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Abstract The expression and immunoreactivity of apolipopro- 
tein (apo) A-I epitopes in high density lipoproteins (HDL) and 
serum has been investigated using two series of monoclonal anti- 
bodies (Mabs) which have been described elsewhere. Series 1 
Mabs, identified as 3D4, 6B8, and 5G6, were obtained by im- 
munization and screening with apoA-I, and series 2 Mabs, iden- 
tified as 2F1, 4H1, 3G10, 4F7, and 5F6, were obtained by im- 
munization and screening with HDL. These Mabs were charac- 
terized with respect to their binding to HDL particles in solu- 
tion. In series 2 Mabs, 2F1, 3G10, and 4F7, which react with 
apoA-I CNBr-fragments 1 and 2, could precipitate 100% of lZ5I- 

labeled HDL, while 4H1 and 5F6, which react with CNBr frag- 
ments 1 and 3, precipitated 90 and 60% of '251-labeled HDL, 
respectively. Therefore, three distinct epitopes mapped to CNBr 
fragments 1 and 2 have been identified which are expressed on 
all HDL particles, indicating that several antigenic do mains ex- 
ist on apoA-I which have the same conformation on all apoA-1- 
containing lipoproteins. The Mabs reacting at these sites have 
significantly higher affinity constants for '251-labeled HDL than 
those that failed to precipitate 100% of HDL. This suggests that 
the high affinity Mabs react with apoA-I epitopes that are both 
expressed on all lipoproteins and located in thermo-dynamically 
stable regions of the molecules. All Mabs from series 1 precipi- 
tated 35% or less of '251-labeled HDL prepared from freshly col- 
lected serum, but the proportion of HDL particles expressing 
the epitopes for these Mabs doubled or more upon serum 
storage at 4OC. The time course of the alteration of apoA-I anti- 
gen in vitro was measured in three normolipemic donors. Upon 
storage of serum at 4OC, the immunoreactivity of series 2 Mabs 
(4H1, 3G10) remained unchanged. However, the immunoreac- 
tivity of series 1 Mab 3D4 increased linearly at 38%/day for 4 
weeks and by 12 weeks had plateaued at about 280-fold com- 
pared to day 1. The immunoreactivity of other series 1 Mabs 
also increased significantly with time in vitro. This process was 
partially inhibited in the presence of EDTA and by addition of 
antioxidants, however, the exact molecular nature of this in vitro 
alteration of apoA-I antigen was not identified.-Marcel, Y. L., 
D. Jewer, C. Vgzina, P. Milthorp, and P. K. Weech. Expres- 
sion of human apolipoprotein A-I epitopes in high density lipo- 
proteins and in serum. J Lipid Res. 1987. 28: 768-777. 

Supplementary key words monoclonal antibodies * immunopre- 
cipitation radioimmunoassay 

Apo A-I is the major protein constituent of high density 
lipoproteins (HDL) and lymph chylomicrons and repre- 

sents the major apolipoprotein in normal subjects. As 
such apoA-I has been extensively studied and well charac- 
terized both in terms of its molecular structure and meta- 
bolism and of its role in lipid transport (1-3) .  The 
immunochemical properties of apoA-I have also been the 
object of many investigations (4) and several panels of 
monoclonal antibodies (Mabs) directed against apoA-I 
have been described (4-8). Our first series of Mab was ob- 
tained from mice immunized with purified apoA-I and 
after screening with purified apoA-I. These series 1 Mabs 
identify three distinct epitopes that have been mapped to 
the CNBr fragments 1, 2, and 3 of apoA-I (6)  and which 
are better expressed on stored than on freshly collected 
sera (4). Our series 2 Mabs were obtained by immuniza- 
tion and screening using freshly prepared HDL, and they 
react with another set of five distinct epitopes that are also 
distributed on CNBr fragments 1, 2, and 3 of apoA-I (8) 
and which appear unaffected by storage of the antigen (4). 

Curtiss and Edgington (5) have also reported a panel of 
anti-apoA-I Mab that identify three distinct epitopes and 
were characterized by their inability to precipitate more 
than 60% of 'Z51-labeled HDL when used alone or more 
than 80% when used in combination (5). This finding was 
interpreted as evidence that HDL particles are hetero- 
geneous and that none of these three epitopes were ex- 
pressed on all HDL species. The possible dominance of 
such antigenic determinants on apoA-I appears to be sup- 
ported by the preliminary report of Krul et al. (7) who 
described seven different anti-apoA-I Mabs that could be 
divided -into two groups as a function of their capacity to 
bind to lZ5I-labeled HDL: those that bound 75% of the 
HDL and those that bound only 40%. However, in the 
present studies, we demonstrate that three Mabs from our 

Abbreviations: apo, apolipoprotein; HDL, high density lipoproteins; 
Mab, monoclonal antibody; EDTA, ethylenediaminetetraacetate; BHT, 
butylated hydroxytoluene; PBS, phosphate-buffered saline; RIA, radio- 
immunoassay; PMSF, phenylmethylsulfonylfluoride. 

'To whom reprint requests should be addressed. 
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series 2 that identify three distinct epitopes can singly be 
used to immunoprecipitate the totality of lZ5I-labeled 
HDL. This demonstrates, therefore, that while apoA-I 
conformation may be heterogeneous in different apoA-I- 
containing particles, domains exist within the molecule 
that express the same epitopes an all particles. 

In contrast, none of the Mabs from our series 1 could 
precipitate more than about 40% of freshly prepared 
HDL, but the percentage of bound particles increased 
with storage. We also report here on the time course of the 
in vitro alteration of apoA-I epitopes and present evidence 
that this process can be minimized by the presence of ED- 
TA and antioxidants. 

MATERIALS AND METHODS 

Preparation of serum and plasma 
Blood was drawn from normolipemic subjects by veni- 

puncture and collected into Vacutainer tubes. Serum was 
prepared by drawing blood into tubes without antico- 
agulant. The blood was allowed to clot at room tempera- 
ture for 1 to 2 hr. Plasma was prepared by drawing blood 
into tubes containing EDTA (1 mglml). Sodium azide and 
phenylmethylsulfonyl fluoride were added to final concen- 
trations of 0.02% and 1 mM, respectively. 

To study the effect of storage on immunoreactivity of 
4H1, 3G10, and 3D4 by radioimmunoassay, serum samples 
were aliquoted and stored at either 4OC, -20°C, or 

To study the effect of serum additives on the im- 
munoreactivity of series 1 and series 2 anti-apoA-I Mabs, 
all samples contained 1 mM PMSF and 0.02% NaN3. 
Plasma (1 mg/ml EDTA) and sera samples of three donors 
were aliquoted and stored at 4OC or - 8OoC either as such, 
or as sera to which were added antioxidants ( 0 . 0 5 % ~  
tocopherol, 500 pglml glutathione, 10 ng/ml butylated 
hydroxytoluene), or antioxidants plus an antibacterial 
agent (1000 unitdm1 penicillin-streptomycin) and anti- 
proteases: aprotinin (100 kallikrein-inhibitory unitdml) 
and soybean trypsin inhibitor (10 pglml). 

Solid phase radioimmunoassay of apoA-I 

Immulon I1 Removawells were coated with 100 pl 
apoHDL diluted to a concentration of 2pg protein/ml 
with 15 mM NaZCO3, 35 mM NaHCO,, 0.02% NaN3, 
pH 9.6. The wells were placed in a moist chamber at 
room temperature for 2 hr. The coating solution was dis- 
carded and the wells were washed once with phos- 
phate-buffered saline (PBS), pH 7.2 (wash I). The wells 
were then saturated with 300 p1 of 0.5% gelatin, 0.02% 
NaN, in PBS, pH 7.2, for 30 min; the solution was dis- 
carded, and the wells were washed once with wash I. 

Titration of monoclonal antibodies. Serial doubling dilu- 

- 8OOC. 

tions of series 1 antibodies 5G6, 3D4, and 6B8 and series 
2 antibodies 2F1, 4H1, 3G10, 4F7, and 5F6 were prepared 
in 0.5% gelatin, 0.05% Tween 20, 0.02% NaN3 in PES, 
pH 7.2 (reaction buffer), in a volume of 100 pl in 
microtiter plates (Linbro) using a multichannel pipet 
(Titertek). The starting antibody dilution was 1/500. A 
further 100 pl of reaction buffer was added to all wells and 
100 pl of this mixture was transferred to the coated wells 
and incubated for 1 hr at room temperature in a moist 
chamber. The antibody solution was discarded and the 
wells were washed three times with 0.05% Tween 20, 
0.02% NaN3 in PBS, pH 7.2 (wash 11). Labeled rabbit 
anti-mouse IgG was added as described below. 

Competitiue asays. The antibody dilution chosen for 
competitive assays was that which gave 60% maximum 
binding in the titration above. Serial doubling dilutions of 
competing antigen (serum) were prepared in reaction 
buffer in a volume of 100 pl as above. To the serum dilu- 
tions, 100 pl of the appropriate antibody dilution was add- 
ed, the solution was mixed, and 100 p1 was immediately 
transferred to the coated wells. The wells were incubated 
for 1 hr. The solution was discarded and the wells were 
washed three times with wash 11. 

To each of the wells, 100 pl containing 200,000 cpm of 
lZ5I-labeled rabbit-anti-mouse IgG diluted in reaction 
buffer was added. The wells were incubated for 1 hr. The 
solution was discarded, the wells were washed three times 
with wash 11, and each well was counted in a gamma 
counter. Results were expressed as B/Bo where B and Bo 
represent the cpm bound in the presence and absence of 
competing antigen, respectively. 

Preparation of HDL and delipidated HDL 

HDL were prepared by discontinuous density gradient 
centrifugation as described by Terpstra, Woodward, and 
Sanchez-Muniz (9) but without prestaining (4). HDL be- 
tween densities 1.09 g/ml and 1.16 g/ml were identified by 
color, carefully removed from the gradient, and dialyzed 
overnight against 10 MM NH4 H C 0 3 ,  0.02% NaN3, pH 
7. The protein concentration was determined by the 
method of Lowry et al. (10). HDL were delipidated by the 
chloroform-methanol 2:l (vol/vol) procedure of Olofsson, 
McConathy, and Alaupovic (11). 

Labeling of HDL with '"I for immunoprecipitation 
HDL was labeled with "'I using single reaction Enzy- 

mobead radioiodination reagent purchased from Bio-Rad 
(Chemical Division, Richmond, CA) as previously described 
(12). To 25 p1 of Enzymobead reagent, the following were 
added: 100 pg of protein in a minimum volume of PBS, 
pH 7.2, containing 1 m M  EDTA, 25 pl of 0.2 M phos- 
phate buffer, pH 7.2, 1.0 mCi of NalZ5I (Amersham Cor- 
poration), and 25 p1 of D-glucose. The mixture was 
incubated at room temperature for 15 min. The sample 
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was diluted with 200 pl of 1 mM EDTA, 0.02% NaN, in 
PBS, pH 7.2, and applied to a Sephadex G25 column (20 
cm x 1.0 cm) equilibrated with 1 mM EDTA, 0.02% 
NaN, in PBS, pH 7.2, to remove free lZ5I. Fractions of 1 
ml were collected. The peak fractions were pooled and di- 
alyzed overnight against 1 mM EDTA, 0.02% NaN, in 
PBS, pH 7.2. Preparations of 1251-labeled HDL had 
specific activities from 0.78 to 1.51 pCi/pg of protein. The 
radioactivity precipitable by 12 % trichloroacetic acid 
ranged from 67% to 88%. 

Preparation of Pansorbin cells armed with 
anti-mouse IgG 

Pansorbin cells (pickled Staphylococcus uureus cells, 
Calbiochem, CA) were washed three times with 1% BSA, 
ImM EDTA, 0.02% NaN3 in PBS, pH 7.2 (reaction buf- 
fer). Between washings, the cells were centrifuged at 3,000 
g for 15 min at 5OC. The prewashed Pansorbin was armed 
with rabbit anti-mouse immunoglobulin (Cedarlane Lab- 
oratories, Hornsby, Ontario) at a concentration sufficient 
to saturate the Pansorbin cells and the mixture was left to 
incubate for 24 hr at 4OC (13). The armed cells were 
washed three times as above. 

Immunoprecipitation of '251-labeled HDL with 
monoclonal antibodies 

Various anti-apoA-I Mabs and an anti-apoA-I1 Mab (a 
generous gift from Linda K. Curtiss, La Jolla, CA) were 
used in these experiments. To determine nonspecific pre- 
cipitation, an unrelated Mab 2H2 (anti-rat atrial natri- 
uretic factor) was used. Antibody dilutions were prepared 
in reaction buffer in a volume of 450 pl, mixed with 50 pl 
of '251-labeled HDL (25 ng of protein), diluted in reaction 
buffer, and incubated for 24 hr at 4OC. To this mixture, 
Pansorbin cells armed with rabbit anti-mouse im- 
munoglobulin (50 p l )  were added and the mixture was 
further incubated for 18 to 24 hr at 4OC. The Pansorbin 
was spun down by centrifugation at 3000 g for 15 min at 
5OC. The pellet was washed once with reaction buffer and 
then counted in a gamma counter. Several controls were 
included which contained 450 pl of reaction buffer and 50 
pl (25 ng of protein) of '251-labeled HDL, but no Pansor- 
bin was added. To precipitate the protein, an equal 
volume of 24% trichloroacetic was added, and the pre- 
cipitate was spun down by centrifugation at 13000 g for 4 
min; the supernatant was removed and the pellet was 
counted. Results were expressed as percentage of radioac- 
tivity bound, B/Bo x 100, where B = cpm precipitated by 
Pansorbin cells and Bo = cpm precipitated in controls by 
trichloroacetic acid. 

Determinations of affinity constants 
Competitions between '251-labeled HDL and HDL 

were used to determine the affinity constants of series 1 
monoclonal antibody 3D4 and series 2 monoclonal anti- 

bodies 4H1, 3G10, and 2F1. Serial doubling dilutions of 
competing antigen unlabeled HDL were prepared in 
volumes of 100 pl to which were added 100 pl of 1251-la- 
beled HDL (20 ng of protein) and 100 pl of the Mab at 
the dilution required for approximately 50% maximum 
binding. Maximum binding in the absence of competing 
antigen was also determined. The tubes were incubated at 
4OC for 18 hr, after which 50 pl of Pansorbin armed with 
rabbit anti-mouse immunoglobulin was added and the 
mixtures were incubated for another 4 hr at 4OC. The 
Pansorbin was spun down and counted as above. The 
affinity constant, Ka of the antibodies was calculated 
from the formula (14): 

1 
(C - L) (1 - 1.5b + 0.5b2) 

Ka = 

where C is the molar concentration of competing antigen 
required for 50% inhibition of 1251-labeled HDL binding 
to the antibody, L is the molar concentration of Iz5I-la- 
beled HDL added, and b is the maximum binding of 
lZ5I-labeled HDL in the absence of competitor calculated 
as the proportion of radioactivity bound, B/Bo, as above. 
The molar concentration of HDL was calculated from the 
protein mass of HDL (2.5 x 105g/mol) (12). 

RESULTS 

Immunoprecipitation of '251-labeled HDL prepared 
from fresh and stored serum 

Under conditions of antibody excess and of second an- 
tibody excess, most Mab from series 2 could precipitate 
the totality of 'Z51-labeled HDL (Fig. 1): 2F1, 3G10, and 
4F7 were the most effective while 4H1 could precipitate 
only 90% of the labeled HDL at dilutions below 1/1000. 
Labeled HDL prepared from either fresh or stored sera 
were equally and totally precipitated by each of these 
Mabs (Fig. 1). Therefore most of the apoA-I epitopes that 
are identified by Mabs from series 2 are expressed on all 
apoA-I-containing lipoproteins and, in agreement with 
the results of RIA experiments described subsequently, 
these epitopes are unaffected by storage of the serum at 
4°C. These results were reproducible, although in some 
experiments (Table 1) the immunoprecipitation by series 
2 Mabs of stored HDL was decreased as compared with 
the corresponding fresh HDL, possibly reflecting an 
undefined alteration of the stored fraction. Mab 5F6 
could precipitate only 50 to 60% of '251-labeled HDL and 
was the only Mab from series 2 that precipitated sig- 
nificantly more stored than fresh HDL (Fig. 2). 

None of the series 1 Mabs was as effective as the series 
2 Mabs in precipitating 'z51-labeled HDL prepared from 
fresh serum (Fig. 1). In addition, even at higher antibody 
concentrations, 3D4 and 6B8 could not precipitate all 
fresh HDL and the plateau could only be obtained by ex- 
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Fig. 1. Immunoprecipitation of fresh and stored '251-labeled HDL by series 1 and series 2 antibodies. The per- 
centage of trichloroacetic acid-precipitable radioactivity that was bound by each antibody is shown as a function 
of antibody dilution. For each antibody the solid line shows the result obtained with HDL isolated from fresh serum; 
HDL from stored serum is shown by the broken line. A control experiment to measure nonspecific binding was 
made with an unrelated antibody, 2H2. The experiments with antibodies 3D4, 5G6, 6B8, and 2H2 used HDL from 
fresh serum or serum stored for 46 days at 4OC; both HDL preparations were subsequently stored for 14 days at 
4OC prior to the experiment. The experiments with antibodies 4H1, 4F7, 3G10, and 2F1 used HDL from fresh or 
stored (27 days, 4°C) serum; both HDL were subsequently stored 11 days at 4% before the experiment. 

trapolation (Fig. 2). However, series 1 Mabs reacted sig- 
nificantly better with stored HDL than they did with fresh 
HDL (Figs. 1 and 2), highlighting the contrast between 
series 1 and series 2 Mabs: the latter, with the exception 
of 5F6, having precipitated uniformly well both fresh and 
stored HDL. Nevertheless, none of the series 1 Mabs 
could precipitate more than 75% of the labeled fresh 
HDL. Although the proportion of labeled HDL that ex- 
pressed the epitopes of series 1 Mabs increased consistent- 

ly with time in vitro, the phenomenon that produced these 
effects did not affect all HDL particles and was probably 
incomplete. 

Immunoprecipitation of '251-labeled HDL by com- 
bination of antibodies 

In these experiments, we wanted to determine whether 
different epitopes of apoA-I were heterogeneously express- 
ed in different populations of apo.4-I containing lipopro- 
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TABLE 1. Immunoprecipitation of 'Z51-labeled HDL by different Mab against apoA-I 

Experiment I Experiment I1 

Fresh (20 d) Stored (66 d) Fresh (1 1 d) Stored (38 d) 
Mab HDI, HDL HDL HDL 

Series 2 
2F1 90 (2)" 7' (1) 99 97 
3C10 88 (1) 70 (1) 
4F7 79 (1) 57 (1) 
4H 1 74 (5) 74 (5) 
5F6 55 (0.4) 71 (2) 

3D4 55 (1) 75 (1) 46 59 

5G6 5.9 (1.1) 29 (2) 3 5 

Anti-apoA-I1 47 (1) 40 (1) 45 55 

93 96 
90 95 
72 80 
56 59 

Series 1 

6B8 46 (1) 68 (0.5) 44 46 

In experiment I, the labeled HDL were prepared from fresh and stored (46 days at 4OC) sera from the same 
subject (n = 3); in experiment 11, the labeled HDL were prepared from fresh and stored sera (27 days at 4%) 
from the same subject (n = 2). 

"Values are the percentage of radioactivity bound to Pansorbin-IgG at the plateau, with the standard deviation 
in parentheses. 

teins. If this was the case, additive effects would be 
observed by immunoprecipitation with certain Mab com- 
binations. The additivity of immunoprecipitation by pairs 
of Mabs from series 2 was investigated under conditions 
of antibody excess for each individual Mab but using a 
particular preparation of '251-labeled HDL that was not 

totally precipitated by any single Mab, (Table 2). Most 
antibody combinations gave an additive effect in im- 
munoprecipitation and, as should be expected, the effect 
was most pronounced for Mabs such as 5F6 and 4H1 
which were the least effective when used alone, but in this 
particular experiment the precipitation never exceeded 

U 
C 
3 
0 

N 
m 

Antibody dilution (~1000) 

Fig. 2. Immunoprecipitation of fresh and stored 1Z51-labeled HDL by series 1 and 2 antibodies. The legend is 
the same as that for Fig. 1; however in these experiments the added amount of anti-mouse IgG armed-Pansorbin 
was increased to 150 pl to ensure saturation at the higher concentrations of antibodies used. The experiments used 
HDL prepared from fresh or stored (70 days, 4OC) serum; both were kept for 10 days at 4OC (5F6) or for 17 days 
at 4'C (3D4, 6B8 and 2F1) before the experiment. 
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TABLE 2. Immunoprecipitation of 1*51-labeled HDL by combina- in specific apoA-I-containing lipoproteins with or without 
apoA-11. To evaluate the nature of the labeled lipoproteins 
that were immunoprecipitated, the distribution of radio- 
activity in the apolipoproteins of the supernatants and 

4H 1 65" 91 87 89 79 90 starting lZ51-labeled HDL were analyzed and compared 
(Table 4). While 4H1 could precipitate 91% and 68% of 2F1 85 94 90 94 96 

4F7 67 90 86 88 
3G10 76 64 90 the labeled apoA-I and apoA-11, respectively, the 

tion of Mab against apoA-I (series 2) and apoA-I1 

4H1 2F1 4F7 3G10 5F6 Anti apoA-I1 

5F6 
Anti apoA-I1 

63 
41 

The HDL used in this experiment were prepared from fresh serum 

'Percentage of radioactivity bound to Pansorbin-IgG at the plateau 
and had been stored 30 days at the time of the experiment. 

(SD d 10%). 

95%. Similar results were also observed when series 2 
Mabs were combined with anti-apoA-I1 (Table 2). These 
experiments, therefore, demonstrate that apoA-I epitopes 
are indeed not homogeneously expressed on all lipopro- 
teins and that they may reflect a heterogeneous conforma- 
tion of apoA-I itself or steric hindrance by lipids or other 
apoproteins. 

In contrast, no significant additivity could be observed 
with pairs of Mabs from series 1 such as 5G6, 3D4, and 
6B8 (Table 3), a result that indicates that the determi- 
nants for these Mabs tend to be expressed on the same 
lipoproteins and from which we could conclude that the 
same apoA-I molecule expresses each of these three epi- 
topes. However there were additive effects when pairs of 
Mabs from series 1 were combined with an anti-apoA-11, 
and in this case immunoprecipitation of lZ5I-labeled HDL 
reached more than 90% (Table 3). 

Since the heterogeneity of apoA-I-containing lipopro- 
teins is well documented (15-17) and since the partition of 
apoA-I between lipoproteins with or without apoA-I1 has 
been quantified, it was of interest to determine whether 
the epitopes for 3D4 and 4H1 were preferentially expressed 

TABLE 3. Immunoprecipitation of 1z51-labeled HDL by combina- 
tion of Mab against apoA-I (series 1) and apoA-I1 

3D4 
5G6 5G6 3D4 5G6 

5G6 3D4 6B8 anti-A-I1 3D4 6B8 6B8 6B8 

5G6 
5G6 

3D4 
3D4 

6B8 
6B8 

Anti-A-I1 
Anti-A-I1 

13" 63 59 55 
16 68 57 

70 74 85 
76 75 89 

59 84 71 
56 87 72 

50 82 82 92 89 
54 83 83 93 91 

Both HDL preparations used in this experiment were obtained from 
blood of the same donor, but drawn on different days. 

"The results are expressed as percent of radioactivity bound to 
Pansorbin-IgG at the plateau (SD < 10%). The two values given for 
each Mab combination represent the results obtained with each 1251-labeled 
HDL preparation. 

anti-apoA-I1 precipitated 42% and 79% of apoA-I and 
apoA-11, respectively, results that are compatible with 
those of Cheung and Albers (15) who reported that the 
percentage of plasma apoA-I not associated with apoA-I1 
varied between 25 and 51%. Both 3D4 and 4H1 precipi- 
tated a similar ratio of apoA-I to apoA-11, and in the case 
of 3D4, when labeled HDL prepared from stored and 
fresh serum were compared, the proportion of precipi- 
tated apoA-I increased together with that of apoA-I1 
(Table 4). Therefore both 3D4 and 4H1 epitopes are ex- 
pressed on apoA-I-containing lipoproteins with or 
without apoA-11, but the lower proportion of apoA-I1 pre- 
cipitated by either Mab indicates that the immunoreac- 
tivity of these epitopes is lower in lipoproteins with apoA-I 
and apoA-I1 compared to lipoproteins with apoA-I and no 
apoA-11. 

Effect of storage time on serum apoA-I 
immunoreactivity 

As we had shown earlier that the immunoreactivity of 
3D4 but not that of 4H1 increased significantly with 
storage of serum at 4OC (4), we undertook here to quan- 
tify this process precisely. Aliquots of sera from three nor- 
molipemic subjects were stored at 4 O ,  - 20°, and - 8OoC 
for different periods of time up to 84 days and were 
assayed weekly by solid phase RIA as described under 
Methods using three different Mabs: 4H1, 3G10, and 
3D4. There was no significant change in serum apoA-I 
immunoreactivity with any of the Mabs studied when the 
samples were stored in the frozen state at -80° or 
- 2 O O C  (Table 5), and under these conditions, the in- 
terassay coefficient of variation was calculated to be 9.1%, 

TABLE 4. Immunoprecipitation of '251-labeled HDL 
(Percentage of precipitated apolipoproteins) 

Precipitating Mab 

3D4 4H1 Anti-ApA-I1 Precipitated 
Apoprotein Fresh Stored Fresh Stored Fresh Stored 

ApoA-I 58 (11)" 83 91 (4) 92 42 (5) 38 
ApoA-I1 40 (9) 62 68 (10) 71 79 (4) 75 

Lz51-labeled HDL prepared from fresh serum (n - 4) or from stored se- 
rum (n = 2-, 27-, and 46-days-old) were precipitated by excess antibody 
against apoA-I or apo A-I1 as indicated under Methods. An aliquot of 
the unbound supernatant was separated by electrophoresis on 15% poly- 
acrylamide gels in the presence of SDS. After migration, the gel was dned 
and the regions corresponding to apoA-I and apoA-I1 were cut and counted 
for radioactivity. 

"The results are expressed as the percentage of apoA-I and apoA-I1 
radioactivity that were precipitated relative to that present in the starting 
material, with the standard deviation in parentheses. 
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TABLE 5. Effect of storage time and temperature on serum apoA-I immunoreactivity 

Storage Time (days) Storage 
Mab temp. 1 7 14 21 28 35 49 63 84 

4H 1 4OC 1.00 1.14 (0.29)" 1.33 (0.30) 1.35 (0.38) 1.48 (0.16) 1.39 (0.15) 1.44 (0.03) 1.78 (0.12) 1.78 (0.45) 
4H1 -2OOC 1.17 (0.23) 1.34 (0.34) 1.26 (0.55) 1.00 (6.03) 1.13 (0.13) 1.14 (0.18) 1.22 (0.23) 1.24 (0.21) 
4H1 -8OOC 1.09 (0.37) 1.17 (0.30) 1.17 (0.41) 0.94 (0.10) 1.00 (0.13) 1.17 (0.16) 1.14 (0.15) 1.09 (0.15) 
3G10 4OC 1.00 1.41 (0.50) 1.33 (0.48) 1.66 (0.69) 1.64 (0.40) 1.85 (0.53) 1.81 (0.46) 2.04 (0.76) 1.97 (0.81) 
3G10 -2OOC 1.31 (0.44) 1.34 (0.51) 1.19 (0.51) 1.17 (0.31) 1.17 (0.41) 1.11 (0.19) 1.17 (0.29) 1.13 (0.31) 
3G10 -8OOC l.Zg(O.47) 1.25(0.46) 1.27(0.59) l.OS(0.33) 1.17(0.25) 1.14(0.26) 1.16(0.31) 1.14(0.20) 
3D4 4OC 1.00 2.84 (1.38) 6.55 (3.25) 25.4 (21.8) 44.2 (13.6) 71.0 (32.2) 112 (29) 205 (26) 271 (31) 
3D4 -2OOC 1.21 (0.85) 0.98 (0.43) 1.24 (0.86) 0.86 (0.40) 1.00 (0.52) 0.80 (0.46) 1.25 (0.95) 0.96 (0.23) 
3D4 -8OOC 1.17 (0.61) 1.36 (0.90) 1.29 (0.86) 1.07 (0.35) 0.95 (0.50) 0.95 (0.49) 0.95 (0.50) 1.07 (0.61) 

"The results (average of three donors, with standard deviation in parentheses) are expressed as the ratio of serum dilutions required to obtain a 
B/Bo = 0.5 on day n relative to that on day 1.  The sera contained additives as described under Methods. 

8.6%) and 12.2% for Mab 4H1, 3G10, and 3D4, respec- 
tively. In contrast, there were highly significant increases 
in immunoreactivity of serum with 3D4 during storage at 
4OC, but not with the other antibodies. The immunoreac- 
tivity with 3D4 increased linearly during the first 4 weeks 
at an average increment of 38%lday and reached a mean 
increase of 278-fold for the three donors at 12 weeks 
(Table 5). In contrast, the immunoreactivity of the same 
samples assayed on the same days with 4H1 and 3G10 
changed very little, although a significant linear regres- 
sion was calculated over the 12-week period using the data 
in Table 5 and represented average increases of 0.80 and 
0.75%/week for 4H1 and 3G10, respectively. 

Some of these results with series 2 Mabs contradict cer- 
tain of our preliminary observations (4) which indicated 
that 3G10 and 4F7 reacted better with fresh sera, although 
we had also noted that these Mabs reacted better with 
NaOH-treated HDL, a model of antigen in vitro 
modification. In addition, 2F1 was also initially reported 
as reacting better with control HDL than with NaOH- 
treated HDL, although it appeared to react better with a 
stored serum (4). However, it is clear now from the results 
of both the competitive RIA and the immunoprecipita- 
tions that Mabs of series 2, such as 4H1, 3G10, 4F7, and 
2F1, react equally with the fresh and stored antigen, 
whether in serum or in HDL. 

The changes in apoA-I immunoreactivity with series 1 
Mabs as a function of antigen storage at 4OC were not 
related to any evident degradation of the antigen. The 
serum samples stored for the longest periods were elec- 
trophoresed on SDS polyacrylamide gel and submitted to 
immunoblots with each of the three tested Mabs. There 
was no evidence of proteolysis of apoA-I, as indicated by 
the absence of immunoreactive fragments (not illus- 
trated), in agreement with our previous studies (4). It is 
important to note that all Mabs of series 1 could detect 
important increases in apoA-I immunoreactivity, an ob- 
servation that indicates that the phenomenon is not 

related to a modification of apoA-I at a single site in the 
molecule. 

The expression of apoA-I epitopes on HDL prepared 
from fresh or stored serum was evaluated by equilibrium 
competitive inhibition analyses in which the ability of 
homologous HDL to compete with lZ5I-labeled HDL for 
binding with Mabs 3D4, 2F1, 4H1, and 3G10 was studied. 
Full displacement of '251-labeled HDL (fresh or stored) by 
HDL (fresh or stored, respectively) was obtained with 
each Mab and the Ka were calculated (Table 6). In the 
cited experiments where the HDL preparations were 
stored at 4OC for different periods of time, Ka for 2F1 did 
not change, and the Ka for 3G10 tended to decrease with 
storage, whereas the Ka for 4H1 was unchanged or slight- 
ly increased. In contrast, the K a  for Mab 3D4 of series 1 
increased with storage in both experiments and especially 
with the HDL stored for 76 days, indicating that the 
affinity of 3D4 for its epitope was significantly enhanced 
upon prolonged time in vitro. However, the changes in 
K, for 3D4 were most pronounced only upon prolonged 
storage and may not be sufficient to explain all of the 
changes in immunoreactivity noted with this antibody. 

Effect of EDTA and antioxidants on apoA-I immuno- 
reactivity 

Blood from three normolipemic donors was used to 
prepare serum or EDTA-plasma and the serum samples 
were further separated in aliquots containing mixtures of 
either antioxidants alone, or antioxidants, antibacterial, 
and antiproteolytic agents, as described under Methods. 
The different samples were stored for about 50 days at 
- 8OoC or 4OC and then assayed by RIA with Mabs from 
series 1 and 2. As noted before, the immunoreactivity of 
all sera stored at 4OC compared to the frozen samples in- 
creased greatly with Mabs 3D4, 6B8, and 5G6 of series 
1, whereas the immunoreactivity with 4H1 and 3G10 of 
series 2 was not significantly changed (Table 7). In con- 
trast, the increase in reactivity with Mabs 3D4, 6B8, and 
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TABLE 6. Effect of storage on the affinity constants (K.) of anti- 
apoA-I with '*'I-labeled HDL 

DISCUSSION 

Experiment I Experiment I1 

HDL (30 d) HDL (76 d) HDL (8 d) HDL (14 d) HDL (41 d) 
~~ ~ ~~ 

2F1 14.4 15.1 12.3 
3G10 4.13" 1.98 10.8 6.8 5.1 
4H1 0.132 0.226 0.086 0.064 0.090 
3D4 0.055 0.704 0.035 0.029 0.076 

"The affinity constants ( x lo9 M -1) were calculated as described un- 
der Methods. 

3G10 of the plasma stored at 4OC compared to the frozen 
plasma was also important and significant, but on the 
average about three times less than that of the correspond- 
ing serum samples (Table 7). 

When a mixture of antioxidants was added to the 
serum samples, the increase in immunoreactivity with 
Mabs 3D4, 6B8 and 5G6 related to storage at 4OC was 
diminished but did not reach the levels observed with 
plasma (Table 7). When antioxidants, antiproteases, and 
antibacterial agents were added to the different sera, the 
relative increase in immunoreactivity with Mabs 3D4, 
6B8, and 5G6 was further diminished and reached the 
levels observed with most of the plasma samples (Table 7). 
These experiments, therefore, demonstrate that a signifi- 
cant component of the mechanism that accounts for the 
increase in apoA-I immunoreactivity observed in vitro at 
4OC can be inhibited by the chelation of divalent cations 
and may be related to oxidative processes. 

The great majority of plasma apoA-I is found in HDL 
which comprise lipoproteins heterogeneous in their physical 
properties, and within each density subclass there is fur- 
ther polydispersity. While the lipid composition and the 
lipid to protein ratio of HDL subclasses vary as a function 
of density, an even greater heterogeneity exists which is 
brought about by the presence of diverse apolipoproteins 
that associate in various combinations to yield the com- 
plex apoA-I-containing lipoproteins. The best illustration 
of this heterogeneity is probably that obtained by isoelec- 
tric focusing on agarose films which demonstrates the ex- 
istence of at least ten lipoprotein species (16) and which 
are characterized by the association of two or more apo- 
proteins (A-I, A-11, C-I, C-11, C-111, D, apd E) on the 
same particle. The apoA-I-containing lipoproteins can 
also be separated into two major subclasses, the particles 
with A-I and A-I1 and those with A-I but no A-I1 (15, 17). 

In view of this well-documented heterogeneity of apoA- 
I containing lipoproteins, it is not surprising that the early 
immunochemical studies of apoA-I disposition on the 
HDL surface had demonstrated the heterogeneity of the 
antigen (18, 19); evidence was presented that some anti- 
genic sites of apoA-I in HDL are more accessible to anti- 
bodies than others. This concept appears to be supported 
by the first reported studies with Mabs (5), where none of 
the three epitopes identified were expressed on more than 
60% of the HDL particles. In addition, the relative ex- 
pression of these three epitopes was found to vary in HDL 

TABLE 7. Evolution of apoA-I immunoreactivity upon storage of plasma, sera, and sera containing 
either or both antioxidants, antiproteases and antibacterial agent 

Antibody 

3D4 6B8 5G6 4H 1 3G10 Fraction 
Assayed A B Ca A B C A  B C A  B C A  B C 

Serum 517b 193 320 36 20 23 10 3.9 6.7 1.9 1.8 1.8 1.58 1.9 1.8 

Serum + antioxidant 283 82 210 16 7 15 5.3 2.5 4.8 1.3 1.4 1.5 1.9 1.6 1.8 

Serum + antioxidant 
+ antibacterial 
+ antiproteases 394 67 131 1 1  5 7 5.3 2.3 3.3 1.4 1.5 1.4 1 . 7  1.6 1 . 7  

1 . 7  2.1 Plasma 157 118 1 1  6 2.6 2.6 1.5 1.4 

Serum - 8OoC 
Plasma - 8OoC 0.9 1 . 7  1 . 1  0.8 0.8 1.2 1.0 1.1 1.0 1 . 1  

~ ~~~~~ ~ ~ 

'Plasma and sera samples from donors A, B, and C were stored at 4O or - 8OoC under the conditions described for 45, 52, and 47 days, respec- 
tively. 

6Ratio of the immunoreactivity of the assayed fraction stored at 4OC relative to that of the corresponding control stored at - 8OOC. The im- 
munoreactivity for each fraction and its corresponding control is measured as the antigen dilution necessary for BlBo = 0.5. 

Mad et al. Apolipoprotein A-I epitoper 775 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


subfractions obtained by density gradient ultracentrifuga- 
tion and by chromatofocusing. These different observa- 
tions indicate that some domains of apoA-I are sterically 
cryptic in lipoproteins bearing the antigen and that the 
immunoreactivity of these domains may vary in indivi- 
dual lipoproteins. The difficulties encountered in the 
standardization of plasma apoA-I immunoassays have 
been ascribed for the most part to such immunological 
properties of apoA-I (20). 

In this context, the present demonstration that several 
distinct epitopes exist on apoA-I, which are expressed on 
the totality of apoA-I-containing lipoproteins, is most im- 
portant. First conceptually, this indicates that despite the 
heterogeneity of apoA-I-containing lipoproteins, defined 
regions of the molecule exist that have the same confor- 
mation and the same antigenicity. Second practically, the 
existence of such epitopes allows the development of ac- 
curate immunoassays and of immunodepletion tech- 
niques for apoA-I in serum and lipoprotein fractions. 
Mabs 2F1, 3G10, and 4F7, which react at three distinct 
sites mapped to CNBr fragments 1 and 2, respectively (8), 
could consistently precipitate up to 100% of lZ5I-labeled 
HDL prepared from different donors (Figs. 1, 2 and Table 
1). Another Mab 4H1, which reacts at a different site on 
CNBr fragment 1 (8), could precipitate up to 90% of Iz5I- 
labeled HDL. In addition, none of the epitopes for 2F1, 
3G10, 4F7, and 4H1 were found to be affected by the in 
vitro alteration of the apoA-I antigen. Among the Mabs 
of series 2, only 5F6 precipitated a lower proportion 
(50-60%) of lZ5I-labeled HDL. Mabs 3D4 and 6B8 from 
series 1 also precipitated the same percentage of labeled 
HDL, but the percent bound by these Mabs increased 
with the storage of the HDL preparation. Finally, the 
most significant observation with respect to the definition 
of epitopes that are expressed on all HDL particles is that 
Mabs that react at these sites have a significantly higher 
K ,  than Mabs reacting at sites not expressed on all apoA- 
I molecules (Table 6). This is clearly the case for 2F1 and 
3G10 which bind 100% of the HDL compared to 4H1 and 
3D4 which bind 90 and 60%, respectively. These results 
would imply that the epitopes for 2F1, 3G10, and 4F7 are 
located in thermodynamically stable regions of apoA-I 
which favor high affinity interactions with the respective 
Mabs. 

The immunoprecipitation experiments have also demon- 
strated that the number of HDL particles that express the 
epitopes identified by series 1 Mabs increases with time in 
vitro (Figs. 1 and 2). This indicates that the increase in 
immunoreactivity for 3D4 and 6B8 is not due to the 
generation of a few highly reactive A-I molecules but to 
a doubling or more in the number of the apoA-I-contain- 
ing lipoproteins expressing these determinants. The 
alteration of the serum apoA-I antigen as a function of 
time at 4OC was rapid and linear for the first 4 weeks 

reaching an average 278-fold increase for the three donors 
at 84 days (Table 5). Because these Mabs recognize three 
distinct epitopes localized close to the cleavage site for 
CNBr fragments 1 and 2 for 5G6, on CNBr fragment 2 
for 3D4, and on CNBr fragment 3 for 6B8 (6), this altera- 
tion of the antigen clearly affects several regions of apoA-I 
and may result from modifications of apoA-I at multiple 
sites on the molecule. However, it is also important to note 
that these modifications, which probably occur at multi- 
ple sites, have a limited spatial effect since the epitopes for 
Mabs of series 2, which are interspaced with those for 
Mabs of series 1, are not affected by storage at 4OC. 
Because the process can be significantly decreased by the 
presence of EDTA and by the additions of antioxidants 
(Table 7), the modification of the apoA-I antigen may be 
mediated, at least in part, by oxidation reactions requir- 
ing divalent cations. Such oxidation could be effected by 
hydroperoxides of polyunsaturated fatty acids and be con- 
current with the deamidation reaction which we proposed 
earlier (4) to explain this in vitro alteration. 

Several types of in vitro modifications have been 
reported for apoA-I and apoA-I-containing lipoproteins 
and the best described is certainly deamidation (21 -23). 
This reaction affecting apoA-I is accelerated at alkaline 
pH (4) and, with the liberation of ammonia, results in the 
formation of the apoA-I acidic isoforms (23). Interesting- 
ly, it has also been found that an antioxidant (BHT) could 
prevent this reaction and this was taken to suggest that 
some of the acidic isoforms could be formed by the 
derivatization of free amino groups with lipid peroxides 
(24). Although the acidic isoforms of apoA-I may be 
heterogeneous in nature, this polymorphism does not ap- 
pear related to the in vitro alteration of apoA-I im- 
munoreactivity in vitro since each isoform reacts with the 
different anti-apoA-I Mab that we have studied (4, 6). It 
has also been noted that upon storage of serum samples 
at 4OC, there was a marked decrease in the mass of HDLS 
with no change in HDLz and that this process could be 
prevented by high salt concentration (25). This may 
represent a rearrangement of serum lipoproteins that oc- 
curs slowly upon separation of serum from blood cells and 
upon drawing of blood. There is no evidence that the in 
vitro alteration of the apoA-I antigen, which can be 
observed in apoHDL as well as in HDL (7), can be re- 
lated to the above-mentioned observations, but it is 
probably related to a combination of chemical modifica- 
tions of apoA-I such as deamidation, oxidation, or reac- 
tion with lipid peroxides. Finally, it is of interest that the 
recently reported modification of growth hormone im- 
munoreactivity, as a function of storage in vitro, is cor- 
related with both deamidation and changes in circular 
dichroism measurements (26). Presumably deamidation 
can modify the antigen conformation and uncover nor- 
mally buried or nonaccessible epitopes. m 
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