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Abstract We have characterized the epitopes for ten murine 
monoclonal antibodies (Mabs) to human low density lipoprotein 
(LDL) and studied their ability to interfere with the LDL- 
receptor interaction. The epitopes for the antibodies were 
defined by using the following approaches: 1) interaction with 
apoB-48; 2) interaction with apoB-100 thrombolytic fragments; 
and 3) interaction with 8-galactosidase-apoB fusion proteins 
spanning different areas of the apoB-100 sequence. The results 
obtained are consistent with the following map of epitopes: Mab 
6E, amino acids (aa) 1-1297, Mabs 5A and 6B, aa 1480-1693, 
Mabs 2A, 7A, 3B, and 4B, aa 2152-2377, Mabs 8A and 9A, aa 
2657-3248 and 3H, aa 4082-4306. Four Mabs (2A, 5A, 7A, and 
9A) whose epitopes are located in three different areas of apoB, 
dramatically reduced (up to 95%) the LDL-receptor interaction 
on cultured human fibroblasts; Fab fragments were as effective 
as the whole antibodies. Mab 3H, on the other hand, increased 
LDL binding up to threefold. These findings are consistent 
with the hypothesis that several areas of apoB-100 are involved 
independently or in concert in modulating the apoprotein B 
conformation required for interaction with the LDL receptor. - 
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teraction of LDL with their receptor (3, 4). ApoB-48 is 
mainly associated with chylomicrons and chylomicron 
remnants; in humans it is believed to be synthesized solely 
by the intestine (5) and does not interact with the LDL 
receptor (6). The complete amino acid sequence of hu- 
man apolipoprotein B was deduced from nucleotide se- 
quence of its mRNA (7-9). ApoB-100 is the largest pro- 
tein sequenced to date and consists of a single 4536 amino 
acid (aa) polypeptide chain; apoB-48 represents the 
amino terminal 47% of apoB-100 (10). With the 
knowledge of the primary structure of apoB-100, it is now 
possible to aim at identifying structural and functional 
domains of this apolipoprotein. To this end a possible ap- 
proach is the use of monoclonal antibodies (Mabs). Re- 
cently a number of Mab libraries to apoB-100 have be- 
come available (11-16). Monoclonal antibodies were used 
to study apoB epitope expression in various lipoproteins 
(17-21). Some of the antibodies identify genetic variants of 
apoB (19, 21-25), and others inhibit binding of LDL to 
their receptor (14, 15, 26-28). The vast majority of the lat- 
ter antibodies map to a region that encompasses the 
T2/T3 thrombin cleavage at aa residue 3249 of apoB-100, 
suggesting that this area may be responsible for the LDL- 
receptor interaction (14, 17, 28). We have recently 

Apolipoprotein (apo) B, the main protein constituent of 
low density lipoproteins (LDL), low density 
lipoproteins (VLDL), and chylomicrons (l), is heter- 
ogeneous and exists in two forms: a p o ~ - l O O  and apo~-48  
(2). ApoB-lOO is 'ynthesized primarib the liver, is 
present in LDL and VLDL, and is responsible for the in- 

- 
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reported, however, that Mab 5A, an antibody that recog- 
nizes B-48, fully inhibits LDL binding (27). Furthermore, 
Milne et al. (28) showed partial inhibition of LDL bind- 
ing by antibodies 1, 3, 10, 14 whose epitopes lie in the 
amino terminal region of apoB-100. These findings indi- 
cate that other areas of apoB may be involved in the 
recognition of the LDL receptor. To further address this 
question we have characterized ten murine monoclonal 
antibodies to human apoB. For initial assignment of epi- 
topes, we used immunoblots of apoB-100 and apoB-48. 
For a more precise localization of the amino acid se- 
quences that constitute the epitopes recognized by the 
Mabs, 0-galactosidase-apoB fusion proteins, produced in 
bacterial expression vectors, were used. Four Mabs, 
whose epitopes were localized in different areas of throm- 
bolytic fragment T3, inhibited the LDL-receptor interac- 
tion. Furthermore, a monoclonal antibody, designated 
3H, that recognized the COOH terminal region (T2) of 
apoB, increased LDL uptake and degradation by cultured 
cells in a dose-dependent manner. 

We conclude that several areas of apoB are involved in 
determining the LDL-receptor interaction; these regions 
may contribute to the overall apoB structure recognized 
by the LDL receptor. 

MATERIALS AND METHODS 

Eagle's minimum essential medium (MEM), fetal calf se- 
rum, trypsin-EDTA (1 x), penicillin (10,000 U/ml), strep- 
tomycin (10 mg/ml), tricine buffer (1 M, pH 7.4), and 
nonessential amino acids (100 x)  were purchased from 
Gibco (Grand Island, NY); disposable culture flasks and 
Petri dishes were from Corning Glass Works (Corning, 
NY), filters from Millipore Corp. (Bedford, MA). Sodium 
[ 1251]iodide, carrier-free, was purchased from Amersham 
(U.K.). Nitrocellulose membranes and all electrophoresis 
material and equipment were from Bio-Rad Laboratories 
(Richmond, CA). The Fab preparation kit was from 
Pierce (Rockford, IL). All other reagents were analytical 
grade. 

Plasma lipoprotein isolation 
Lipoproteins were isolated from plasma of clinically 

healthy normolipidemic volunteers. Chylomicrons + very 
low density lipoproteins (d < 1.006 g/ml) and low density 
lipoproteins (d 1.019-1.063 g/ml) were isolated by sequen- 
tial preparative ultracentrifugation for 16 and 18 h, 
respectively, at 40,000 rpm in a 60 Ti Beckman rotor (29). 
Triglyceride-rich lipoproteins were from the blood of a 
normolipidemic volunteer three h after a fatty meal (250 
g of cream). Human lipoprotein-deficient serum (LPDS) 
was isolated at d 1.25 g/ml by ultracentrifugation for 72 
h at 40,000 rpm at 12OC (30). All lipoproteins and LPDS 
were dialyzed at 4OC against 0.15 M NaCl, 0.3 mM 

EDTA, pH 7.4. Lipoproteins were stored at 4OC after 
sterilization through a Millipore 0.22-pm filter. The  
LPDS was stored at -2OOC and thawed just before use. 
LDL were labeled with lZ5I according to Bilheimer, Eisen- 
berg, and Levy (31) (sp act 100-200 cpming of protein) 
and used within 3 days of preparation. Free iodine ac- 
counted for 1% of total radioactivity. Lipid-associated 
radioactivity was less than 5%. 

Digestion of LDL with thrombin 

LDL (1 mg) was dialyzed for 12 h at 4OC against 10 
mM Tris, 0.3 mM ETYTA (pH 8.0), filtered (0.45 pm), and 
incubated with thrombin (enzymehubstrate 1:100, w/w) 
for 36 h at room temperature in a nitrogen atmosphere. 
The reaction was stopped either by addition of elec- 
trophoresis sample buffer or by freezing the sample (32). 

Fusion proteins 

Different DNA coding sequences of human apolipoprotein 
B-100 from a human liver cDNA and genomic libraries 
(33, 34; data not shown) were subcloned in the expression 
vectors PUR 288, 289, 290 (35) in the correct transla- 
tional reading frame downstream to the 0-galactosidase 
gene (lacz) (36). 

These plasmids were used to transform E. coli strain 
JM 101. The two clones pISMB3 (PstI) and pISMB4 
(BamHI) were derived as follows. Clone pISMB3 (PstI) 
was obtained from clone pISMB3 by PstI digestion, in 
order to delete the DNA sequence between position 12241 
and the PstI site in the poly-linker, downstream of the 3' 
end of the coding sequence. After ligation in vector PUR 
290 and transformation in E. coli strain J M  101, we ob- 
tained a new clone coding for apoB sequences from aa 
3728 to aa 4081. 

Clone pISMB4 (BamHI) was derived from pISMB4 by 
digestion with BamHUSalI, subsequently filling-in. After 
ligation and transformation of E. coli strain JM 101, we 
obtained a clone coding for apoB sequences from aa 1306 
to aa 1480, having deleted sequences between position 
4440 and 5912 bp. 

All clones were tested for expression of the correspond- 
ing hybrid proteins by SDS-PAGE and reactivity with 
commercial monoclonal antibodies (36). Immunochemi- 
cal integrity of fusion proteins was determined in two 
ways: I )  by reaction with polyclonal antibodies to human 
apoB-100; and 2) by reaction with polyclonal anti-peptide 
antibodies kindly provided by Dr. Tom Innerarity (Glad- 
stone Foundation, UCSF, San Francisco, CA). Further- 
more, authenticity of the clones used was confirmed by se- 
quencing (data not shown). 

Monoclonal antibodies 
Monoclonal antibodies against human native LDL (d 

1.030-1.050 g/ml) were produced and characterized as 
described by Marcovina et al. (13). Monoclonal antibody 

1112 Journal of Lipid Research Volume 33, 1992 



M b  47 (26) was a generous gift from Drs. L. Curtiss and 
S. Young (La Jolla, CA). All antibodies studied were used 
as ascitic fluids. The antibody concentration was deter- 
mined as % of total protein after protein A affinity chro- 
matography. Monovalent Fabs were prepared by papain 
digestion (37) of isolated IgG and Fc fragments were re- 
moved by passage on a protein A Sepharose 4B column. 
SDS-PAGE of the Fab fragments revealed two bands of 25 
and 40 kDa, and their authenticity was determined by im- 
munoreaction with anti-Fab immunoglobulins con- 
jugated with horseradish peroxidase. 

Cell culture 

Human skin fibroblasts were grown from explants of 
skin biopsies obtained from normolipidemic, clinically 
healthy individuals and from a patient affected by classi- 
cal familial homozygous hypercholesterolemia (FH), 
whose cells were shown to be LDL receptor negative (data 
not shown). Cells were grown in monolayers and main- 
tained in 75-cm2 plastic flasks at 37OC in a humidified at- 
mosphere of 95% air, 5% CO2 in MEM supplemented 
with 10% fetal calf serum, nonessential amino acid solu- 
tion (l%, vol/vol), penicillin (100 U/ml), streptomycin (100 
pg/ml), tricine buffer (20 mM, pH 7.4), and NaHC03 
(24 mM). For all experiments, cells from the stock flasks 
were dissociated with 0.05% trypsin-0.02% EDTA at 
confluency (5-15 passages), seeded in 35-mm dishes 
(1.2 x 105 cells) and used just before reaching confluency, 
usually 6 days after plating. The medium was changed ev- 
ery 2-3 days. Cell viability, assessed by Trypan blue exclu- 
sion, was always >95%. 

On  day 6 the medium was changed with one containing 
10% LPDS, and confluent monolayers were incubated for 
24 h at 37OC. Fresh medium, containing 7.5 pg l25I- 
labeled LDL proteh'ml, and either the indicated amount 
of monoclonal antibodies or a 100-fold excess of unlabeled 
LDL, was incubated for 2 h at 37% and then added to 
the cells for a further 5 h. Under these conditions all Mabs 
tested recognized more than 90% of lz5I-1abeled LDL by 
liquid phase radioimmunoassay (data not shown). 

The uptake and degradation of lZ5I-labeled LDL were 
determined as previously described (27, 30). 

Polyacrylamide gel electrophoresis and 
immunoblotting 

ApoB, apoB-100 thrombolytic fragment, and P-galacto- 
sidase fusion proteins were separated by SDS polyacryla- 
mide (4% and 6%, respectively) gel electrophoresis (38) 
and transferred onto nitrocellulose according to Towbin, 
Staehelin, and Gordon (39). After saturation of nitrocel- 
lulose free sites with PBS+BSA 3% at 37°C for 1 h, 
nitrocellulose strips were incubated with monoclonal anti- 
bodies (100 pg protein in 5 ml PBS-BSA 0.5%) for 1 h at 
room temperature. Antibodies were detected with a rab- 
bit antibody against mouse immunoglobulins labeled 

with 1251 by the Iodogen procedure, to a specific activity, 
of 1500 cpm/ng (40). 

RESULTS 

The murine monoclonal antibodies used in this study 
were all raised against freshly isolated LDL (1.030-1.050 
g/ml). We selected ten antibodies on the basis of their Ka 
(> lo9 l/mol) and maximum binding for LDL (> 90%) 
(13). All antibodies were IgGs. 

Monospecificity of the antibodies was assessed by im- 
munoblotting on nitrocellulose replicas of whole delipi- 
dated normolipidemic plasma after SDS gel electrophore- 
sis. Only a single band at a molecular mass of 500 kDa 
was detected. This band was absent in lipoprotein- 
deficient serum obtained by ultracentrifugation (d 1.25 
g/ml) (data not shown). 

Immunoblots of apoB-48 and apoB-100 thrombolytic 
fragments 

The amino acid map of apoB-100 and apoB-48 is shown 
in Fig. 1. Thrombin cleavage sites are indicated as T4/T3 
and T31T2 giving rise to T2, T3, and T 4  fragments. Im- 
munoblots of apoB-100, and apolipoproteins from d < 
1.006 g/ml lipoproteins from the postprandial plasma of a 
normal subject are presented in Fig. 2. All antibodies 
reacted with apoB-100 but only three, 5A, 6B, and 6E, 
recognized a lower molecular weight apolipoprotein that 
we identified as apoB-48 as judged by the following: u) 
relative electrophoretical mobility; 6) presence in post- 
prandial lipoproteins; c) immunoreactivity with antibody 
previously shown to interact with apoB-48 (Mb19 and 
5A), (23, 27); and d) immunoreactivity with polyclonal 
antibodies raised against synthetic peptides spanning 
different regions of apoB-48 (kindly provided by Dr. Tom 
Innerarity). 

The interaction of Mabs with thrombin-generated 
apoB-100 fragments is shown in Fig. 3. The epitopes for 
eight of these antibodies were on fragment T3. Antibody 
6E interacted with fragment T4; antibody 3H with frag- 
ment T2. T2 and T4 fragments were identified by their 
interaction with Mabs (Mb47 and Mb19, respectively) 
and with the relevant polyclonal antibodies against syn- 
thetic peptides. 

Immunoblots of 0-galactosidase fusion proteins 

For a more precise localization of the amino acid se- 
quence of the epitopes for our Mabs, 0-galactosidase-apoB 
fusion proteins were used. 

The restriction map and the localization of the cDNA 
probes directing the transcription of the P-galactosidase- 
apoB-100 fusion proteins along the linear and mRNA se- 
quences are shown in Fig. 1. 

Funtappi2 Areas on apoB-100 relevant to LDL receptor interaction 1113 



B X S H  PH P HP P Bg P B H B  
1 I 1  I I I I  I I  1 I I  I 1 I 1  I 

8-100- 

T4/T3 B48 T3/T2 
I ' COOH 

1297 2151 3249 4536 N"2 ; 
I ISM81 , 
1 601 

~ 

Poly 2 A  3 8  6E 7A 0A 9A 

-1 t 

I ISM82 I 
781 1480 

,ISM MA1 
1306 1693 

- - i 

1 2 1  2 1 2  2 1 2  1 1 2 1  2 1 2 1  2 1  2 1  2 

, ISME4 I 
1306 1971 

ISM85 I 
1694 2371 

ISM 86, 
2340 2658 

I ISM87 , 
2657 3248 

ISM BE 
33503506  , ISM83 I 

3728 4306 

3728 4081 
e?& 

Fig. 1. Linear map of apoB-100. Amino acids starting at the major thrombin cleavage sites of apoB-100 and for the COOH-terminal of apoB-48 
are indicated. Regions of apoB-100 coded for by the fusion proteins used in this study are indicated below the apoB-100 chain. A partial restriction 
map of apoB-100 cDNA (indicating those sites relevant to the fusion proteins) is shown at the top of the figure. Abbreviations: B, BamHI; H, HindIII; 
X, XhOI; S, SalI; P, PstI; Bg, BglII. 

A representative blot with fusion proteins is given in 
Fig. 4. for antibody 3B. The monoclonal antibodies 
reacted neither with the expression vector nor with more 
than one fusion protein covering distinct segments of 
apoB. The presence of multiple bands in the immunoblot- 
ting is probably due to partial degradation of the fusion 
protein; this is a common finding using this approach (15, 
41). 

The immunoblots for antibodies 2A, 5A, 7A, and 9A 
are shown in Fig. 5. 

Table 1 summarizes findings of the immunoblot ex- 
periments using apoB-48, apoB-100 thrombolytic frag- 
ments, and the fusion proteins. From all these data a map 

of the location of the epitopes for the ten antibodies is pro- 
posed (Fig. 6). 

In all cases but one, binding to thrombin fragments and 
to one or more fusion proteins produced consistent results 
(Table l), mutually confirming the assignment of epi- 
topes. Antibody 6E, however, recognized B-48 and 
thrombolytic fragment T4, but failed to recognize fusion 
protein B1 or B2 which encompass most of the T4 amino 
acid sequence. We cannot exclude, however, that the epi- 
tope for this antibody lies between aa 602 and 781, a se- 
quence not covered by fusion proteins. Therefore, the epi- 
tope for Mab 6E cannot be precisely located within 
fragment T4. 

Fig. 2. Autoradiographic analysis of the immunoblots showing the interaction of Mabs to LDL with apolipoprotein B-100 (lane 2) and B-48 (lane 
1). Proteins (20 pg) were separated by SDS electrophoresis on 4% acrylamide gels and transferred onto nitrocellulose as described in Methods. The 
antibodies were detected with a W-labeled rabbit anti-mouse immunoglobulin (monoclonal antibodies) and 12'I-labeled goat anti-rabbit im- 
munoglobulin (plyclonal antibody). 
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Fig. 3. Autoradiographic analysis of the immunoblots showing the interaction of Mabs to LDL apolipoprotein B-100 (lane 1) and apoB-100 (lane 
2) thrombolytic fragments. Conditions as in Fig. 2 with the exception that electrophoresis was performed using 6% acrylamide gels. Nomenclature 
of fragments as reported by Cardin et al. (32). 

Effects of Mabs on the LDL-receptor interaction 

Monoclonal antibodies to apoB have been used to iden- 
tify areas of apolipoprotein B involved in the LDL- 
receptor interaction (14, 15, 26-28). Having determined 
the epitope localization of our antibodies, we next ex- 
plored their ability to interfere with this parameter using 
an in vitro cell-binding assay. Data are depicted in Fig. 
7. We confirmed our previous report that antibody 5A in- 
hibits the LDL-receptor interaction in a dose-dependent 
manner, on cultured cells (27). In addition, we have 
identified three other antibodies designated 2A, 7A, and 
9A, that also inhibited cellular uptake and degradation of 
LDL (Fig. 7). The epitopes for the inhibitory antibodies 
lie on distinct sites of apoB thrombolytic fragment T3. 
Mab 5A interacted with the NH2 terminal, Mab 2A and 
7A with the middle portion, and Mab 9A with the 
COOH terminal of thrombolytic fragment T3 (Fig. 5). 

Amongst the other antibodies, we consistently found 
(four experiments) that antibody 3H stimulated the LDL 
uptake and degradation by human skin fibroblasts in a 

PONCEAU STAINING 

dose-dependent manner (Fig. 7). The epitope for this an- 
tibody lies between aa 4082 and 4306 in the T2 fragment 
(Fig. 6). 

To address the question of whether the effects of these 
antibodies on the LDL-receptor interaction were not due 
to steric hindrance, we prepared Fab monovalent frag- 
ments. As shown in Fig. 8, in all cases the activity of Fab 
was comparable to that of the parent antibody, thus 
demonstrating authenticity of the effect. Furthermore, the 
potency of our inhibitory Mabs was similar to that of Mb 
47, a previously described antibody that effectiveli inter- 
feres with the LDL-receptor interaction (26). 

The possibility that Mab 3H stimulated LDL uptake 
and degradation via a non-LDL-receptor pathway was 
ruled out by experiments with human skin fibroblasts 
from a homozygous familial hypercholesterolemic patient 
with a receptor-negative phenotype. Mab 3H Fab frag- 
ments at 5 pglml stimulated specific uptake and degrada- 
tion of LDL by 42% in control but had no effect on FH 
fibroblasts, indicating that the antibody stimulatory effect 
requires the presence of functional LDL receptors. 

IMMUNOBLOT 

(I, 

i 
Fig. 4. Immunoreactivy of ,3-galactosidase-apoB-100 fusion proteins with Mab 3B. E. coli lysates were electrophoresed in 6% acrylamide-SDS gels 
and transferred onto nitrocellulose. The protein staining is shown on the left panel (Ponceau staining); on the right the immunoreactivity of these 
proteins with Mab 3B. Experimental details as in Fig. 2. Molecular weight markers from the top are: 200, 116, 96, 60 kDa; PUR, expression vector; 
B,-B,, &galactosidase fusion proteins. 
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Fig. 5. Immunoreactivity of 8-galactosidase-apoB fusion proteins with Mab 2A, 5A,  7A, and 9A. Experimental details as in Fig. 2. PUR, exprrssion 
vector; Bl-B8, @-galactosidase fusion proteins. 

DISCUSSION 

Aims of the present study were: 1) to  map the epitopes 
of anti-human apoB monoclonal antibodies raised against 
human  LDL; 2) to assign more precisely the epitopes for 
our previously reported antibodies; and 3) to assess the 
ability of these antibodies to  interfere with the LDL- 
receptor interaction,  thus identifying areas of apoB poten- 
tially involved in the  binding process. 

Antibodies 2A, 5A, 6B, 6E, 7A, and 9A  have been 
reported previously (13, 16, 27,  42). We have mapped 
their epitopes to  thrombolytic  fragments T3  with the ex- 

TABLE 1. Immunological reactivities of monoclonal antibodies to apoB-100 with apoB-48, apoB-100 
thrombolytic fragments and &galactosidase fusion proteins 

Antibody  ApoB-48  Thrombolytic  Fusion  Proteins 
Fragments 

TI T 2  T3 T 4  B1 B2 8 3  B3A B4 B4A  B5 86 B7 88 

ception of Mab  6E which interacted with thrombolytic 
fragment T4 (16). Antibodies 6B and 9A have been previ- 
ously mapped  to apoB-48, while 2A recognized only 
apoB-100  (42). Our  data are in agreement with these 
findings with the exception of Mab 9A which fails to react 
with apoB-48. We have repeatedly observed a lack  of reac- 
tion using different preparations of apoB-48, and 
confirmed this finding by the  interaction of Mab 9A with 
fusion protein B7 which encompasses aa 2657-3288  of 
apoB-100 (Fig. 1 and Fig. 5). Furthermore, antibodies 5A 
and  6E were reported also to  interact with apoB-48 (42). 
In this study we confirmed this  epitope assignment. 

~~ 

2A - 
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6B 
6E 
7A 
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ApoB-100,  apoB-48, and &galactosidase  fusion proteins were separated by SDS-PAGE and transferred onto nitrocel- 
lulose. The interaction of different antibodies with different proteins was determined as described in Methods. 
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Fig. 6. Linear map of the epitopes for monoclonal antibodies to human LDL on apoB-100. The sites of cleavage by thrombin giving raise to frag- 
ments T2, T3, and T4 are indicated. Bars along the line below the linear sequence of apoB-100 indicate the basic regions (45). The epitopes for the 
various antibodies are indicated by brackets. 

We further restricted the apolipoprotein B sequence 
that contains the antigenic determinants for these anti- 
bodies by using 0-galactosidase-apoB fusion proteins that 
span almost the entire aa sequence of apolipoprotein 
B-100 (see Fig. 1). This approach proved effective for all 
antibodies but 6E. This Mab interacted with thrombo- 
lytic fragment T4 but failed to recognize fusion proteins 
B1 and B2 which encompass almost the entire T4  se- 
quence. An obvious explanation for this finding is that the 
epitope for this antibody lies between aa 602 and 780, a 
sequence not covered by these fusion proteins. Alterna- 
tively, we may consider that the use of recombinant pro- 
teins for epitope mapping could be hampered by the ab- 
sence of glycosylation and disulfide bridge formation (41). 
Fragment T4 is particularly enriched in cysteine residues 
(7). This may imply complex folding of this region. Re- 
cent investigations of crystal structure of protein-Fab 
complexes show that antigenic determinants are usually 
located in several discrete segments of the polypeptide 

chain brought into contiguity on the surface of the folded 
protein (43). This may be the case for Mab 6E if the epi- 
tope determinants were to be located in different areas of 
T4. This complex structure may not be reproduced by 
recombinant proteins. This concept is further strength- 
ened by the high sensitivity to reduction with 2-P- 
mercaptoethanol of the reaction of Mab 6E with 
apoB-100, apoB-48, and thrombolytic fragment T4. Simi- 
lar results have been recently reported by Pease et al. (41) 
for antibody Mb19; we have confirmed these findings us- 
ing the same antibody (data not shown). Krul et al. (15) 
have recently reported that antibody B1B3 fails to recog- 
nize a fusion protein containing the epitopes for this anti- 
body, suggesting that in some instances inappropriate 
conformation of the epitope on a linear protein may ham- 
per the antibody-antigen interaction. However, our B1 
and B2 fusion proteins were readily recognized by rabbit 
polyclonal antibodies against synthetic peptides 12-27, 
259-279, and 890-908 of apoB-100 sequence, respectively 

200 200 
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100 O O 100 

Y z 
a a" 
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- e 
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- 
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4 5A 
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Fig. 7. Effect of monoclonal antibodies on the uptake and degradation of lZ5I-labeled LDL by human skin fibroblasts. Mabs were used as ascitic 
fluids. The antibody content of each ascitic fluid was determined after protein A affinity chromatography and were, as % of total protein, 2A, 12%; 
6E, 13%; 8A, 14%; 6B, 7A, and 3H, 15%; 5A, 16%; 9A, Mb 47, and 4B, 17%; 3B, 18%. '25I-labeled LDL (7.5 pg) were preincubated for 2 h at 
37OC with the indicated amount of Mabs and tested for uptake (panel A) and degradation (panel B) as described in Methods. Data are expressed 
as % of control values (absolute values ranged from 200 to 350 ng LDL protedmg cell protein and from 350 to 560 ng LDL proteidmg cell protein 
for uptake and degradation, respectively). 
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Fig. 8. Effect of Fab fragments on the uptake (panel A) and degradation (panel B) of 1Z51-labeled LDL by human skin fibroblasts. Experimental 
conditions as described in Fig. 6. Data are expressed as % of control values (control range 150-250 ng LDL proteinhg cell protein and 300-500 
ng LDL proteidmg cell protein for uptake and degradation, respectively). 

(44), suggesting that antigenic determinants that lie on a 
linear sequence were spared. Glycosylation might also 
have played a role in the antigenicity of apoB-100; 
however the ability of several antibodies to react with fu- 
sion proteins is not in agreement with this concept. 

Using the same approach we also assigned the epitopes 
for four new antibodies designated 3H, 8A, 3B, and 4B. 
All but 3H interacted with thrombolytic fragment T3. 
This latter antibody recognized fragment T2. The epi- 
topes for these antibodies were more precisely located us- 
ing fusion proteins (Figs. 1 and 6). In these studies anti- 
body Mb 47, used as control, interacted with 
thrombolytic fragment T2 and fusion protein B8 
(3351-3504), as expected (41). The epitope distribution 
for our antibodies on apoB-100 linear sequence indicates 
a high frequency of immunogenic sites on fragment T3. 
Based on the intramolecular specificities of the murine 
Mabs described to date (11-16), it would appear that we 
have a relatively high frequency of antibodies for T3  as 
compared to T2 and T4. These differences may depend 
upon several variables including immunization and 
screening procedures. Furthermore, Fievet et al. (16) have 
recently reported a high frequency of rat Mabs to human 
apoB-100 fragment T3. 

Using our panel of Mabs, three segments of fragment 
T 3  appear to be highly antigenic. The area encompassing 
aa 1480-1693 contains the epitope for antibodies 6B and 
5A; competition studies indicate that these antibodies 
recognize different areas (data not shown). The epitopes 
for four antibodies (2A, 3B, 4B, 7A) are located in the 
area encompassing aa 2152-2377. Those for the remain- 
ing two antibodies lie in the sequence 2657-3249 near the 
T3/T2 junction. 

There has been some controversy as to whether there 
are one or more receptor recognition sites per apoB-100 
molecule (7, 9, 14, 18, 26-28, 41, 45, 46). Using 
monoclonal antibodies, several groups concluded that the 
apoB receptor-binding domain is located near the T2/T3 
junction. Two putative areas have been identified at 
residues 3120-3156 and 3352-3371 of the apoB sequence 
(7, 9, 14, 15, 26). Furthermore, a mutation at residue 3500 
leading to an Arg + Gln substitution is related to a dra- 
matic reduction of LDL receptor binding ability (47, 48). 
Recently, using a large panel of Mabs, Pease et al. (41) 
concluded that the receptor binding region of apoB lies 
between aa 2835 and 4081. However, recent data from our 
laboratory show that antibody 5A, a Mab that recognizes 
both apoB-100 and B-48, effectively inhibits the LDL- 
receptor interaction (27). In this report we have confirmed 
this finding and extended our observations. Among the 
ten Mabs tested, four inhibited the LDL binding in a 
dose-dependent manner. Epitope mapping for these 
Mabs using @-galactosidase fusion proteins revealed at 
least three different areas encompassing aa 1480-1693 
(5A), 2152-2377 (2A and 7A), and 2657-3288 (9A). To 
exclude the possibility that steric hindrance might have 
played a role in determining the effect of the inhibitory 
antibodies, we prepared Fab fragments. In all instances 
these fragments were as effective as the parent antibodies. 
This evidence argues against a nonspecific effect of the in- 
hibitory antibodies and is supported by the epitope locali- 
zation for Mab 3B, 4B, 6B and 8A, which span the same 
regions recognized by antibody 5A, 2A, 7A, and 9A, 
respectively, and yet do not affect LDL binding (see Fig. 
6). Furthermore, all inhibitory antibodies failed to inter- 
fere with the interaction of oxidized LDL with scavenger 
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receptors (A. L. Catapano, P. Roma, and S. Negri, un- 
published data). 

Altogether our findings are consistent with the presence 
of multiple receptor binding sites on apoB-100. Hospat- 
tankar et al. (45) identified several areas of the apoB se- 
quence by computer-assisted analysis, distributed all 
along the protein and enriched in basic amino acids that 
could potentially interact with the negatively charged 
amino acids of the LDL receptor. Furthermore, Corsini et 
al. (46) have shown that recombinant lipoprotein parti- 
cles, each containing a thrombolytic fragment of 
apoB-100, bound to the LDL receptor to the same extent 
although less efficiently than native lipoproteins. While 
the binding of the recombinant lipoprotein may not truly 
reflect the binding of native LDL, it is nevertheless an ob- 
servation that is at least consistent with the presence of 
multiple binding domains on apoB-100 that interact with 
the LDL receptor either independently or in concert. 

Alternatively, our findings can be interpreted as in- 
dicating that the entire apoB-100 sequence is required for 
appropriate expression of the apolipoprotein area respon- 
sible for binding activity. It is reasonable to assume that 
in apoB-100 long-range conformational interactions may 
occur. It has been shown that binding to the enzymes of 
monoclonal and polyclonal antibodies with epitopes dis- 
tant from the catalytic site may modulate enzymatic ac- 
tivity (49). Furthermore, phosphorylation of the NHP- 
terminal region of glycogen phosphorylase induces con- 
formational changes of the COOH-terminal region and 
alters the binding sites for substrates (50). Antibodies 5A, 
2A, 7A, and 9A may interact with areas of apolipoprotein 
B-100 that dictate the conformation of a distant site(s) in- 
volved in the LDL-receptor interaction. Recently, 
Kinoshita, Krul, and Schonfeld (51) have reported that 
modification of the core lipids of LDL reduces the 
lipoprotein-receptor interaction with a concomitant 
decrease of the expression of epitopes for Mabs in the 
NH2- and COOH-terminal regions of apoB-100. These 
authors conclude that regions at a distance from a puta- 
tive LDL receptor recognition domain of apoB-100 may 
modulate the interaction of LDL with their receptor. 
These antibodies, however, do not affect the LDL- 
receptor interaction (15). Furthermore, in familial defec- 
tive apoB-100 (47, 48, 52), the Arg -+ Gln substitution at 
aa 3500 is also linked to an overall change of the 
apolipoprotein B conformation (53). 

Very recently Peterson and Schachman (54) have 
shown that single amino acid substitution in one element 
of the secondary structure of aspartate transcarbamoylase 
causes structural alterations that propagate throughout 
the molecule to distant sites. 

The concept that different regions of apoB-100 may 
modulate the LDL-receptor interaction is further stressed 
by the findings with antibody 3H. This antibody stimu- 
lates the binding of 1251-labeled LDL to the LDL- 

receptor in a dose-dependent manner; Fab fragments 
were also effective. Furthermore, the specificity of the 
stimulatory effect was demonstrated by the experiments 
with receptor-negative fibroblasts. Antibody 3H failed to 
stimulate LDL uptake, thus ruling out a role for non- 
LDL receptor-mediated pathways in determining the an- 
tibody stimulatory effect. 

The epitope for Mab 3H lies in the COOH-terminal 
region between aa 4082 and 4306, an area of apoB that 
may play a “suppressive” role on the LDL-receptor inter- 
action. Recent data with LDL containing an apoB-100 
truncated form of 4039 aa that lacks the COOH-terminal 
end show that these lipoproteins interact with LDL recep- 
tor with greater affinity than normal (54-56). Similar 
findings have been reported by Gabelli et al. (57) with 
apoB-90 and by Krul et al. (58) with apoB-75. Further- 
more, a point mutation at aa 4019 (Arg + Trp) is linked 
to a moderate increase of the LDL-receptor interaction 
(59). This is in agreement with results obtained with anti- 
body 3H and suggest that the COOH-terminal region of 
apoB-100 may play a “suppressive” role in the LDL- 
receptor interaction. 

In summary, we have characterized the epitopes for ten 
monoclonal antibodies to apolipoprotein B-100. Among 
them four, recognizing distinct epitopes (2A, 5A, 7A, and 
9A), inhibited and one (3H) increased the LDL-receptor 
interaction. These findings are consistent with the 
hypothesis that different areas of apoB-100 are involved in 
the modulation of the LDL-receptor interaction. I 
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