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Abstract The distribution of apoE between the major lipo- 
protein classes of normocholesterolemic plasma has been de- 
termined by molecular sieve chromatography, immunoaffinity 
chromatography, preparative ultracentrifugation, and poly- 
anionic precipitation. Highly comparable values were obtained 
for the first two procedures (correlation coefficient (r) = 0.958), 
while the other procedures gave recoveries of apoE in high 
density lipoprotein that were respectively higher and lower, 
although total recoveries of apoE were essentially complete in 
each case. Immunoaffinity chromatography under the conditions 
described was not accompanied by detectable dissociation or 
redistribution of apoE. By immunoaffinity chromatography, all 
the apoE of native plasma was present in the form of complexes 
also containing either apoA-I or apoB. However, both ultra- 
centrifugation and polyanionic precipitation methods of lipo- 
protein fractionation dissociated substantial proportions of apoE 
into both lipid-rich and lipid-poor forms that were unassociated 
with other apolipoproteins. These forms were derived mainly 
or exclusively from the dissociation of apoE from lipoproteins 
containing apoB, while apoE bound to apoA-I was dissociated 
by neither pr0cedure . l  When lipoproteins were adsorbed on 
immobilized antibodies to apoA-I or apoB and dissociated with 
3 M NaCNS, the apoE and apoA-I remained associated while 
the complex of apoB and apoE was substantially dissociated. 
These results suggest that immunoaffinity chromatography ac- 
curately determines apoE distribution in plasma. T h e  results on 
the in vitro generation of unassociated apoE (Lp-E) are discussed 
in terms of the “family” concept of lipoprotein structure.- 
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The biological properties of the plasma lipoproteins 
depend in considerable measure on their apolipoprotein 
composition. These proteins determine the reactivity of 
lipoprotein lipids with enzymes, for example (1, 2), or 
cell surface receptors (3, 4). The apolipoprotein com- 

position of most human lipoprotein complexes is physically 
stable, as is evident from the consistent data provided by 
different separation procedures, and is modified only in 
response to metabolic changes of plasma lipids. However, 
the distribution of certain apolipoproteins, including some 
of major metabolic significance, is much more labile. One 
readily dissociated protein in human plasma is apolipo- 
protein E. Inconsistent results have been obtained, when 
any two fractionation procedures have been compared, 
of the distribution of apoE between the major plasma 
lipoprotein classes (5-8). An independent estimate of the 
distribution of apoE could in principle be made by im- 
munoaffinity chromatography. In this procedure anti- 
bodies raised against individual apoprotein antigens are 
immobilized covalently on agarose or a similar insoluble 
chromatography matrix. This technique has been used 
to define the native stoichiometry of other apoprotein 
complexes in normal plasma (9-1 1). However, validation 
of the affinity procedure depends on a demonstration 
that dissociation or transfer of apoprotein does not take 
place in the course of fractionation. In the present study 
the known lability of the association of apoE with the 
major plasma lipoprotein classes was chosen to provide 
a general and rigorous validation to test the affinity chro- 
matography procedure in its ability to fractionate and 
define lipoprotein complexes of metabolic consequence 
from native plasma. At the same time further information 
has been obtained on the nature and the source of dis- 
sociated apoE. 

MATERIALS AND METHODS 

Blood from laboratory volunteers who had fasted 
overnight was collected into one-twentieth volume of 0.2 
M sodium citrate solution (pH 7.0), cooled in ice water. 
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Plasma was obtained by centrifugation under these con- 
ditions (2000 g, 30 min) and then immediately fraction- 
ated using one or more of the methods detailed below. 
Mean plasma cholesterol in this study was 17 1 & 35 mg/ 
dl, and mean plasma triglyceride was 53 +- 20 mg/dl 
(mean k SD, n = 9). 

Ultracentrifugal fractionation of lipoproteins 
Plasma was brought to 1 mM disodium EDTA (pH 

7.4) and to a density of 1.063 g/ml by addition of NaBr. 
Centrifugation was carried out for 24 hr at 4-6°C and 
38,000 rpm using a 40.3 rotor in a Beckman L3-40 or 
L3-50 preparative ultracentrifuge (1 2). The  supernatant 
and infranatant fractions were collected and in some ex- 
periments the density of the infranatant was then brought 
to d 1.21 g/ml with KBr. After recentrifugation under 
the same conditions for 40 hr, supernatant high density 
lipoprotein (HDL, d 1.063-1.21 g/ml) was separated 
from the lipid-poor infranatant solution (d > 1.2 1 g/ml). 
The low and very low density lipoproteins (LDL + VLDL) 
in the d 1.063 g/ml supernatant solution, together with 
the HDL and lipid-poor fractions, were then dialyzed 
against 0.15 M NaCI, 1 mM disodium EDTA, pH 7.4, 
before analysis of their apoE content by the assay de- 
scribed below. 

Molecular sieve chromatography 
Plasma (1 ml) from citrated blood was passed onto a 

column (1.2 X 90 cm) of agarose (Biogel 5-M, 200-400 
mesh, Bio-Rad, Richmond, CA) (1 3), equilibrated with 
0.15 M NaCI, 1 mM EDTA (pH 7.4). Chromatography 
was carried out at 4-6°C with a flow rate of 3-4 ml/hr. 
Fractions (1 ml) were assayed for their content of free 
and esterified cholesterol with an enzymatic assay (1 4). 
The separation of HDL from VLDL + LDL was essen- 
tially complete (Fig. 1) and the two lipoprotein pools were 
concentrated by reverse dialysis with Sephadex G-150 
(Sigma Chemical Company) and analyzed for apoE con- 
tent with the assay described below. 

Polyanionic precipitation of lipoproteins 
Plasma from citrated blood was mixed with 0.05 vol 

of 1 M MnC& and then with the same volume of heparin 
(2250 IU/ml) (15). The  plasma mixture was placed in 
ice water for 30 min and then the precipitated VLDL 
and LDL were separated by centrifugation (2000 g, 30 
min). The supernatant solution was dialyzed against 5% 
w/v BaCI, solution (pH 7.0) to precipitate heparin as its 
insoluble barium salt, then against 0.15 M NaCI, 1 mM 
EDTA (pH 7.4) before determination of apoE content. 
In some experiments the precipitated lipoproteins were 
dissolved in 0.1 M NaHC03 and then dialyzed in the same 
way before determination of apoE. The  removal of all 
detectable apoB from the supernatant solution was con- 

ml 

Fig. 1. Molecular sieve chromatography of native plasma. Plasma 
(1 .O ml) was added to a column of Biogel-5-M agarose in 0.15 M NaCI, 
1 mM EDTA (pH 7.0). and the free cholesterol (0 - 0) and es- 
terified cholesterol (A - A) contents of the eluted fractions were 
determined by fluorimetric enzyme assay. 

firmed by radial immunoassay under conditions where 
1 .O% contamination would have been detected. 

Immunoaffinity chromatography of lipoproteins 
Affinity chromatography matrices were prepared with 

purified antibodies to apolipoproteins A-I or B (the major 
lipoproteins of HDL or VLDL and LDL, respectively), 
as previously described (9, 10). Briefly, apoA-I was isolated 
from delipidated HDL by molecular sieve and DEAE- 
cellulose chromatography in 6 M urea. The  apoprotein 
so obtained, which showed no detectable level of con- 
taminating proteins by sodium dodecyl sulfate or basic 
polyacrylamide gel electrophoresis, was injected into rab- 
bits via multiple dermal sites. The antibody raised was 
purified against authentic apoA-I immobilized covalently 
on Sepharose 6B (1 6), and the anti-apoA-I globulin was 
released with 3 M NaCNS (pH 7.0). The  antibody eluted 
was dialyzed against 0.1 M NaHCOS, and then coupled 
to CNBr-activated Sepharose 6B (Pharmacia). Columns 
of antibody matrix used in this study had dimensions of 
0.9 X 10 cm and complexed the total apoA-I of 1-1.5 
ml of native plasma (1.5-2.5 mg of apoA-I). T o  determine 
the distribution of apoE between lipoproteins containing 
apoA-I and other lipoprotein classes, citrated plasma (1 .0 
ml) was passed through antibody columns equilibrated 
with 0.15 M NaCI, 1 mM disodium EDTA (pH 7.4), at 
a flow rate of 3-6 ml/hr at 4-6°C. All fractions containing 
detectable protein (1 7) or cholesterol (1 4) were pooled, 
concentrated by reverse dialysis, and the apoE content 
of the pools was determined immunologically. In some 
experiments, the column was washed with a further 40 
volumes of 0.15 M NaCI, 1 mM disodium EDTA (pH 7.4) 
and then the bound lipoprotein was released with 3 M 

NaCNS (pH 7.0). The  NaCNS eluate was brought to 1 
mg/ml with recrystallized bovine serum albumin (1 8), 
dialyzed against 0.15 M NaCI, 1 mM EDTA to remove 

Cnstro nnd Fielding Distribution of apolipoprotein E 59 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


NaCNS, then concentrated by reverse dialysis. Its apoE 
content was then determined immunologically. The al- 
bumin (Sigma Chemical Company, St. Louis, MO) had 
no reactivity with antibody against human apoE. 

Antibody to human apoB was obtained with LDL pu- 
rified by centrifugation between the density limits 1.02- 
1.04 g/ml. The lipoprotein was further purified from 
trace non-apoB contaminants by passage through im- 
munoaffinity columns of immobilized antibodies to apo- 
lipoproteins A-I, C-111, D, and E (10). It was then injected 
into rabbits and the antibody raised was purified and 
covalently complexed to activated Sepharose 6B, as de- 
scribed above. Immunoaffinity chromatography of native 
plasma on anti-apoB was as described for anti-apoA-I. 

Immunoassay of apoE 
ApoE was purified from delipidated VLDL by molec- 

ular sieve and DEAE-cellulose chromatography, and an- 
tibody was raised in rabbits (1 0). The apoE used as antigen 
contained no detectable protein contaminants following 
sodium dodecyl sulfate or basic polyacrylamide gel elec- 
trophoresis. Radial immunodiffusion assay (1 9) was car- 
ried out in a medium containing 5% (v/v) antiserum, 
0.8% bovine serum albumin (recrystallized, Sigma), 1 .O% 
(w/v) agarose (Bio-Rad), and 1 mM disodium-EDTA in 
0.2 M Tris-HC1 buffer (pH 7.4). Pure antigen or plasma 
fractions in 1 .O% (v/v) Triton X-100 solution were added 
to 25-well immunoassay gels prepared on glass plates (1 0 
X 8 cm). The protein content of the primary purified 
apoE standards was determined by the method of Lowry 
et al. (17). The well diameter was 4 mm and the plates 
were incubated in a humidified incubator for 48 hr at 
37°C. Under these conditions, more extended incubation 
produced no further change in the diameter of the pre- 
cipitin rings, determined with vernier calipers to a re- 
producibility of fO. l  mm. Each sample was plated in 
duplicate at at least two dilutions. 

Agarose gel electrophoresis 

Electrophoresis was carried out in 0.5% (w/v) agarose 
in barbital buffer (pH 7.4) (20) and the air-dried strips 
were stained with Sudan Black B to visualize lipoprotein 
bands. 

40 

20 

1 I I 1 1 1 I 
10 20 30 40 50 60 70 

Apo E p g / m l  

Fig. 2. The dependence of the square of precipitin ring diameter 
on antigen concentration for pure apoE antigen (A - A) or un- 
fractionated plasma (0 - 0). The apoE standard contained 60 pg 
of protein/ml and the plasma contained 66.6 pg of apoE/ml, deter- 
mined as described under Methods. Values shown are the means of 
duplicate determinations at each point which differed by f l  pg. 

was linear over the range 10-125 pg apoE/ml. As little 
as 0.1 pg of apoE was readily detected in this assay. ApoE 
levels of individual samples were brought within the linear 
concentration range by dilution or reverse dialysis as nec- 
essary. The immunochemical identity of isolated apoE 
standard and the reactive antigen in plasma was confirmed 
from the calculated recovery of 95.5 f 4.0% of such 
standard assayed in diluted plasma in the linear range, 
and by the parallel linear plots of the square of precipitin 
ring diameter vs. apoE mass in plasma and in pure antigen 
solution (Fig. 2). There was no effect on the assay of 
apoE when plasma was diluted fourfold with 0.15 M NaCI, 
with initial apoE concentrations of 27.1-85.0 pg/ml 
(coefficient of variation 5.3%, n = 24). The mean level 
of apoE in the plasma of the nine normocholesterolemic 
subjects in this study was 64.1 f 12.3 pg/ml (males 56.4 
f 8.4 pg/ml, n = 5; females 73.7 f 9.4 pg/ml, n = 4). 
ApoE levels were assayed repeatedly in four of these sub- 

TABLE 1. Radial immunoassay of apolipoprotein E 
in human plasma 

Donor 

RESULTS 1 2 3 4 

Immunoassay of apolipoprotein E 

The level of apoE in plasma and chromatographic frac- 
tions was determined by radial immunodiffusion assay, 
in which the relationship between the squared diameter 
of the precipitin ring and the mass of added apoE antigen 

X 47.7 84.4 71.3 61.9 
SD f3.6 L3.0 f 2 . 4  k3.2 
n 12 11 8 10 
cv (%) 7.5 3.5 3.4 3.2 

ApoE concentrations are expressed in pg/ml plasma for the mean 
(X) and standard deviation (SD) of n determinations over a 12-month 
sampling interval. CV, coefficient of variation. 
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Fig. 3. A. Agarose  strip  gel  electrophoresis.  Top.  unfractionated plasma and, in order from  top  to  bottom,  HDL separated by polyanionic 
precipitation,  ultracentrifugation,  molecular sieve chromatography,  and affinity chromatography. T h e  lipoprotein  bands  are visualized with 
Sudan Black after  fixation in ethanol-acetic  acid-water 75:5:20 (v/v/v). B. Agarose  strip gel electrophoropms of (top)  unfractionated plasma 
and (in order  from  top  to  bottom)  VLDL + LDL  separated by polyanionic  precipitation,  ultracentrifugation,  molecular sieve chromatography. 
and affinity chromatography. T h e  lipoprotein  bands  were fixed and stained  as  above. 

jects over a  12-month  interval (Table 1) and highly con- 
sistent values were  obtained. 

Plasma  lipoprotein  electrophoresis 

The  separation  of HDL  from  VLDL  and  LDL  during 
centrifugation,  polyanion  precipitation,  molecular sieve 
chromatography,  and immunoaffinity chromatography 
was compared (Fig. 3). There was no difference in the 
migration  rates  of the  lipoprotein  bands  obtained by the 
different  procedures. Thus, lipoproteins  recovered by the 
different  procedures  were  complexed in similar lipid-rich 
forms; and while HDL was specifically removed  from 
native plasma by immunoaffinity chromatography im- 
mobilized antiapoA-I,  both  VLDL  and  LDL  were re- 
moved by immunoaffinity chromatography  on anti-apoB. 
Sequential  chromatography with these  two  immunoad- 
sorbents  generated a plasma fraction  containing no li- 
poprotein  material  detectable by agarose gel electropho- 
resis (Fig. 4). 

Effects of fractionation on the  distribution of 
lipoprotein  apoE 

Molecular sieve chromatography was previously used 
to fractionate  lipoprotein species containing  apoE (5 ,  6, 

Fig. 4. Agarose  strip gel electrophoresis. Top  and  bottom, unfrac- 
tionated plasma and, in order from  top  to  bottom, plasma from which 
HDL  had  been  removed by immunoaffinity  chromatography on im- 
mobilized antiapoA-I:  from which VLDL  and  LDL  had been removed 
by immunoaffinity chromatography  on  immobilized  anti-aopB;  and 
from which both  fractions  had  been  removed by chromatography 
sequentially on both affinity supports. 
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8, 21). In the present studies the distribution of apoE 
between HDL and LDL + VLDL was determined si- 
multaneously by immunoaffinity chromatography, using 
immobilized antibody to apoB, and by molecular sieve 
chromatography on agarose. In the case of molecular 
sieve chromatography, it has been shown (6, 21) that 
HDL containing apoE elutes with higher apparent mo- 
lecular weight than does bulk HDL. Possible overlap of 
HDL containing apoE into the VLDL + LDL fraction 
(Fig. 1) was determined by assaying that proportion of 
apoE in plasma from which apoB had been removed by 
affinity fractionation, which eluted in the VLDL + LDL 
fraction molecular sieve chromatography. This was found 
to represent < 2% (1.4%; 1.5%; two experiments) of 
apoE. This finding indicates that the separation of HDL 
containing apoE from VLDL + LDL by molecular sieve 
chromatography under the conditions described in this 
study was essentially complete. As shown in Table 2, there 
was a high degree of correlation and good quantitative 
agreement in the estimates of HDL-associated apoE ob- 
tained by these two procedures. The mean difference 
between estimates was 1.0 k 3.3 pg/ml of plasma and 
the correlation coefficient ( r )  was 0.958. Approximately 
one-half of total plasma apoE was removed by anti-apoB 
or was recovered in the VLDL + LDL fraction of plasma 
recovered after molecular sieve chromatography. Plasma 
that had been passed in succession through columns of 
antibodies to apoB and apoA-I contained no detectable 
apoE under conditions where <2% of plasma concentra- 
tion would have been detected (Fig. 5). Therefore, these 
results, and the electrophoretic measurements preceding 
(Figs. 3 and 4) suggest that little change in the composition 
of HDL occurs during immunoaffinity chromatography; 
further evidence is given below. On the other hand, sig- 
nificantly different, and more variable, recoveries of apoE 

with HDL were obtained with the ultracentrifugal and 
polyanion precipitation fractionation methods (Table 3). 
In comparison with the affinity procedure, the recovery 
of apoE with HDL by polyanion precipitation was on 
average 20% lower and more variable (r = 0.638 vs. the 
immunoaffinity procedure). Centrifugal separation of 
HDL, even when as the result of the single centrifugal 
step studied here, resulted in a significantly greater re- 
covery of apoE with HDL than with any of the other 
methods, and a correlation coefficient (r) of 0.655 vs. the 
immunoaffinity procedure for the same plasma samples. 
The difference in the level of apoE recovered with HDL 
by these procedures was not due to an incomplete sep- 
aration of HDL from other lipoproteins, since in all ex- 
periments less than 2% of apoA-I was recovered with 
VLDL + LDL, and less than 3% of plasma apoB was 
recovered in the HDL fraction by radial immunodiffusion 
assay (1 9). Neither was it due to differences in recovery, 
which was similar in the different procedures (90 k 6% 
of plasma apoE for molecular sieve chromatography; 94 
k 6% for immunoaffinity chromatography; 95 +. 6% for 
polyanionic precipitation; and 97 +. 6% for ultracentri- 
fugation). Accordingly, the modified recoveries of apoE 
with HDL found after ultracentrifugation or polyanion 
precipitation represent in vitro modifications of native 
lipoprotein composition. 

Further validation of the immunoaffinity 
chromatography of apo E 

The experiment described above (Fig. 5) indicated that 
in normolipidemic plasma there was no significant level 
of apoE unassociated with either apoA-I or apoB, Le., 
that Lp-E was not present. Other experiments confirmed 
that immunoaffinity chromatography did not modify apoE 

I'AB1.E 2. Detrrinination of HDL apoE levels by affinity chromatography 
arid molecular sieve column chromatography 

I I 1  
HDI. ApoE HD1. ApoE 

I'lasina ApoE: (Affinity) (Molecular Sieve) 11-1 

46.0 22.8 (0.50)o 23.3 (0.51) +0.5 
48.7 2 I .7 (0.44) 23.0 (0.47) +1.3 
57.6 36.1 (0.40) 30.8 (0.52) -5.7 
58.3 30.2 (0.52) 34.7 (0.59) +4.5 
66.5 32.4 (0.49) 34.4 (0.51) +2.0 
73.2 33.3 (0.45) 35.4 (0.48) +2.1 
87.1 54.5 (0.65) 57.2 (0.66) +2.7 

Mean * SI) 62.5 t 14.4 33.0 f 10.9 34.1 f 11.4 +1.0 * 3.3 
(0.49 f 0.08) (0.53 f 0.06) 

" Values in parentheses represent the proportion of apoE recovered in the HDL 
frar t ion.  
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Fig. 5. Effects of sequential chromatography on affinity adsorbents 
against apoA-I and apoB. Plasma was chromatographed first against 
anti-apoB, then the eluate of nonadsorbed proteins was rechromato- 
graphed on either anti-apoA-I or anti-apoB, as described under Meth- 
ods. Values indicated represent apoE concentration corrected to plasma 
protein concentration. The initial plasma contained 1.43 mg/ml apoA- 
1 and 0.55 mg/ml apoB. The eluate of nonadsorbed proteins after 
initial anti-apoB chromatography contained 1.40 mg/ml apoA-1 (rel- 
ative to original plasma protein concentration) and 0.01 mg/ml apoB. 
After a second chromatography on anti-apoB, the plasma contained 
1.42 mg/ml apoA-I and no detectable apoB (<0.005 mg/ml). After 
chromatography against apoA-I, the nonadsorbed protein contained 
no detectable apoA-I (<0.01 mg/ml) and 0.006 mg/ml apoB (n.d., 
apoE concentration of < 1 .O pg/ml). 

distribution in plasma. Passage of the eluate from the 
anti-apoB affinity step through a second column of the 
same matrix resulted in the loss of little, if any, further 
mass of apoE. This finding indicated that there was no 
measurable dissociation of apoE during fractionation. 
When plasma fractions, from which either apoB or apoA- 
I had been removed, were remixed in different propor- 

Fig. 6. Effects of the remixing of affinity chromatography eluates 
on the distribution of apoE. Plasma was initially chromatographed on 
either anti-apoA-I or anti-apoB as shown. The nonadsorbed proteins 
were then mixed in the proportions 0.5:l relative to plasma and re- 
chromatographed on anti-apoA-I or anti-apoB. Values shown indicate 
apoE concentrations relative to the protein concentration of the original 
plasma and are the means of duplicate or triplicate determinations 
reproducible within <2%. The initial plasma contained 1.52 mg/ml 
apoA-I and 0.62 mg/ml apoB; after initial chromatography on anti- 
apoA-1, residual apoA-1 in the nonadsorbed eluted protein was 0.03 
mg/ml (relative to plasma); while after chromatography on anti-apoB, 
apoB in the nonadsorbed proteins was undetectable (<0.005 mg/ml). 
After remixing and anti-apoA-I chromatography, residual apoA-I was 
0.01 mg/ml; while after anti-apoB the nonadsorbed apoB was un- 
detectable. 

tions (Fig. 6), there was <lo% difference on average in 
the mass of apoE recovered with these lipoproteins when 
they were subsequently reseparated under the same con- 
ditions. This finding indicates that there was little re- 
equilibration of apoE between apoA-I and apoB-contain- 
ing lipoproteins during chromatography under the con- 

TABLE 3. Determination of HDL apoE levels by immunoaffinity chromatography, 
polyanionic precipitation, and ultracentrifugation 

HDL ApoE HDL APE HDL ApoE 

Plasma I I 1  111 11-1 
(Affinity) (Precipitation) (Ultracentrifugation) 

111-1 

npoE per si1 plnsmo 

40.7 23.5 (0.58)” 16.4 (0.40) -7.1 

54.1 31.2 (0.58) 24.1 (0.45) 39.2 (0.72) -7.1 +8.0 
59.1 40.8 (0.69) 25.4 (0.43) 51.5 (0.87) - 15.4 +10.7 

68.5 30.6 (0.45) 31.4 (0.46) 56.8 (0.83) +0.8 +26.2 

48.0 27.2 (0.57) 25.9 (0.54) 34.5 (0.72) -1.3 +7.3 

65.3 33.6 (0.51) 26.2 (0.40) 44.7 (0.68) -7.4 +11.1 

72.2 39.5 (0.55) 36.9 (0.51) 58.6 (0.81) -2.8 +19.1 

Mean f SD 58.3 f 11.4 32.3 * 6.3 26.6 f 6.3 47.5 f 9.7 -5.7 f 5.3 +13.7 t- 7.4 
(0.56 ? 0.07) (0.46 f 0.05) (0.77 f 0.07) 

Values in parentheses represent the proportion of apoE recovered in the HDL fraction. 
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ditions described. These findings, taken together with 
the preceding, strongly suggest that the distribution of 
apoE between VLDL and LDL on the one hand, and 
HDL on the other, determined by immunoaffinity chro- 
matography, accurately represents that present in the 
unfractionated native plasma. 

The nature and origin of unassociated apoE (LpE) 
generated by the fractionation of plasma 

The results above suggested that, as a result of ultra- 
centrifugation or polyanionic precipitation, either there 
was net redistribution of apoE bound to HDL or LDL 
+ VLDL, or else that apoE unassociated with either apoA- 
I or apoB was generated during fractionation and was 
co-purified with one or another fraction to give rise to 
a modification of the native apoE content of the lipo- 
protein that was only apparent. These alternatives were 
investigated by further immunoaffinity chromatography 
experiments. Because in a number of earlier studies (22- 
24) lipoprotein “families” had been defined on the evi- 
dence of lipoprotein structures dissociated from immu- 
noaffinity columns with 3 M NaCNS, the effects of this 
procedure were studied both for any possible effects on 
the association of apoE with the HDL or with the VLDL 
+ LDL lipoprotein fractions. As shown above, when 
plasma was centrifuged at d 1.063 g/ml, apoE was dis- 
tributed between supernatant (VLDL + LDL) and in- 
franatant (HDL) lipoprotein classes. However, when both 
fractions were passed through affinity matrices binding 
apoA-I or apoB, significant levels of apoE were found in 
both nonadsorbed fractions. These results indicate the 
presence of dissociated apoE after centrifugation, contrary 
to findings in unfractionated native plasma. As shown in 
Table 4, about one-third of apoE in VLDL + LDL after 
centrifugation at d 1.063 g/ml was not bound to apoB. 
As shown in Table 5, when similar experiments were 
carried out with the d > 1.063 g/ml fraction, about 20% 

TABLE 4. Dissociation of apoE and its recovery in the d 1.063 
g/ml supernatant fraction 

Total Unassociated 
Plasma Supernatant ApoE Supernatant ApoE 

Experiment APE I I 1  11/1 

of apoE was unassociated with apoA-I. However, com- 
parison of estimates of the apoA-I-bound apoE obtained 
by direct affinity chromatography and by centrifugation 
followed by affinity chromatography show that these dif- 
fered by only 1.6 k 2.1 pg/ml. This finding indicates 
that the apoE dissociated by centrifugation is derived 
mainly or completely from the apoE bound to apoB in 
native plasma, while apoE bound to apoA-I remains in 
complex form. 

Similar analysis was made of the associations of apoE 
after polyanionic precipitation of VLDL and LDL. As 
shown in Fig. 7, apoE dissociated by fractionation was 
recovered in precipitated, resolubilized lipoprotein. Sub- 
sequent immunoaffinity chromatography with antibodies 
against apoA-I and apoB indicated that the mass of apoE 
associated with apoA-I was unchanged while that com- 
plexed to apoB had been reduced, indicating that, as was 
the case during centrifugation, it was the apoB-associated 
fraction of apoE that had been preferentially dissociated. 

The association state of apoE was also determined in 
those lipoproteins that could be recovered by 3 M NaCNS 
from immunoaffinity chromatography. Plasma was passed 
through immobilized antibody to apoA-I, and the ad- 
sorbed lipoproteins containing apoA-I were dissociated 
with 3 M NaCNS, dialyzed against 0.15 M NaCI, 1 mM 
EDTA, then passed again through the same adsorbent, 
and the mass of unassociated apoE in the nonadsorbed 
eluate was determined. Similar experiments were carried 
out with immobilized antibodies to apoB. As shown in 
Table 6, apoE complexed in native plasma to apoA-I was 
undissociated by 3 M NaCNS. On the other hand, when 
the same experiment was carried out with the fraction 
of apoE complexed in native plasma to apoB, substantial 
dissociation was found to have occurred (46 & 11% of 
that found in this fraction in the original plasma). 

Taken together, these experiments indicate that it is 
primarily or exclusively that apoE complexed in native 
plasma to apoB which is dissociated by centrifugation, 
MnCI,-heparin, or 3 M NaCNS to generate the unasso- 
ciated apoE (Lp-E) present after fractionation. Under the 
same conditions, apoE complexed with apoA-I remains 
undissociated. 

pg apoE per in1 plnsina 

1 61.1 17.3 (0.28) 4.0 (0.06) 0.23 
2 63.2 22.8 (0.36) 7.0 (0.1 1) 0.30 
3 65.8 18.1 (0.27) 7.1 (0.11) 0.39 
4 66.1 19.0 (0.29) 7 .7  (0.12) 0.40 

Plasma was centrifuged at d 1.063 g/ml, and after dialysis against 
0.15 M NaCI, the supernatant fraction (VLDL + LDL) was passed 
through an affinity column containing immobilized anti-apoB. The 
apoE fraction not retained by the affinity column (11) was compared 
to the apoE content of the total d 1.063 g/ml supernatant. 

DISCUSSION 

This research represents the first detailed validation 
of immunoaffinity chromatography for the fractionation 
of the labile complexes containing apoE that are present 
in human plasma. 

This study firstly provides very strong evidence that 
both molecular sieve chromatography and immunoaffinity 
chromatography permit a determination of the lipopro- 
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TABLE 5. Comparison of the levels of apoA-I-bound apoE in plasma determined by ultracentrifugal 
centrifugation and by direct immunoaffinity chromatography 

Plasma Total d > 1.063 Unassociated 
ApoE ApoE (A)O d > 1.063 ApoE (B)* 

pg apoE / ml plasma 

52.5 24.3 5.5 
57.4 42.3 9.6 
58.8 40.1 10.0 
63.2 32.6 5.0 
64.2 35.0 6.6 

ApoA-I-bound ApoE 
ApoA-I-bound (direct affinity 

d > 1.063 ApoE chromatography) 
(A - B) B/A (CY C - (A - B) 

pg a p o E / m l  plasma 

18.8 0.22 23.6 +4.8 
32.7 0.22 32.6 -0.1 
30.1 0.25 32.4 +2.3 
27.6 0.15 29.2 +1.6 
28.4 0.19 27.9 -0.5 

Determined as the infranatant fraction of a single centrifugation at d 1.063 g/ml. 
Determined as the concentration of nonadsorbed apoE after chromatography of the d 1.063 g/ml infranatant 

Determined as the nonadsorbed fraction of plasma from affinity chromatography on anti-apoB antibody. 
solution, after dialysis, on anti-apoA-I antibody. 

tein distribution of apoE that reflects the distribution 
present in native plasma. The advantages of the immu- 
noaffinity chromatography method lie in its speed and 
convenience, the analysis of a single pooled eluate, and 
the potential of the affinity method to separate, by se- 
quential chromatography on adsorbants specific for dif- 
ferent lipoprotein antigens, each of the lipoprotein species 

Apo E 63.2pg/ml 

I Hep/ Mn++ 

Apo E 24.8pgIml  Apo E 34.2pg/ml  

I ApoE n.d. I I ApoE 8.8pg/ml I 
I I I I 

Fig. 7. Effects of polyanionic precipitation with heparin-MnCI2 on 
the distribution of apoE in plasma. Plasma was mixed with MnClp and 
heparin, as described under Methods, and the supernatant and in- 
franatant fractions (the latter after resolubilization in 0.1 M NaHCO,) 
were dialyzed first against 5% w/v BaC12 (pH 7.0) and then against 
0.15 M NaCI, 1 mM disodium EDTA (pH 7.4). Total apoE in each 
fraction was determined, and the apoE not retained by affinity columns 
containing antibodies against apoA-I or apoB was also determined. 
The values shown represent apoE concentrations (as pg/ml, corrected 
to original plasma volume). The original plasma contained 1.07 mg/ 
ml apoA-I and 0.71 mg/ml apoB. ApoB was not detectable in the 
heparin-MnCl2 supernatant fraction (concentration ~ 0 . 0 0 5  mg/ml) 
while after anti-apoA-1 affinity chromatography, apoA-1 concentration 
was 0.02 mg/ml. The precipitated lipoproteins (VLDL + LDL) con- 
tained an apoA-1 concentration of 0.01 mg/ml, while after anti-apoB 
chromatography, the nonadsorbed apoB concentration (relative to 
plasma) was 0.01 mg/ml. 

of plasma under mild conditions. Both ultracentrifugation 
and polyanionic precipitation resulted in a substantial re- 
distribution of apoE between the major lipoprotein classes 
recovered by these procedures when compared to the 
other two methods. On the other hand, immunoaffinity 
chromatography under the conditions described here, 
was not associated with any substantial dissociation or 
redistribution of apoE. In particular, this study indicates 
that, in normocholesterolemic plasma, there is no de- 
tectable level of apoE unassociated with either apoA-I or 
apoB. 

The second major finding of this study is that unas- 
sociated apoE in both lipid-rich and lipid-poor forms is 
readily generated by using certain other fractionation 
procedures. Thus, a single centrifugation at d 1.063 g/ 
ml dissociated about one-fifth of total apoE from its native 
lipoprotein complexes; and of the apoE recovered in the 

TABLE 6. Dissociation of apoE from lipoprotein 
complexes by 3 M NaCNS 

_ _ _ _ ~  ~ 

Anti-apoB Anti-apoA-1 
lmmunoaffinity Immunoaffinity 

Chromatography Chromatography 
Plasma 

Experiment ApoE I I1 I1/1 I I1 

pg apoE per  ml plasma 

1 55.8 33.0 11.0 0.33 29.2 n.d. 
2 58.3 25.3 14.4 0.57 36.6 n.d. 
3 73.2 37.5 14.9 0.40 23.8 n.d. 
4 87.1 23.8 12.6 0.53 65.6 n.d. 

Values are expressed in terms of apoE concentration (pg per ml 
plasma) as apoE recovered in the 3 M NaCNS eluate after affinity 
chromatography after dialysis (I), and as the apoE nonadsorbed on 
subsequent rechromatography (11) on the same immunoaffinity ad- 
sorbent. The ratio II/I for anti-apoB chromatography represents the 
proportion of apoB-bound apoE in native plasma recovered in un- 
associated form after elution with 3 M NaCNS. Unassociated apoE 
from anti-apoA-I chromatography was not detectable (n.d., < 1.0 pg/ 
ml in these experiments). 
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lipid-rich supernatant under these conditions, one-third 
represented dissociated protein. It is possible that part 
of the reaction of some VLDL fractions with apoB, E 
lipoprotein receptors involve this dissociated apoE fraction 
(25). On the other hand, the binding of apoE to complexes 
containing apoA-I was stable to the same procedures. 
This may indicate fundamental differences in the mo- 
lecular basis of apoE binding to the high and very low 
density lipoprotein classes in human plasma. 

A final point relates to the lipoprotein "families" of 
unassociated individual apoproteins complexed with lipids 
that have been defined for many of the plasma apoli- 
poproteins on the basis either of the complexes present 
in centrifugally isolated lipoprotein fractions (as for Lp- 
E and Lp-C) (26, 27), complexes dissociated from im- 
munoadsorbers with 3 M NaCNS (Lp-F) (24), or after 
both procedures (Lp-D) (9). The  present study indicates 
that at least in the case of apoE, these procedures are 
exactly those that generate lipoprotein species that have 
the properties of those families but which were not present 
in native plasma. It may also be relevant that in the case 
of apoD, direct immunoaffinity chromatography of native 
plasma in another study revealed the presence of no un- 
associated lipoprotein apoD (Lp-D) (S), in contrast to the 
finding made after centrifugation and treatment with 3 
M NaCNS (23). It must also be emphasized, however, 
that the results of all these studies, and our own, refer 
to normocholesterolemic plasma, and that the presence 
of unusual associations of lipids and apoproteins in patho- 
logical plasma samples is in no way ruled out. 

In summary, this study suggests that immunoaffinity 
chromatography can accurately define the molecular as- 
sociation of even labile apoproteins, such as apoE, in native 
plasma, even when these associations are unstable to clas- 
sical fractionation techniques.@ 
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of Health through Arteriosclerosis SCOR HL-14237 and 
through HL-23738. Graciela R. Castro was a Visiting Scientist 
supported in part by the University Litoral, Santa Fe, Argentina. 
Manuscript received 17 June 1983. 

REFERENCES 

1 .  

2. 

3. 

66 

Fielding, C. J., V. G. Shore, and P. E. Fielding. 1972. A 
protein cofactor of 1ecithin:cholesterol acyltransferase. 
Biochem. Biophys. Res. Commun. 46: 1493-1 498. 
Havel, R. J., V. G. Shore, B. Shore, and D. M. Bier. 1970. 
Role of specific glycopeptides of human serum lipoproteins 
in the activation of lipoprotein lipase. Circ. Res. 27: 595- 
600. 
Brown, M. S., and J. L. Goldstein. 1974. Familial hyper- 
cholesterolemia: a defective binding of lipoproteins to cul- 
tured fibroblasts associated with impaired regulation of 3- 

Journal of Lipid Research Volume 25, 1984 

hydroxy-3-methylglutaryl coenzyme A reductase activity. 
Proc. Natl. Acad. Sci. USA. 71: 788-792. 

4. Mahley, R. W., D. Y. Hui, T. L. Innerarity, and K. H. 
Weisgraber. 198 1 .  Two independent lipoprotein receptors 
on hepatic membranes of dog, swine, and man. ApoB, E, 
and apoE receptors. J.  Clin. Invest. 68: 1 197-1 206. 

5. Mackie, A., M. J. Caslake, C. J. Packard, and J. Shepherd. 
198 1 .  Concentration and distribution of human plasma 
apolipoprotein E. Clin. Chim. Acta. 116: 35-45. 

6. Blum, C. B., L. Aron, and R. Sciacca. 1980. Radioimmu- 
noassay studies of human apolipoprotein E. J. Clin. Invest. 

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

8. Suenram, A., W. J. McConathy, and P. Alaupovic. 1979. 
Evidence for the lipoprotein heterogeneity of human plasma 
high density lipoproteins isolated by three different pro- 
cedures. Lipids. 14: 505-5 10. 

9. Fielding, P. E., and C. J. Fielding. 1980. A cholesteryl ester 
transfer complex in human plasma. Proc. Natl. Acad. Sci. 

10. Fielding, C. J., and P. E. Fielding. 1981. Evidence for a 
lipoprotein carrier in human plasma catalyzing sterol efflux 
from cultured fibroblasts and its relationship to leci- 
thin:cholesterol acyltransferase. Proc. Natl. Acad. Sci. USA. 

1 1 .  Fielding, C. J., J. Frohlich, K. Moser, and P. E. Fielding. 
1982. Promotion of sterol efflux and net transport by apo- 
lipoprotein E in 1ecithin:cholesterol acyltransferase defi- 
ciency. Metabolism. 31: 1023-1028. 

12. Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. T h e  
distribution and chemical composition of ultracentrifugally 
separated lipoproteins in human serum. J.  Clin. Invest. 3 4  

13. Rudel, L. L., J. A. Lee, J. M. Morris, and J. M. Felts. 1974. 
Characterization of plasma lipoproteins separated and pu- 
rified by agarose-column chromatography. Biochem. J.  139  
89-95. 

14. Heider, J. G., and R. Boyett. 1978. The picomole deter- 
mination of free and total cholesterol in cells in cu1ture.J. 
Lipid Res. 19: 514-518. 

15. Burstein, M., H. R. Scholnick, and R. Morfin. 1970. Rapid 
method for the isolation of lipoproteins from human serum 
by precipitation with polyanions.]. Lipid Res. 11: 583-595. 

16. Porath, J., R. Axen, and S. Ernback. 1967. Chemical cou- 
pling of proteins to agarose. Nature. 215: 1491-1492. 

17.  Lowry, 0. H.,  N. J. Rosebrough, A. L. Farr, and R. J. 
Randall. 1951. Protein measurement with the Folin phenol 
reagent. J .  Biol. Chem. 193: 265-275. 

18. Holmquist, L. 1982. Loss of human serum apolipoproteins 
C and E during manipulation of diluted solutions. J. Lipid 
Res. 23: 357-359. 

19. Mancini, G., A. 0. Carbonara, and J. F. Heremans. 1965. 
Immunochemical quantitation of antigens by single radial 
immunodiffusion. Immunochemistry. 2: 235-254. 

20. Noble, R. P. 1968. Electrophoretic separation of lipoproteins 
in agarose gel. J.  Lipid Res. 9 693-700. 

21. Havel, R. J,, L. Kotite, J. L. Vigne, J. P. Kane, P. Tun,  N. 
Phillips, and G. C. Chen. 1980. Radioimmunoassay of hu- 
man arginine-rich apolipoprotein, apoprotein E. Concen- 
tration in blood plasma and lipoproteins as affected by apo- 
protein E-3 deficiency. J.  Clin. Invest. 66: 135 1-1 362. 

22. Alaupovic, P. 1980. T h e  concepts, classification systems 

6: 1240-1 250. 

USA. 77: 3327-3330. 

78: 391 1-3914. 

1345-1353.  by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


and nomenclatures of human plasma lipoproteins. In CRC 
Handbook of Electrophoresis: Lipoproteins, Vol. 1. L. A. 
Lewis and J. J. Opplt, editors. CRC Press Inc., Boca Raton, 

23. McConathy, W. J., and P. Alaupovic. 1976. Studies on the 
isolation and partial characterization of apolipoprotein D 
and lipoprotein D of human plasma. Biochemistry. 15: 5 15- 
520. 

24. Koren, E., W. J. McConathy, and P. Alaupovic. 1982. Iso- 
lation and characterization of simple and complex lipopro- 
teins containing apolipoprotein F from human plasma. Bio- 
chemistty. 21: 5347-535 1. 

25. Gianturco, S., F. B. Brown, A. M. Gotto, Jr., and W. A. 

FL. 27-46. 

Bradley. 1982. Receptor-mediated uptake of hypertri- 
glyceridemic very low density lipoproteins by normal human 
fibroblasts. J. Lipid Res. 23: 984-993. 

26. Curry, M. D., W. J. McConathy, P. Alaupovic, J. H. Ledford, 
and M. Popvic. 1976. Determination of human apolipo- 
protein E by electroimmunoassay. Biochim. Biophys Acta. 439 

27. Kostner, G., and P. Alaupovic. 1972. Studies of the com- 
position and structure of plasma lipoproteins. Separation 
and quantification of the lipoprotein families occurring in 
the high density lipoproteins of human plasma. Biochemistry. 

413-425. 

11: 3419-3428. 

Cnstro mid Fieldiug Distribution of apolipoprotein E 67 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

