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Abstract Apolipoprotein B (apoB), the major apoprotein in 
human low density lipoprotein (LDL), i s  a large protein and 
complex immunogen, against which seven monoclonal IgC 
antibodies have been produced in our laboratory. These an- 
tibodies were used to define at least five individual epitopes 
on holo-LDL. The aim of the present experiments was to as- 
certain whether limited proteolysis of LDL would selectively 
affect the expression of the epitopes. LDL was digested with 
staphylococcal protease (SP), trypsin (T) or pronase; -20% 
of LDL protein was lost by treatment with SP and T, and 
-60% by treatment with pronase. Structurally stable SP- and 
T-LDL cores and soluble peptides were separated by gel per- 
meation chromatography and zonal ultracentrifugation. The 
cores resembled holo-LDL in composition and flotation rates 
but apoB was fragmented into peptides <100,000 in molec- 
ular weight. On analysis by competitive radioimmunoassays 
some epitopes of the LDL cores were destroyed partially, some 
completely, and some were spared. The enzymes each pro- 
duced individual patterns of epitope modulation. SP- and T- 
LDL cores retained most of their abilities to be bound and 
degraded by normal human cultured fibroblasts. Some soluble 
peptides also manifested both antigenicity and cell reactivity. 
The retention of activities by the cores while active fragments 
are lost is compatible with, but does not constitute unequivocal 
evidence for, the hypothesis that apoB may consist of repeating 
structures.-Hahm, K-S., M. J. Tikkanen, R. Dargar, T. G. 
Cole, J. M. Davie, and G. Schonfeld. Limited proteolysis se- 
lectively destroys epitopes on apolipoprotein B in low density 
lipoproteins. J. Lipid Res. 1983. 2 4  877-885. 
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Lipoproteins are complex particles consisting of sev- 
eral types of lipids of varying hydrophobicity and of 
apoproteins. The amphipathic phospholipids and apo- 
proteins form the surface regions of the particles, 
whereas the hydrophobic cholesteryl esters and triglyc- 
erides fill the inner core regions. The association be- 
tween apoproteins and lipids is thought to occur at the 
hydrophobic surfaces of amphipathic helical regions of 
apoproteins, whereas the hydrophilic faces of the helices 
probably interact with polar regions of phospholipids, 
other apoproteins, or water (1). The amino acid se- 
quences of several apoproteins including apoA-I, A-11, 

and the C apoproteins are known and their lipid binding 
regions have been identified. This was possible because 
these apoproteins are of relatively small molecular 
weight and are water-soluble. Less is known about the 
interactions of apoB with lipids and with the surface 
regions of lipoproteins. Two major (B-100 and B-48) 
and two minor (B-74 and B-26) forms of apoB have 
been described (2). All are large proteins that aggregate 
in aqueous solutions. Their amino acid sequences are 
unknown, but it has been suggested that they may be 
composed of repeating subunits of smaller molecular 
weight (3). 

Monoclonal antibodies, because they are directed 
against discrete epitopes, are powerful probes of the 
structures of proteins, even of proteins whose chemical 
structure is not defined. In previous work we have pro- 
duced seven monoclonal anti-apoB antibodies (4). In 
experiments where 1251-labeled and unlabeled antibod- 
ies were made to compete against each other for binding 
to LDL, at least five non-overlapping epitopes of apoB 
were defined in holo-LDL. Two antibodies defining 
epitope 2 [or two closely related epitopes: 2a (antibody 
464BlB3) and 2b (antibody 464B1 BS)] inhibited the 
binding of lZ5I-LDL to cultured normal human fibro- 
blasts, indicating that the epitopes interacting with these 
antibodies also were involved in the binding of LDL to 
its cellular receptor. 

Previous studies have shown that limited proteolysis 
of LDL results in the production of relatively stable 
lipoprotein ‘core’ particles that retain many physical, 
chemical, and immunological properties of the native 
lipoprotein (5-7). In the experiments to be described 
we sought to ascertain whether perturbations of the 
structure of apoB by limited proteolysis had selective 
effects on the expression of various epitopes in holo- 

Abbreviations: lz51-LDL, 1P51-labeled LDL, LDL, low density li- 
poprotein; P-LDL, pseudodigested LDL; SP, staphylococcal protease; 
T, trypsin. 
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LDL. In an attempt further to distinguish individual 
epitopes from each other, we also sought to ascertain 
whether the various epitopes could be localized to dif- 
ferent proteolytic fragments of apoB. Limited prote- 
olysis also provided water-soluble cleavage peptides that 
could be examined for immunoreactivity. Finally, in 
order to link structure with function, the abilities of 
digested particles and cleavage peptides to interact with 
the LDL receptors of cultured human fibroblasts was 
examined. 

METHODS 

Enzymatic proteolysis of low density lipoprotein 
Low density lipoprotein (LDL) was isolated between 

densities 1.025-1.050 g/ml (8) with two ultracentri- 
fugations carried out at each density. Freshly isolated 
LDL was used for enzymatic digestions at a concentra- 
tion of about 20 mg/ml in 1 mM EDTA-0.16 M NaCI, 
pH 8.2. The digestions were performed at 37°C under 
a nitrogen atmosphere at an enzyme to substrate ratio 
of 1/40 (w/w) using the following enzymes: a )  trypsin- 
TPCK (Millipore Corp., Freehold, NJ) dissolved in 1.0 
mM acetic acid-0.1 mM calcium chloride (9), 6) Stuphy 
lococcus aureus V8 protease (Miles Laboratories, Inc., 
Elkhart, IN) dissolved in 50 mM ammonium bicarbonate 
buffer, pH 8.4 (1 0), and c) pronase (protease from Strep- 
tomyces griseus) (Sigma Chemical Co., St. Louis, MO) 
dissolved in 0.1 M Tris, pH 7.4 (1 1). The enzyme so- 
lutions were prepared fresh before digestion. Incuba- 
tions were for periods of time indicated below. “Pseu- 
dodigestions” of LDL (P-LDL) were performed as de- 
scribed above but without including enzymes. Digestions 
were stopped by addition to 5 ml of digestion mixtures 
of 10 p1 of 1 % PMSF (phenylmethyl sulfonyl fluoride) 
in isopropyl alcohol. 

Isolation of proteolysis cores 
The enzyme digestion mixtures were cooled to 10°C 

and applied to a 2.5 X 95 cm column of Sephadex G- 
50 superfine previously equilibrated with 1 mM EDTA- 
0.16 M NaCI, pH 7.4. Proteolysis cores eluted at the 
void volume of the column and were separated from 
cleaved peptides of molecular weight smaller than 
10,000. In preliminary tests some effluent fractions con- 
taining cleavage peptides exhibited binding to cultured 
fibroblasts or monoclonal antibodies. Effluent fractions 
containing binding activity were pooled and subjected 
to further analysis. The pooled void volume fractions 
were concentrated to a final concentration of - 10 mg/ 
ml in an Amicon ultrafiltration cell equipped with a PM- 
10 Diaflo membrane, filtered through 0.45 pm filters 
(Millipore), and stored at 4OC. 

In some instances, LDL cores were characterized fur- 
ther. Aliquots of Iz5I-LDL (1 O6 cpm, 10 ng of protein) 
were added to each of the proteolysis cores, which were 
then subjected to rate zonal ultracentrifugation through 
a linear density gradient of 1.00 to 1.30 g/ml NaBr 
(1 2). The rotor effluent as collected in 1 0-ml fractions 
and the positions of lipoproteins were established by the 
ultraviolet absorption, protein concentration, and ra- 
dioactivity of each fraction. 

Gel electrophoresis and immunoblotting 
The peptides of proteolysis cores were separated in 

polyacrylamide slab gels containing 0.1 % SDS, 3.5-15% 
linear gradient acrylamide, and 0.4% bisacrylamide 
cross-linked with ammonium persulfate (1 3). The elec- 
trode buffer was 0.025 M Tris, 0.195 M glycine in 0.1% 
SDS, pH 8.3. Sample solutions containing 20% sucrose, 
2.5% SDS, 5% /3-mercaptoethanol, 0.0075% bromo- 
phenol blue, and 10-50 pg of protein per 40 PI were 
heated for 2 min at 100°C before applying to the gels. 
Electrophoresis was performed at room temperature in 
the model 220 vertical slab electrophoresis cell (Bio-Rad 
Laboratories, Richmond, CA) at a constant voltage of 
32 V for 17-18 hr. Gels were stained with Coomassie 
blue or were subjected to electrophoretic transfer of 
peptides (Western blotting) (1 4). Aminophenylthioether 
(APT) paper was prepared from Whatman #50 paper 
by reacting the paper with 1,4-butanediol diglycidyl 
ether and 2-aminothiophenol (15). APT paper was di- 
azotized to diazophenylthioether (DPT) paper using 
NaNO,/HCI (1 5). Before transfer, polyacrylamide gels 
were cut longitudinally, one section was stained as above 
and the rest was mounted in a Trans-Blot cell (Bio-Rad 
Laboratories). Electrophoretic transfer was performed 
at 1.6 A for 2 hr at 5OC. Coomassie blue-stainable ma- 
terial was quantitatively transferred by the procedure. 
After transfer, the DPT paper was washed by 
gentle shaking in TEG buffer (0.4 M Tris-(hydroxy- 
methyl)aminomethane, pH 8.8, 40% (v/v) ethanol- 
amine, 1 % (w/v) gelatin) for 2 hr at room temperature, 
rinsed in deionized water, blotted on paper, and placed 
into heat-sealable freezer bags. ‘251-labeled monoclonal 
antibodies were diluted (0.5 ml per lane containing 0.7 
X lo6 cpm) in TENG-T buffer (50 mM Tris(hydro- 
xymethyl)aminomethane, pH 7.4, 4 mM Naz EDTA, 
150 mM NaCI, 0.25% (w/v) gelatin, 0.05% (v/v) Triton 
X-100) containing also nonimmune ascites fluid (lo%, 
v/v), and added to the freezer bags containing the trans- 
ferred proteins. In control incubations an 1251-labeled 
nonrelated monoclonal antibody (antihuman C3 com- 
plement antibody) was used. The DPT papers were 
thoroughly wetted with antibody solution and excess 
solution was squeezed out. Bags were heat-sealed and 
incubated at room temperature for 18 hr. DPT papers 
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were rinsed and washed with TENG-T buffer for 2 hr. 
The papers were then rinsed in deionized water, blot- 
ted, air-dried, and radioautographed at -70°C with 
Dupont Cronex Lightning-Plus XL intensifying screens 
using Kodak X-Omat AR X-ray film. 

Immunoassays 
Monoclonal IgG class antibodies directed against in- 

tact LDL were produced in a mouse spleen-myeloma 
system and purified by affinity chromatography on in- 
solubilized LDL as described (4). The seven antibodies 
under study defined at least five epitopes on LDL- 
apoB (4). They are identified in this text as follows: 
l a  = 457C4D1; l b  = 457C4D6; 2a = 464BlB3; 
2b = 464BlB6; 3 = 465B6C3; 4 = 465C3D1; 
5 = 465D3D5. 

Competition assays were carried out in 96-well mi- 
crotiter plates (Dynatech Laboratories, Inc., Alexan- 
dria, VA) that were precoated overnight at 23°C with 
affinity purified antibody solution (5 pg/ml) using 150 
pl per well. After incubating the wells with 3% BSA- 
PBS (300 p1 per well) for 2-3 hr and emptying the wells, 
increasing amounts of sample protein (pseudodigested 
LDL, proteolytic LDL cores, or proteolytic peptides) in 
130 p1 of BSA-PBS were added together with 100,000 
cpm of lZ5I-LDL (in 20 p1 of BSA-PBS). After incuba- 
tion at 4°C overnight, wells were emptied, washed three 
times with PBS, sliced, and counted in a Packard Au- 
togamma Spectrometer. The results of these competi- 
tive displacement assays were expressed as apparent 
apoB contents in the samples (as % of P-LDL). 

Cell studies 
The cell reactivity of proteolytic LDL cores was as- 

sessed in competitive binding assays at 37°C using cul- 
tured normal human fibroblasts (16, 17). Cells were 
grown in Eagle's minimal essential medium (15% new- 
born calf serum) for 5 days and in 10% lipoprotein- 
deficient serum for 48 hr. At the beginning of the ex- 
periments the dishes received the indicated amounts of 
LDL or proteolytic LDL cores as well as 5 pg/ml lZ5I- 
LDL (sp act - 100 cpm/ng). Incubations in triplicate 
were carried out for 4 hr, after which cell-associated 
counts and lZ5I-LDL degradation were determined. 

The capacity of proteolytic LDL peptide fragments 
to bind to cells was tested in competitive binding assays 
at 4°C using lz5I-LDL and the same cell culture system 
as above. Before the experiment cells and media were 
cooled (30 min, 4°C). The indicated amounts of pep- 
tides or acetylated peptides were added to the culture 
media and 2 hr  later 100,000 cpm of '251-LDL (5 rg/ 
ml) was added. After incubation in triplicate (2 hr, 4OC), 
media were removed and plates were washed three 
times with cold Tris-BSA and twice with cold Tris. Cells 

then were incubated (1 hr, 4°C) with dextran sulfate 
(4 mg/ml) in saline, and aliquots were removed for de- 
termination of dextran sulfate-releasable counts. Fol- 
lowing washing with cold Tris, cells were suspended in 
1 ml of 0.1 M NaOH and aliquots were taken for mea- 
surement of residual bound counts and for protein de- 
termination. 

RESULTS 

Characterization of lipoprotein cores after 
proteolytic digestion of LDL 

Proteolysis with trypsin and staphylococcal protease 
resulted in the loss of -20% of LDL protein from the 
lipoprotein particles during 24 hr of treatment. Each 
enzyme also produced characteristic elution profiles of 
water-soluble cleavage peptides (Fig. 1). In addition, 
SDS polyacrylamide gel electrophoresis (4-1 5 %  gra- 
dient) of the isolated T and SP cores indicated that each 
protease also produced a characteristic pattern of cleav- 
age products (Fig. 2). No additional cleavage peptides 
were found in the Sephadex G-50 column effluent when 
the incubation was carried out for more than 24 hr, and 
no change occurred in the pattern of cleavage products 
on SDS polyacrylamide gels. In order to find out 
whether digestion of apoB subspecies was complete, 
different amounts (5-50 pg per lane) of SP cores were 
electrophoresed together with pseudodigested LDL on 
SDS polyacrylamide (4-1 5% gradient). The results 
showed that all SP core chains detectable by Coomassie 
blue were located below the apparent molecular weight 
range of intact apoB subspecies (Fig. 3A). In 3% SDS 
polyacrylamide gels, comparison with appropriate mo- 
lecular weight markers indicated that the SP core chains 
were of <100,000 molecular weight (not shown). T o  
explore the possibility that minute amounts of protein, 
not detectable by Coomassie blue staining, would be 
present in the apparent molecular weight range of intact 
apoB, a Western blot of an identical gel to that shown 
in Fig. 3A was prepared and incubated with labeled 
antibody 2a; this antibody has been shown to bind to 
intact apoB-100 and B-74 on Western blots (18). On 
the resulting radioautogram (Fig. 3B), no binding of the 
label in the apparent molecular weight range of non- 
digested apoB subspecies was noted. Similar results were 
obtained when the experiments were carried out with 
T cores. Despite the major perturbations of their apo- 
proteins, solutions of T cores and SP cores were opti- 
cally clear, suggesting that they had retained properties 
of intact lipoproteins. Also, the percent chemical com- 
positions of the T cores and SP cores remained similar 
to that of pseudodigested LDL (Table 1). Pronase treat- 
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Fig. 1. Elution  profiles of enzymatic  proteolysis mixtures. Top, tryp 
sin; middle,  staphylococcal  protease: bottom, pronase. After 24 hr of 
incubation, mixtures were gel-filtered on Scphadex G-50 (2.5 X 95 
cm) at 10°C in 1 mM EDTA-0.16 M NaCl and 2.3-ml fractions were 
collected.  Fractions 35-40 containing the proteolysis cores were 
pooled and characterized further. Fractions containing small cleavage 
peptides were  pooled for further analysis as follows. Staphylococcal 
protease-treated peptides: SP-IV. fractions 91-99; SP-V. fractions 
IO1 - I  13. Trypsin-treated peptides: T-IV. fractions 73-77; T-V. frac- 
tions 78-83; 7’-VII. fractions 95-99; T-VIII. fractions 100-107. 

The isolated T cores and SP cores were characterized 
further by zonal ultracentrifugation (Fig. 4). Some het- 
erogeneity of the cores was observed, but the flotation 
properties  of the major peaks (peaks I11 in  Fig. 4) dif- 
fered only to a minor degree from those of pseudodi- 
gested LDL, and remained unchanged relative to the 
‘251-labeled  LDL  used as internal standard. About 65% 
of the protein of T- and SP-LDL was recovered in  peaks 
111; recovery for pseudo-LDL was 98%. The percentage 
chemical composition of the zonal  peaks 111 is given in 
Table 2. Peptide profiles of zonal  LDL cores on SDS 
gel electrophoresis were indistinguishable from those 
shown  in  Fig. 2 for  the  cores isolated by gel permeation 
chromatography (not shown). 

Immunoreactivity of proteolysis cores and cleavage 
peptides with monoclonal anti-LDL antibodies 

Five  monoclonal antibodies designated as antibodies 
1-5 that are directed against at least five nonoverlap 

1 2  3 4  

68K 

44K 

25K 

12K 

ment over 24 hr caused -60% losses of protein from 
LDL and On gel Of the Fig. 4. Twenty-four hour enzymatic  digests  of LDL.  Enzymatic pro- 
tides were small (<44,000). Cleavage peptides also were teolysis and 4-  15% gradient polyacrylamide  gel electrophoresis of the 
small, eluting near the volume of the column ( ~ i ~ .  isolated  proteolysis cores followed by Coomassie  blue staining were 

1). Solutions of pronase cores were turbid, indicative of 3, SP-LDL; 4, T-LDL. Mol Wt markers: 68 K, bovine albumin; 
carried out  as  described under Methods. 1, mol wt markers; 2. P-LDL; 

a disruption of the  structure of the lipoprotein. 44 K. ovalbumin; 25 K. achymotrypsinogcn; 12 K. cytochrome C. 
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Fig. 3. Gradient polyacrylamide gel electrophoresis  of varying quan- 
tities of SP-LDL protein. A, Coomassie blue  staining  of SP  core pep 
tides following 4-1  5% gradient polyacrylamide gel electrophoresis. I ,  
mol  wt markers (see legend to Fig. 2): lanes 2 through 7 received 
increasing amounts of  SP-LDL  as follows: 2. 5 pg; 3. I O  pg; 4. 15 
pg; 5.  20 pg: 6. 30 pg: 7, 50 p g .  Lane 8. P-LDL. B, Radioautogram 
of '"I-labeled antibody 2a bound to electrophoretically transferred 
SP  core peptides. Lanes correspond  to lanes 2-7 in A. Gel electra- 
phoresis was carried ou t  as in A. After  transfer  of the  core protein to 
diazophenylthioether paper, the  paper was incubated with 'P51-labeled 
antibody 2a. and sites of antibody  binding were localized by radioau- 
togmphy. 

ping  antigenic  determinants  on LDL-apoB (4) were used 
in the  immunoblotting analysis. All five antibodies  have 
been shown to react with apoB-I00 when  Western  blots 
of  nondigested  LDL were incubated with labeled anti- 
bodies (18). Three antibodies (la. 2a. and 3) bound  to 
at  least one  core  peptide  on  Western  blots (Fig. 5). An- 
tibodies  4 and 5 did  not  bind to core peptides. T h e  

TABLE I .  Chemical compositions of LDL proteolysis cores 
islolated by gel filtration 

P  PL TG uc CE 

Wtighf Z 

T-LDL 14.6 21.9 4.2 15.0 44.3 
SP-LDL 15.8 22.4 4.6 13.9 43.3 
P-LDL 20.1 20.2 4.7 13.6 41.3 

After 24 hr  of proteolysis, the incubation  mixtures were filtered on 
a 2.5 X 95 cm  Sephadex G 5 0  column (see Fig. 2) and fractions 30- 
45 were pooled for analysis. Abbreviations: T-LDL. SP-LDL. and P- 
LDL indicate  trypsin, staphylococcal protease, and pseudodigested 
LDL, respectively. P. protein: PL. phospholipid: TG, triglyceride: UC. 
unesterified cholesterol: CE. cholesteryl ester. 

l _ t  500 0 

ml 

Fig. 4. Zonal ultracentrifugation  of proteolysiscores. After enzymatic 
proteolysis and gel filtration, fractions 30-45 (Fig. 1) were pooled. 
concentrated, mixed with IO" cpm of '"I-LDL. and subjected to rate 
zonal ultracentrifugation through a  linear density gradient ( I  .OO- I .30 
g/ml NaBr). Rotor effluent was collected in  IO-ml fractions. The ef- 
fluent peaks(with increasingdensity from left to right)  weredesignated 
peaks I .   I I .  and 111. The peak Ill's (effluent fractions 170-220 ml) 
were pooled and used for further analyses. Peaks I and I I  were not 
analyzed further.  T-LDL. trypsin; SP-LDL. staphylococcal protease; 
P-LDL. pseudodigested LDL (incubation in the absence of enzyme 
with subsequent gel filtration on Sephadex). 

overall patterns  of  binding  revealed  that  the  epitopes 
detectable by immunoblotting  could be separated  from 
the  others,  confirming  that  the  epitopes  were distinct. 

T h e  effects of 24 hr  of limited  proteolysis on  the 
expression on epitopes in holo-LDL were  determined 
in competitive  radioimmunoassays on  microtiter plates. 
Representative  displacement  curves  for  24 hrdigested 
T- and SP-LDL cores with antibodies 1 and 4 are shown 
in Fig. 6. Digestion produced  differential effects on  the 
immunoreactivity  of  LDL with each  of  the  antibodies, 
destroying  some  epitopes, leaving some  decreased  and 
others unaffected or even  increased (Table 3). With 

TABLE 2. Chemical compositions of LDL proteolysis cores 
fractionated by zonal ultracentrifugation 

P  PL TG uc CE 

Wtighf % 

T-LDL 18.4 25.1 1.1 14.3 41.2 
SP-LDL 20. I 26.4 2.2  14.0 37.4 
P-LDL 18.6 22.5 1.5 11.1 46.2 

After proteolysis and gel filtration. fractions 30-45 (Fig. 2) were 
p o o l e d .  concentrated,  and subjected to zonal ultracentrifugation (Fig. 
4). Effluent fractions 170-220 ml (Peaks 111) were pooled and ana- 
lyzed. Abbreviations: See Table l .  
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Fig.  5. Radioautogram of  'asl-labeled  monoclonal  antibodies  bound 
to electrophoretically transferred T core  and  SP  core  peptides. Fol- 
lowing 3 .515% gradient polyacrylamide gel electrophoresis of  en- 
zyme-treated LDL cores isolated by Sephadex  column chromatop-  
phy and transfer of  the  core  rotein to diarophenylthioether paper, 
the paper as incubated with "I-labeled monoclonal  anti-LDL anti- 
bodies,  and sites of antibody locali7ation were visualized by radioau- 
tography. Lane 1 ,  mol wt markers: 68 K, bovine serum albumin; 44 
K. ovalbumin; 25 K. athymotrypsinogen; 12 K. cytochrome C: Coorn- 
assie stain. Lane 2 top:  SP-LDL  core (Coomassie stain); Lane 2 bottom: 
T-LDL  core (Coomassie stain). Lane 3: "'I-antibody la; Lane 4: I2'l- 
antibody  2a; Lane 5: "'1-antibody 3; Lane 6: "'I-antihuman C3 com- 
plement  antibody  (control).  Antibody 3 bound to SP-LDL but not to 
T-LDL.  Antibodies 4 and 5 (not  shown)  were  not well visualized on 
several attempts. 

some  exceptions, the  apparent  apoB  contents  of  the 
zonal peaks 111 resembled  those of  the cores  obtained 
from the Sephadex G-50 column  effluents (Table 3). 
Pronase treatment caused the most marked  decreases 
in the  apparent  apoB  content  of LDL. includinga nearly 
total loss of antigenicity  towards five of  the seven an- 
tibodies  tested. Virtually all of the immunoreactivity  of 
the T and  SP cores was retained vis a vis antibody 2, 
which is known to inhibit the binding  of  '2sI-LDL to 
fibroblasts (4). By contrast,  immunoreactivity of LDL 
with antibody 3 was almost totally lost after trypsin 
digestion and with antibody  4  after  treatment with 
staphylococcal protease. The  progressive  destruction  of 
one epitope (antibody 4)  during digestion was moni- 
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tored in a timecourse  experiment in which an LDL 
preparation was treated with staphylococcal protease  for 
increasing  periods  of  time and  the ability of chromato- 
graphically isolated core  LDL to compete with "'I-LDL 
for binding to antibody  4 was tested.  Pseudodigestions 
of LDL were carried out in parallel. After  incubations 
of 3 and 6 hr.  the  apparent  apoB  contents per mass core 
LDL  protein  decreased to 82  and 45%  of  pseudodi- 
gested LDL. respectively. After incubations  of 24 or 30 
hr, the  apparent  apoB  contents were reduced to zero. 

The  immunoreactivities  of  various water-soluble p e p  
tide  fractions also were determined in competitive mi- 
crotiter plate  radioimmunoassays  (examples  of displace- 
ment  curves are shown in Fig. 6 and results  for  those 
cleaved peptides that showed  detectable  competitive 
activity are given in Table 4). Immunoreactivity was 
shown particularly in  assays containing  antibodies la, 
2a. 2b,  and 3. The  maximum apparent apoR content 
was 1% of the  standard LDL-apoR. Note that, in spite 
of the removal  of  peptides with immunoreactivity vs 
antibody  2  from  holo-LDL, the immunoreactivity of the 
LDL  cores with antibody 2 was retained or increased 
(Table 3). 

Interaction of proteolysis cores and peptides with 
cultured human  fibroblasts 

The  competitive ability of the 24-hr  SP  cores vs I Z 5 I -  

LDL for binding to cells was identical with that  of pseu- 
dodigested  LDL,  whereas the competitiveness  of T 
cores was significantly diminished (Fig. 7). The water- 
soluble  cleavage  peptide  fractions  obtained  from the gel 
filtration  column  effluents also were tested in cell assays 
(Table 5). The  material in fractions T-IV and SP-IV 
caused  inhibition  of  binding  of "'1-LDL to cells. Acet- 
ylation, which has been shown to eliminate the ability 
of  LDL to compete with '2sl-LDL  for  binding to fibro- 
blasts ( 1  9). also abolished the inhibiting capacity of ac- 
tive peptides.  Similar  inhibiting activity was present in 
T-V and SP-V peptides; other peptides  had no activity 
(not  shown). 

DISCUSSION 

The  aim of  these studies was to ascertain  whether 
epitopes on holo-LDL  could be selectively perturbed by 
limited proteolysis, and to find out  whether  this process 
could  provide  information  on the  structure  and orga- 
nization of apoR in LDL. Digestion of LDL by staph- 
ylococcal protease  and trypsin yielded LDL  core par- 
ticles which, on separation by gel permeation  chroma- 
tography and zonal ultracentrifugation (Figs. 1 and 4), 
had  protein  and lipid compositions that greatly resem- 
bled control  "pseudodigested"  LDL  (Tables 1 and 2). 
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Fig. 6. Competitive displacement of “sI-labeled LDL by trypsin and staphylococcal protease-treated cores or 
peptides. Microtiter wells were coated with 5 d/ml of monoclonal antibody 1 or 4 overnight at 23”C, rinsed 
with PBS, and blocked with PBSBSA (3 hr, 23OC). Wells then received increasing amounts of unlabeled enzyme- 
treated LDL (T-LDL or SP-LDL), or pseudodigested LDL (P-LDL) isolated by gel permeation chromatography, 
or cleavage peptides (for definition of SP-IV and SP-V fractions, see legend to Fig. 1) as well as a constant 
amount (-100,000 cpm) of ‘251-labeled LDL. After incubation (16 hr, 23OC), wells were rinsed with PBS, 
sliced, and counted in a gamma counter. Note: Dashed line curves relate to abscissas m the top; continuous 
curves relate to abscissas on the bottom of the figure. 

This suggested that the SP and T cores were quite stable 
in structure, in spite of digestion of LDL proteins (Fig. 
2). By contrast, pronase digestion caused more extensive 
digestion of apoB and disruption of particle integrity. 

In the previous communication we suggested that the 
anti-LDL monoclonal antibodies produced in our lab- 
oratory defined at least five distinguishable epitopes on 
holo-LDL (4). Monitoring of digestions over time re- 
vealed that by 24 hr of digestion proteolysis had reached 
its maximum extent. The absence of LDL protein in 

the apparent molecular weight range of nondigested 
apoB (> 100,000) suggests that all particles had been 
digested. Thus, retention of any immunoreactive or 
biologic activity by cores probably was not due to re- 
tention of “native” apoB chains by some LDL particles 
in the digestion mixtures. 

All of the epitopes were altered by proteolysis, and 
trypsin and staphylococcal protease yielded different 
patterns of perturbation in the expression of the epi- 
topes (Fig. 6 and Table 3). Pronase, a nonspecific pro- 

TABLE 3. Effects of limited proteolysis on apparent apoB contents of LDL “cores” 

Apparent ApoB Contents 

Pro-LDL 

Antibodyl Column Zonal Column Zonal Column 

T-LDL SP-LDL 

la 107 98 68 75 0 
l b  95 61 62 46 0 
2a 140 126 115 154 32 
2b 114 92 103 85 34 
3 0 0 42 33 10 
4 18 9 0 0 0 
5 28 42 30 61 8 

The results are means of two assays. Two LDL samples were separately digested and LDL 
cores were isolated on Sephadex and subjected to zonal ultracentrifugation. The apparent 
apoB contents were determined by competition assays on microtiter plates. For each LDL 
preparation, duplicate determinations at 3-5 doses were carried out with coefficients to vari- 
ation of -8%. Data are expressed as percent of protein relative to the pseudodigested LDL 
protein standard. Column fractions represent LDL cores recovered after fractionation on 
Sephadex G50 (see Fig. 2). Zonal fractions represent peaks I11 recovered after zonal ultra- 
centrifugation of LDL cores (see Fig. 4). 

a Identification of antibodies; see Immunoassays under Methods. 
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TABLE 4. Apparent apoB contents of LDL proteolytic cleavage peptide fractions 
separated from "cores" by gel filtration 

Antibodf T V  T VI1 T VI11 SP 1 v  SP v 

la 0 0 0 0.4 0.7 
l b  0 0 0 0 <o. 1 
2a 0 0 0 0.5 0.9 
2b <O. 1 0 <o. 1 0.5 1 .o 
3 0 0 0 0.3 0.9 
4 0 0 0 0 0 
5 0 0 0 <o. 1 0 

Results are expressed as percent of protein relative to LDL protein standard. Du- 
plicate determinations of 2-3 doses were carried out with coefficients of variation of 
-8%. Peptide fractions are identified in the legend to Fig. 2. See also Fig. 6. 

a Identification of antibodies, see Immunoassays under Methods. 

tease, produced a more generalized destruction of LDL 
immunoreactivity. This suggests that epitopes indeed 
were distinctively expressed in holo-LDL and epitopes 

l O O r  

A 1-LDL 
P-LDL 

0 SP-LDL 

J 
J 
W 
0 

were sufficiently close to the surface of the LDL particle 
to be accessible to enzymes, The immunoblotting ex- 
periments (Fig. 5 )  demonstrated that it was possible 
physically to separate some of the epitopes from each 
other. The results of immunoblotting confirm our pre- 
vious findings (4) of the presence of distinct epitopes on 
apoB and lend strength to the conclusions that epitopes 
on holo-LDL are differentially affected by proteolytic 
perturbation of LDL structure. 

We have shown that Fab fragments of antibody 2 
inhibited the binding of 1251-LDL to cultured normal 
human fibroblasts, whereas the other monoclonal an- 
tibodies had no inhibitory effect (4). These results were 
taken to indicate that whereas epitopes 1, 3, 4, and 5 
were not involved in the interaction of apoB with its 
cellular receptor, epitope 2 might overlap or be located 
near the cellular binding cite on apoB (4). The present 
results seem to confirm the dissociation of some epitopes 
from the cellular binding site. Thus, epitope 4 was de- 

l o t  - 
Clg/ml 

50 100 200 

Fig. 7. Binding of '251-labeled LDL to cultured normal human fi- 
broblasts in the presence of T-LDL or SP-LDL. Cells were grown in 
Eagle's minimal essential medium (15% fetal calf serum) for 5 days 
and in 10% lipoprotein-deficient serum for 48 hr. At the start of the 
experiment, 5 pg/ml of '"I-LDL (-100 cpm/ng) and increasing 
amounts of T-LDL, SP-LDL, or P-LDL were added to the culture 
media. At the end of incubations (4 hr at 37"C), cell-associated LDL 
counts were determined. All incubations were carried out in triplicate. 
The displacement curve produced by T-LDL differed significantly 
(two-tailed t test; P < 0.05) from those produced by P-LDL and SP- 
LDL. The assay was repeated once using T-LDL and SP-LDL and 
once using T and SP cores reisolated by zonal ultracentrifugation 
(peak Ill's, see Fig. 4). The results were the same in both instances. 
Similar results were obtained for "'1-LDL degradation (not shown). 

TABLE 5 .  Inhibition of '251-LDL binding to cultured human 
fibroblasts by proteolytic LDL peptides 

'Z51-LDL Bound in the Presence and 
Absence of Inhibitors 

_____ 

Inhibitor Dose T IV SP IV Ac T 1V Ac SP IV 

% o f m t m l  pgglml 

50 56 49 
100 44 40 
200 56 33 102 98 
none 100 100 100 100 

Cultured fibroblasts grown in 10% LPDS for 48 hr before the ex- 
periment were exposed to the indicated peptide inhibitors at 4OC for 
2 hr at the indicated concentrations. Five pg of Iz5I-LDL was added 
and incubation was continued for another 2 hr at 4OC. Dextran sulfate- 
releasable 1251-LDL was then determined. Results are expressed as 
% of control with no inhibitors present; 100% binding was 45 ? 3 ng/ 
mg cell protein. T ,  tryptic; SP, staphylococcal protease; Ac T, ace- 
tylated T peptides; Ac Sp, acetylated SP peptides. For identification 
of fractions T-IV and SP-IV in the gel filtration column effluent, see 
legend to Fig. 2. Determinations for T and SP peptides were carried 
out in duplicate and those for Ac peptides, in triplicate. 
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stroyed by treatment with staphylococcal protease (Ta- 
ble 3) but cell reactivity did not change a t  all (Fig. 7). 
Also, trypsinization destroyed epitope 3 but cell reac- 
tivity, although diminished, was still retained. On the 
other hand, treatment of LDL with staphylococcal pro- 
tease did not diminish its immunoreactivity towards an- 
tibody 2, nor its cellular reactivity. Also trypsinized LDL 
retained its immunoreactivity with antibody 2 but cell 
reactivity was decreased (Fig. 7). T h e  fact that epitope 
2 and cell reactivity were spared to a different degree 
during trypsinization suggests that epitope 2 and the 
cellular binding site are not identical. 

Although SP-LDL and T-LDL retained (or seem- 
ingly somewhat increased) their immunoreactivity with 
antibody 2, partial removal of this epitope must have 
occurred since some cleavage peptide fractions reacted 
with antibody 2 (Table 4). Similarly, despite complete 
retention of cell reactivity by SP cores, some SP peptides 
reacted with fibroblasts (Table 5 )  indicating loss of cel- 
lular binding sites from LDL during digestion. These 
findings of retained immunoreactivity and cell reactivity 
in the face of losses of active peptides are consistent with 
the possibility that epitopes and cellular binding sites 
may occur than once in LDL particles. Provided that 
enzymatic digestion of all particles is uniform and com- 
pletely homogeneous, they constitute evidence for the 
hypothesis that repeating structures occur in apoB. It 
is, however, also possible that cleavage sites are diversely 
exposed in different LDL particles resulting in heter- 
ogeneous digestion. If so, active peptides could be re- 
leased from some particles but retained in others. Ac- 
cordingly, the present results provide supportive but 
not unequivocal evidence for the repeating structure 
hypothesis of apolipoprotein B . I  

Manuscript received 18 October 1982 and in revised form 25 January 1983. 
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