which LDL levels are elevated (19, 33). The E5 isoelec- 
tric focusing position of both of these variants is explained 
by the above results; in apoE5(84 Pro-iArg, 112 
Cys+ Arg) by the presence of two additional positively 
charged arginine residues compared with ap6E3, and in 
apoE5(3 Glu-iLys) by a double charge mutation. Be- 
cause we performed only partial amino acid sequencing, 
it is possible that other mutations involving noncharged, 
frequently occurring amino acids might also exist, 
although this seems unlikely. 

The apoE5 variant from subject 1, apoE5(84 Pro-+Arg, 
112 Cys+Arg), was shown to possess normal receptor- 
binding activity, which means that the binding activity is 
not altered by the addition of positive charge at either po- 
sition 112 [as is already known for apoE4 (e)]  or position 
84, or at both. It would appear that the substitution of ar- 
ginine for proline at position 84 is functionally silent. In 
contrast, as previously reported by Dong et al. (19) and 
confirmed in this study, the substitution of a positively 
charged lysine for glutamic acid at position 3 results in an 
apoE isoform with enhanced receptor-binding activity. 
The previous investigators reported that the purified 
apoE5(3 Glu+Lys) isoform was two times more active in 
binding to LDL receptors than normal apoE3 (19). They 
speculated that this may lead to an increased delivery of 
apoE-containing lipoproteins to the liver and a conse- 
quent down-regulation of LDL receptors, accounting for 
the elevated LDL cholesterol. Our binding studies deter- 
mined that an approximately equal mixture of apoE5(3 
Glu-+Lys) and normal apoE3 possessed 188% of normal 
binding activity. The apparent difference in the binding 
activity obtained by Dong et al. (19) using the purified 
apoE5(3 Glu+Lys) isoform and that reported here using 
the total apoE from subject 2 is probably due to differ- 
ences in experimental procedures. 

Because the more basic forms of apoE have been as- 
sociated with increased plasma and LDL cholesterol 
levels, it has been suggested that the total positive net 
charge on apoE variants plays an important role in 
cholesterol metabolism and the development of athero- 
sclerosis (34, 35). Tajima et al. (34) also speculated that 
the substitution of two lysine residues for two glutamic 
acid residues in apoE7-Suita(244 Glu+ Lys, 245 
Glu-t Lys), the most basic apoE isoform reported to date, 
may introduce another LDL receptor-binding domain 
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into the molecule, and they suggested that hyper- 
lipoproteinemia associated with more basic apoE iso- 
forms may result from altered receptor-binding activities. 
However, our results support the hypothesis that it is not 
increased net positive charge per se that results in en- 
hanced receptor-binding activity (and therefore elevated 
cholesterol levels), but rather the mutation of specific 
residues at critical positions in the apoE molecule. 

The  enhanced receptor-binding activity of apoE5(3 
Glu-tLys) is rather difficult to interpret. This mutation 
occurs in a region of the molecule that has not been shown 
to be functionally important. However, it is possible that 
the substitution of lysine for glutamic acid at position 3 in 
apoE influences receptor binding indirectly, as has been 
shown for arginine-158 (36) and the 7-amino acid inser- 
tion in apoE3-Leiden (37). It is noteworthy that the 
amino terminus of apoE is highly charged and certainly 
has the potential to interact with other charged residues 
in the molecule. I t  is presumably the change in the charge 
of the amino terminus in apoE5(3 Glu-Lys) that leads to 
the enhancement of receptor binding in this variant, but 
the mechanism is as yet unclear. In this respect, it will be 
interesting to learn whether another recently reported 
apoE variant that also has a mutation that changes the net 
charge of the amino terminus by + 2 ,  apoE5(13 Glu-t Lys) 
(38), also has enhanced receptor-binding activity. 
Whatever the mechanism involved in apoE5(3 Glu-t Lys), 
these results support the hypothesis that enhancement of 
receptor-binding activity occurs only when positive 
charge is added at critical positions in the structure of 
apoE. 

We thank Kay S. Amold, Yvonne M. Newhouse, and Lynne S. 
Shinto for expert technical assistance, Drs. Thomas L. Innerar- 
ity, Brian J. McCarthy, and Robert W. Mahley for critical read- 
ing of the manuscript, Charles Benedict and Tom Rolain for 
graphic art, AI Averbach for editorial assistance, and Kerry 
Humphrey for manuscript preparation. This work was sup- 
ported in part by Program Project Grant HL41633 from the Na- 
tional Institutes of Health and by a grant from the Whittier 
Foundation. 

Manuscn$t received 19 September 1990 and in revised form 7 Decembcr 1990. 

REFERENCES 

Mahley, R. W., T. L. Innerarity, S. C. Rall, Jr., and K. H. 
Weisgraber. 1984. Plasma lipoproteins: apolipoprotein 
structure and function. J.  Lipid Res. 25: 1277-1294. 
Mahley, R. W. 1988. Apolipoprotein E: cholesterol trans- 
port protein with expanding role in cell biology. Science. 

Utermann, G., U. Langenbeck, U. Beisiegel, and W. We- 
ber. 1980. Genetics of the apolipoprotein E system in man. 
A m J .  Hum. Genet. 32: 339-347. 

2 4 0  622-630.. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

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. 
Weisgraber, K. H., S. C. Rall, Jr., and R. W. Mahley. 1981. 
Human E apoprotein heterogeneity. Cysteine-arginine in- 
terchanges in the amino acid sequence of the apo-E iso- 
forms. J.  Biol. Chm. 256: 9077-9083. 
Rall, S. C., Jr., K. H. Weisgraber, and R. W. Mahley. 1982. 
Human apolipoprotein E. The complete amino acid se- 
quence. J. Biol. Chon. 257: 4171-4178. 
Utermann, G., M. Hees, and A. Steinmetz. 1977. Polymor- 
phism of apolipoprotein E and occurrence of dys- 
betalipoproteinaemia in man. Nutum 269: 604-607. 
Havel, R. J., and J. P. Kane. 1973. Primary dys- 
betalipoproteinemia: predominance of a specific apoprotein 
species in triglyceride-rich lipoproteins. Pmc. Nutl. Acad. Sci. 

Utermann, G., N. Pruin, and A. Steinmetz. 1979. Poly- 
morphism of apolipoprotein E. 111. Effect of a single poly- 
morphic gene locus on plasma lipid levels in man. Clin. Ge- 

Davignon, J., R. E. Gregg, and C. F. Sing. 1988. 
Apolipoprotein E polymorphism and atherosclerosis. Arteri- 

Mahley, R. W., and S. C. Rall, J .  1989. Type I11 hyper- 
lipoproteinemia (dysbetalipoproteinemia): the role of 
apolipoprotein E in normal and abnormal lipoprotein 
metabolism. In The Metabolic Basis of Inherited Disease, 
6th edition, Chapter 47. C. R. Scriver, A. L. Beaudet, 
W. S. Sly, and D. Valle, editors. McGraw-Hill, New York. 

Bouthillier, D., C. F. Sing, and J. Davignon. 1983. 
Apolipoprotein E phenotyping with a single gel method 
application to the study of informative matings. J.  Lipid 
Res. 24: 1060-1069. 
Gregg, R. E., L. A. Zech, E. J. Schaefer, D. Stark, D. Wil- 
son, and H. B. Brewer, Jr. 1986. Abnormal in vivo 
metabolism of apolipoprotein E4 in humans. J. Clin. Invest. 

Steinmetz, A., C. Jakobs, S. Motzny, and H. Kaffarnik. 
1989. Differential distribution of apolipoprotein E isoforms 
in human plasma lipoproteins. Arferiosclmsis. 9: 405-411. 
Weisgraber, K. H. 1990. Apolipoprotein E distribution 
among human plasma lipoproteins: role of the cys- 
teine-arginine interchange at residue 112. J.  Lipid Res. 31: 

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. 
Brown, M. S., and J. L. Goldstein. 1986. A receptor- 
mediated pathway for cholesterol homeostasis. Science. 232: 
34-47. 
Lalazar, A., K. H. Weisgraber, S. C. Rall, Jr., H. Giladi, 
T. L. Innerarity, A. Z. Levanon, J. K. Boyles, B. Amit, M. 
Gorecki, R. W. Mahley, and T. Vogel. 1988. Site-specific 
mutagenesis of human apolipoprotein E. Receptor binding 
activity of variants with single amino acid substitutions. J.  
Biol. Chem. 263: 3542-3545. 
Dong, L-M., T. Yamamura, and A. Yamamoto. 1990. En- 
hanced binding activity of an apolipoprotein E mutant, apo 
E5, to LDL receptors on human fibroblasts. Biochm. Bi- 
ophys. Res. Commun. 168: 409-414. 
Tajima, S., T. Yamamura, and A. Yamamoto. 1988. Analy- 
sis of apolipoprotein E5 gene from a patient with hyper- 
lipoproteinemia. J.  Biochm. 104: 48-52. 

USA. 70: 2015-2019. 

Wt. 15: 63-72. 

o~clmsb. 8: 1-21. 

1195-1213. 

78: 815-821. 

1503-1511. 

Wardell et al. ApoE5(84 Pro+Arg, 112 Cys+Arg) and apoE5(3 Glu+Lys) 527 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Ordovas, J. M., L. Litwack-Klein, P. W. E Wilson, M. M. 
Schaefer, and E. J. Schaefer. 1987. Apolipoprotein E iso- 
form phenotyping methodology and population frequency 
with identification of apoEl and apoE5 isoforms. J.  Lipid 

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. 

Weisgraber, K. H., Y. M. Newhouse, J. L. Seymour, S. C. 
Rall, Jr., and R. W. Mahley. 1985. Preparative Immobiline 
isoelectric focusing of plasma apolipoproteins on vertical 
slab gels. Anal, Biochem. 151: 455-461. 
Rall, S. C., Jr., K. H. Weisgraber, and R. W. Mahley. 1986. 
Isolation and characterization of apolipoprotein E. Methodr 

Pagnan, A., R. J. Havel, J. P. Kane, and L. Kotite. 1977. 
Characterization of human very low density lipoproteins 
containing two electrophoretic populations: double pre- 
beta lipoproteinemia and primary dysbetalipoproteinemia. 
J. Lipid lbs .  1 8  613-622. 
Weisgraber, K. H., and R. W. Mahley. 1978. Apoprotein 
(E-A-11) complex of human plasma lipoproteins. I. Charac- 
terization of this mixed disulfide and its identification in a 
high density lipoprotein subfraction. J Biol. Chem. 253: 

Wardell, M. R., S. 0. Brennan, E. D. Janus, R. Fraser, and 
R. W. Carrell. 1987. Apolipoprotein EL-Christchurch (136 
Arg-*Ser). New variant of human apolipoprotein E in a 
patient with type 111 hyperlipoproteinemia. J. Clin. Invest. 

Easley, C. W. 1965. Combinations of specific color reactions 
useful in the peptide mapping technique. Biochim. Biophys. 

Bidlingmeyer, B. A., S. A. Cohen, and T. L. Tarvin. 1984. 

Rcs. 28: 371-380. 

Chnn. 263: 6240-6248. 

E ~ y m ~ l .  128: 273-287. 

6281-6288. 

80: 483-490. 

Acta. 107: 386-388. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

Rapid analysis of amino acids using pre-column derivatiza- 
ti0n.J. Chmmutogr 336: 93-104. 
Moore, S. 1963. On the determination of cystine as cysteic 
acid. J.  Biol. Chnn. 238: 235-237. 
Laemmli, U. K. 1970. Cleavage of structural proteins dur- 
ing the assembly of the head of bacteriophage T4. Nature. 

Innerarity, T. L., R. E. Pitas, and R. W. Mahley. 1986. 
Lipoprotein-receptor interactions. Methodr Enzymol. 129: 

Yamamura, T., A. Yamamoto, K. Hiramori, and S. Nambu. 
1984. A new isoform of apolipoprotein E- apo E-5 - associ- 
ated with hyperlipidemia and atherosclerosis. Athemsclemsis. 

Tajima, S., T. Yamamura, M. Menju, and A. Yamamoto. 
1989. Analysis of apolipoprotein E7 (apolipoprotein E- 
Suita) gene from a patient with hyperlipoproteinemia. J. 
Biochem. 105: 249-253. 
Yamamura, T., L-M. Dong, S. Tajima, Y. Miyake, and A. 
Yamamoto. 1989. Abnormalities of apolipoprotein E and 
ischemic heart disease in Japan. Arteriosclerosis. 9: 693a. (Ao- 
stract). 
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: 

Wardell, M. R., K. H. Weisgraber, L. M. Havekes, and 
S. C. Rall, J .  1989. Apolipoprotein E3-Leiden contains a 
seven-amino acid insertion that is a tandem repeat of 
residues 121 to 127. J Biol. Chem. 264: 21205-21210. 
Xu, C., E Mailly, P. Talmud, C. Nestruck, J. Davignon, 
and S. Humphries. 1989. Apolipoprotein E5(Glu13-) Lys). 
A new mutation identified by an E5 isoelectric focusing pat- 
tern. Circulation. 80: 11-467. (Abstract). 

227: 680-685. 

542-566. 

5 0  159-172. 

7261-7267. 

528 Journal of Lipid Research Volume 32, 1991 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

