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Abstract Incubation of low density lipoprotein (LDL) with en- 
dothelial cells converts it to a form that is avidly degraded by 
macrophages via the acetyl LDL receptor. This modification has 
previously been shown to be accompanied by extensive break- 
down of the major LDL protein (apoB-100) to smaller peptides. 
ApoB-100 is known to undergo partial degradation during isola- 
tion and purification which is commonly attributed to pro- 
teolytic enzymes derived from plasma or to contaminant 
bacteria. In the present studies addition of any of ten different 
inhibitors of proteolytic enzymes failed to inhibit the endothelial 
cell-induced degradation of LDL apoB-100 or its subsequent en- 
hanced rate of degradation by macrophages (termed biological 
mod$cutzon). Conversely, deliberate digestion of LDL with any of 
five well-characterized proteolytic enzymes degraded apoB-100 
extensively but did not cause biological modification. The disap- 
pearance of intact apoB-100 during incubation with endothelial 
cells paralleled the formation of thiobarbituric acid (TBA)- 
reactive substances and the breakdown could be completely 
prevented by the addition of antioxidants or metal chelators. 
Finally, the incubation of LDL with a free radical-generating 
system (dihydroxyfumaric acid and Fe3’-ADP) in the absence of 
cells resulted in the breakdown of apoB-100. a These results 
suggest that the breakdown of apoB-100 during oxidative 
modification of LDL, whether cell-induced or catalyzed by tran- 
sition metals, is not mediated by proteolytic enzymes but rather 
is linked to oxidative attack on the polypeptide chain, either 
directly or secondary to peroxidation of closely associated LDL 
lipids.-Fong, L. G., S. Parthasarathy, J. L. Witztum, and D. 
Steinberg. Nonenzymatic oxidative cleavage of peptide bonds in 
apoprotein B-100. J. Lipid Res. 1987. 28: 1466- 1477. 
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The atherosclerotic lesion is marked by the presence of 
lipid-laden ‘foam cells’, currently believed to be largely, 
although not exclusively, of monocyte-macrophage origin 
(1 -3). Resident macrophages possess few receptors for 
native LDL and take up  native LDL poorly compared to 
the very high rate at  which they degrade certain chemical- 
ly modified forms of LDL (e.g., acetyl LDL (4) and 
malondialdehyde-conjugated LDL (5)). These modified 
forms of LDL are degraded by way of a receptor termed 
the ‘scavenger receptor’ or acetyl LDL receptor. Recent 

studies have established that LDL incubated under ap- 
propriate conditions with cultured endothelial cells (6, 7), 
smooth muscle cells (7-9), or phagocytes (10-12) is con- 
verted to a modified form that is then toxic to cultured 
cells (7, 10) and which is degraded 3-10 times more rapid- 
ly by macrophages than is native LDL (6, 8, 9, 11). Such 
degradation is inhibited competitively by ligands that 
bind to the scavenger receptor (e.g., acetyl LDL, fucoidin, 
and polyinosinic acid). 

The  cell-mediated modification of LDL has been 
shown to involve lipid peroxidation and to be accom- 
panied by extensive breakdown of LDL phospholipids (13) 
and also of apoB-100 (14). The generation of fragments of 
apoB-100 during the isolation of LDL has been recognized 
for some time (15- 18) and has generally been assumed to 
reflect proteolytic degradation due to contaminant en- 
zymes, intrinsic to plasma, such as kallikrein or thrombin 
(18), or  deriving from bacterial contaminants (15). The 
possibility that oxidative conditions were necessary has 
been suggested (16, 17) but this issue remains unresolved 
and the mechanism remains uncertain. Direct damage to 
the amino acid side chains of proteins has been studied 
extensively (19-31) but until recently oxidation was not 
believed to lead to scission of the polypeptide chain. 
There are now a few examples of limited peptide chain 
breakage associated with protein oxidation (23-31) but 
even some of these could also involve the cooperative ac- 
tion of proteolytic enzymes (24). The present study was 
undertaken to determine whether the extensive degrada- 
tion of apoB that occurs following incubation of LDL with 

Abbreviations: LDL, low density lipoprotein; EC, endothelial cell; 
apoB-100, apoprotein B-100; SDS-PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis; TBA, thiobarbituric acid; MDA, 
malondialdehyde; SBTI, soybean trypsin inhibitor; LBTI, lima bean 
trypsin inhibitor; PMSF, phenylmethylsulfonyl fluoride; PPACK, 
D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone; DHF, dihy- 
droxyfumaric acid; BSA, bovine serum albumin; PBS, phosphate- 
buffered saline. 
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endothelial cells (14) is brought about by a proteolytic en- 
zyme(s) or whether nonenzymatic oxidative damage 
mediates the breakdown. The results strongly support the 
latter conclusion, Le., that apoB breakdown is obligatorily 
linked to oxidation of LDL lipids and probably to direct 
or indirect oxidation of the polypeptide chain as well. 

MATERIALS AND METHODS 

Materials 

Carrier-free Na 1251 was purchased from Amersham 
(Arlington, IL). Ham’s F- 10 medium, Dulbecco’s modi- 
fied Eagle’s (DME) medium, and alpha-minimal essential 
medium (a-MEM) were purchased from Gibco Labora- 
tories (Grand Island, NY). RPMI 1640 medium was from 
the cell culture facility at the University of California, San 
Diego. Fetal bovine serum was supplied by Hyclone 
Laboratories (Logan, UT). Butylated hydroxytoluene 
(BHT) and ferric chloride were purchased from J. T. 
Baker Chemical Co. (Phillipsburg, NJ). The following 
chemicals were from Bio-Rad Laboratories (Richmond, 
CA): acrylamide, N,N-methylene-bis-acrylamide, and 
sodium dodecyl sulfate (SDS). Porcine pancreas elastase, 
D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone 
(PPACK), and benzamidine were purchased from Calbio- 
chem Behring Corp. (La Jolla, CA). Sigma Chemical Co. 
(St. Louis, MO) supplied soybean trypsin inhibitor 
(SBTI), lima bean trypsin inhibitor (LBTI), phenyl- 
methylsulfonyl fluoride (PMSF), aprotinin, bestatin, chy- 
mostatin, elastatinal, leupeptin, diazoacetylnorleucine 
methyl ester, epsilon-amino-n-caproic acid, bacitracin, 
hydrogen peroxide, dihydroxyfumaric acid (DHF), ade- 
nosine diphosphate (ADP), human plasma kallikrein, hu- 
man plasma thrombin, human plasma plasmin, and 
bovine pancreatic trypsin. Bovine serum albumin (BSA) 
was purchased from Boehringer Mannheim Biochemicals 
(Indianapolis, IN) and radioiodinated using lz5I. 

Lipoproteins 

Human LDL (d 1.019-1.063 g/ml) was isolated from 
EDTA-treated plasma by ultracentrifugation (32) and was 
radioiodinated using Na lZ5I as described (33). All lipo- 
protein samples were dialyzed against phosphate-buffered 
saline (PBS) containing 0.01% EDTA. Lipoprotein 
amounts are given as gg of protein. 

Cells 

An established line of endothelial cells from rabbit 
thoracic aorta was a gift from Dr. V. Buonassissi (34). 
These cells were grown in Ham’s F- 10 medium containing 
15% fetal bovine serum in 60-mm plastic culture dishes 
and were used at confluency. Resident peritoneal macro- 
phages were isolated from female Swiss Webster mice 

(25-35 g) by peritoneal lavage with phosphate-buffered 
saline. They were suspended in a-MEM and 10% fetal 
bovine serum and plated at 2 x lo6 cells in a 12-well dish. 
The adherent macrophages were used on the following 
day. 

Oxidative modification of LDL 

Cell-induced modification of LDL was carried out by 
incubation with endothelial cells as described earlier (13). 
Briefly, 1251-labeled LDL (100 pglml) was incubated with 
washed endothelial cells in a volume of 2 ml in Ham’s F- 
10 at 37OC for 24 hr. In other experiments, oxidative 
modification of LDL was achieved in the absence of cells 
by incubating 125I-labeled LDL (100 pglml) in Ham’s F- 10 
for 24 hr in the presence of 5 gM cupric sulfate (13). 

Degradation studies 
Macrophage degradation of ‘Z5I-labeled lipoprotein 

was carried out by incubating washed mouse peritoneal 
macrophages in 1 ml of DME medium containing 10 pg 
of lipoprotein at 37OC for 5 hr, following which the 
trichloroacetic acid-soluble non-iodide radioactivity was 
determined (13). The macrophages were then dissolved in 
0.2 N NaOH for the determination of protein by the 
method of Lowry et al. (35) using BSA as a standard. 

Peroxidation assay 

The extent of peroxidation was determined by measur- 
ing the thiobarbituric acid (TBA)-reactive materials (36) 
at 532 nm. Freshly diluted samples of tetramethoxy- 
propane, which yields malondialdehyde (MDA), were 
used as standard. 

SDS-polyacrylamide gradient gel electrophoresis 
Lipids from iodinated lipoprotein samples were ex- 

tracted using chloroform and methanol by the method of 
Bligh and Dyer (37) prior to analysis. The chloroform and 
aqueous phases were removed without disturbing the pro- 
tein interface. The tubes were centrifuged briefly at 1500 
rpm for 10 min in a Sorvall centrifuge (model RC-3B) 
with a H2000 rotor to densely pack the protein interfaces. 
The protein band was then dissolved in sample buffer 
containing 3% SDS, 10% glycerol, and 5% 2-mercapto- 
ethanol by incubating in boiling water for 3.5 min. Ver- 
tical gel electrophoresis was performed according to the 
method of Laemmli (38) using a 3-14% gradient 
acrylamide gel at a constant current of 7 mA for 14 hr in 
an LKB electrophoresis unit with tap water cooling. The 
gels were fixed in 50% trichloroacetic acid, stained with 
Coomassie Blue R-250, and then subjected to autoradio- 
graphy. Proteins of known molecular weights were used as 
standards (myosin, 205,000; @-galactosidase, 116,000; 
phosphorylase b, 97,400; bovine serum albumin, 66,000; 
egg albumin, 45,000; carbonic anhydrase, 29,000; and 
a-lactalbumin, 14,200). 
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Agarose gel electrophoresis Amino acid analysis 
The electrophoretic mobility of LDL was measured on 

0.7% agarose gels at pH 8.6 in 0.05 M barbital buffer 
(39). 

Enzyme digestion of LDL 

All incubations were carried out at 37OC with 200 pg 
of LDL (1 mg/ml) in the presence of 20 pM butylated 
hydroxytoluene (BHT). Kallikrein digestion of LDL was 
performed by the method of Yamamoto, Ranganathan 
and Kottke (40). Human plasma kallikrein (0.002 units; 
9.5 units/mg of protein) was added to LDL in 10 mM 
Tris-HC1 (pH 7.4) and incubated for 24 hr. A second sam- 
ple of kallikrein (0.002 units) was then added and incuba- 
tion was continued for another 24 hr. Trypsin and plasmin 
digestion of LDL were carried out by the method of 
Coetzee, Gevers, and van der Westhuyzen (41) with slight 
modifications. Bovine plasma trypsin (2.0 pg) or human 
plasma plasmin (20 pg) was added to LDL in 20 mM 
Tris-HC1 (pH 7.6) and incubated with trypsin for 1.0 hr 
or with plasmin for 2.0 hr. Thrombin digestion of LDL 
was accomplished by the method of Cardin et al. (18). 
Human plasma thrombin (2.5 pg) was added to LDL in 
10 mM Tris-HC1 (pH 8.0) and incubated for 20 hr. 
Elastase digestion was carried out by adding 4.0 pg of por- 
cine pancreas elastase to LDL in 20 mM Tris-HC1 (pH 
7.4) and incubating for 1.0 hr. Control samples of LDL 
incubated in the same manner but in the absence of en- 
zymes were always included. Immediately following en- 
zyme digestion, 0.03-ml aliquots (30 pg of LDL protein) 
of each preparation were removed to assess the com- 
pleteness of LDL digestion by SDS-PAGE as described 
above. Lipoprotein-deficient serum was added to the re- 
maining mixture to yield a final concentration of 5 mg/ml 
and this was then dialyzed overnight against DME 
medium at 4OC. 

Hydrogen peroxide treatment of bovine serum 
albumin 

BSA (100 pg/ml) was incubated with 0.18 M H202 in F- 
10 medium (2 ml) at 37OC for 1.0 hr. The solution was 
then dialyzed overnight against F-10 medium at 4OC. 
BSA treated in the same manner but in the absence of 
HZ02 was also included as a control. 

Free radical-induced lipid peroxidation of LDL 
The free radical-generating system described by Mak, 

Kramer, and Weglicki (42) was used. Briefly, '25I-labeled 
LDL (100 pg/ml) was incubated with 0.83 mM dihydroxy- 
fumaric acid (DHF) and Fe3'-ADP (0.025 mM FeC13 
chelated by 0.25 mM ADP) in 0.15 M NaCl buffered with 
10 mM phosphate (pH 7.2) at 37OC for 20 hr. LDL in- 
cubated with either DHF, Fe3*-ADP, or buffer alone were 
included as controls. 

Native LDL or copper-oxidized LDL were delipidated 
by the method of Bligh and Dyer (37). The protein was 
then hydrolyzed at 108OC for 24 hr with constant boiling 
HCI under reduced pressure in sealed tubes. The hydrol- 
yzate was then analyzed on a Spinco model 121 automatic 
amino acid analyzer. 

RESULTS 

Endothelial cell-induced modification 
We recently reported that incubation of LDL with rab- 

bit aortic endothelial cells in Ham's F-10 medium at 37OC 
for 24 hr resulted in the complete loss of intact apoB-100 
and the appearance of many smaller polypeptides (14). As 
noted previously by Tal, Silberstein, and Nusser (43), we 
found that the Coomassie blue staining intensity of the 
product peptides appeared to be less than expected from 
the intensity of the original, unoxidized apoB band. Silver 
staining of the gels also confirmed the complete disap- 
pearance of intact apoB-100. An inability of the apoB to 
enter the resolving gel due to aggregation or loss of low 
molecular weight fragments off the end of the gel have 
now been excluded since more than 90% of the radioac- 
tivity of 1251-labeled LDL applied can be accounted for by 
slicing and counting the gel (Fig. 1). There were no dis- 
crete peaks of radioactivity that might correspond to 
specific fragments of apoB. However, autoradiography 
demonstrated the appearance of a series of lower mole- 
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Fig. 1. Distribution of 1251 radioactivity associated with native and 
EC-modified LDL following SDS-PAGE. Samples (30 pg of protein) of 
1251-radiolabeled control LDL (0) or EC-modified LDL (0) were sub- 
jected to gel electrophoresis. After the gel was fixed, stained, and dried, 
slices of 0.5 cm in length were cut and counted for 'z5I radioactivity. The 
first three sections correspond to the stacking gel. 
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cular weight proteins with molecular weights ranging 
from 14,000 to 200,000 (Fig. 2). All autoradiograms of 
oxidized LDL samples showed a diffuse, dark background 
plus these several broad protein bands. Five such bands 
were generally observed whether the LDL was oxidized in 
the presence of endothelial cells or in the presence of cop- 
per in the absence of cells. It should be noted that these 
fragments did not lose their ability to associate with lipids. 
They were all isolated together with the modified LDL as 
an intact lipoprotein complex on density gradient ultra- 
centrifugation. In the absence of inhibitors of proteolytic 
enzymes, there were additional peptide fragments 
generated either by enzymes associated with the endothe- 
lial cells or adsorbed to LDL. 

The amino acid compositions of the delipidated protein 
from native LDL and from copper ion-oxidized LDL 
were compared (Table 1). The composition of native 
LDL apoB-100 was very similar to that reported by Kane, 
Hardman, and Paulus (44). Oxidation of LDL by copper 
ion resulted in a consistent decrease in histidine (32%), 
lysine (15%), and proline (10%) residues as well as a 
smaller decrease in methionine (6%), while the amount of 
aspartic acid actually increased (6%). These were the only 
amino acids whose percentage contribution changed by 
more than 5% and the differences were statistically sig- 
nificant, except for the change in proline. The decrease in 
the above amino acids of the oxidized LDL protein is con- 
sistent with the reported susceptibility of these amino 
acids to oxidation (45). 

To follow the time course of disappearance of apoB, 
LDL was incubated with endothelial cells for increasing 
periods of time (Fig. 3). Loss of intact apoB-100 was no- 

APO B-100- 

205 K- 

116 K- 
97.4 K- 

66 K- 

45 K- 

29 K- 

14.2 K- 

a b c d  

Fig. 2. Autoradiography of native, no cell control, EC- and Cuz'- 
modified LDL following SDS-PAGE. '*'I-labeIed LDL (100 pg of pro- 
tein/ml) was incubated in the presence or absence of endothelial cells or 
F-10 supplemented with copper (5 pM) in the absence of cells at 37°C 
for 24 hr. Aliquots of the medium (equivalent to 20 pg of LDL protein) 
were analyzed by 3-14% gradient SDS-PAGE. The proteins were de- 
tected by autoradiography. Lane a, unincubated LDL; lane b, LDL in- 
cubated in medium alone; lane c, LDL incubated with EC; lane d, LDL 
incubated with copper-supplemented F-10 in the absence of cells. 

ticeable as early as 2 hr and virtually no intact apoB-100 
could be detected by 4 hr. With the loss of apoB-100, the 
appearance of a variety of Coomassie blue-stained bands 

TABLE 1. Amino acid composition of apoB from native and copper ion-oxidized LDL 

Amino Acid Native LDL Cu-Oxidized LDL 7% Difference 

ASP 10.8 f 0.10 11.4 0.08" + 5.6 

Ser 8.4 f 0.25 8.8 f 0.15 + 4.8 
Glu 12.4 i 0.10 12.7 f 0.11 + 2.4 

Thr 6.7 f 0.11 6.7 i 0.05 0 

Pro 3.9 f 0.23 3.5 f 0.17 - 10.2 
GlY 4.9 f 0.14 4.9 f 0.05 0 
Ala 6.0 + 0.34 6.0 i 0.20 0 

Met 1.7 f 0.02 1.6 i 0.02' - 5.9 

Leu 12.4 f 0.06 12.4 f 0.20 0 

Val 5.2 f 0.26 5.0 i 0.12 - 3.8 

Ileu 5.6 i 0.07 5.8 f 0.06' + 3.6 

TYr 3.8 i 0.14 3.7 f 0.14 - 2.6 
Phe 5.4 f 0.06 5.3 f 0.11 - 1.8 
His 2.5 f 0.05 1.7 i 0.06' - 32.0 
LY s 8.0 f 0.08 6.8 f 0.16" - 15.0 
Arg 3.6 f 0.06 3.7 f 0.02 + 2.8 

Unincubated LDL or LDL incubated in F-10 medium supplemented with copper ion (5 p ~ )  at 37°C for 24 hr 
were delipidated with chloroform and methanol. The amino acid composition of the protein residues was then ana- 
lyzed as described in Materials and Methods. All values are expressed as nmol of amino acid/100 nmol of total 
amino acids. Each value is the mean f SEM of four different determinations done in duplicate. 

",'Indicate the mean values that are significantly different at P < 0.01 and P < 0.05, respectively, from the na- 
tive LDL group using a two-tailed f-test. 
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Fig. 3. Time-dependent loss of LDL apoB-100 following incubation 
with rabbit endothelial cells. Samples (30 pg of LDL protein) of unin- 
cubated LDL or LDL incubated with EC from 2 to 24 hr in F-10 were 
analyzed by SDS-PAGE. Lane a, unincubated LDL; lanes b-h, LDL in- 
cubated with cells for 2, 4, 6, 8, 12, 16, and 24 hr, respectively. 

of lower molecular weights was evident. Several of these 
bands, however, were not derived from the LDL as shown 
by using '25I-labeled LDL and doing autoradiography. 
These smaller polypeptides originate from the endothelial 
cells and are present even when.LDL is omitted from the 
medium. Specifically, the prominent 66K band is exclu- 
sively derived from endothelial cells; this protein was 
never detectable on autoradiograms in experiments using 
1251-labeled LDL (see Fig. 2) and was equally prominent 
in medium incubated with EC in the absence of LDL (data 
not shown). This may also be true for the doublet at 45K. 

The disappearance of intact apoB-100 closely paralleled 
the formation of TBA-reactive materials. The formation 
of TBA-reactive materials (generated as a result of lipid 
andlor protein peroxidation) could be detected as early as 
2 hr, reached a maximun by about 4-8 hr, and then re- 
mained constant up to about 24 hr (Table 2). Of the total 
TBA-reactive materials measured at 24 hr, less than 10% 
was found to be associated with the delipidated protein of 
the EC-modified LDL. However, the apparent maximal 
generation of TBA-reactive material at 4-8 hr must be in- 
terpreted cautiously. The TBA assay is not specific for 
lipid peroxidation products (46) and some of the TBA- 
reactive materials may be lost to assay due to subsequent 
reaction with suitable amino groups on the protein or 
lipid. This could account for the plateauing of the amount 
of assayable malondialdehyde at later time intervals. 
Alternatively, peroxides generated initially may go on to 
yield products with lower yield in the TBA assay. The 
electrophoretic mobility of the EC-incubated LDL showed 
the largest increase during the first 6 hr. The LDL 
migrated as a single discrete band. 

Copper ion-induced modification 
LDL modified in the absence of cells by cupric ions also 

showed an increase in TBA-reactive materials and an 
apparent total loss of intact apoB-100 (Fig. 2, lane d). As 
in the case of EC-modification of LDL, the generation of 
TBA-reactive materials during copper-induced modifica- 
tion of LDL correlated well with the loss of intact apoB- 
100 (data not shown). 

Loss of apoB was also observed when LDL was in- 
cubated in F-10 medium alone (in the absence of cells and 
without copper supplementation; see Fig. 2, lane b). 

TABLE 2. Modification of LDL during incubation with endothelial cells: correlation between appearance of 
TBA-reactive materials and increases in electrophoretic mobility 

Incubation 
Condition 

Thiobarbituric Acid- 
Reactive Material 

Relative 
Electrophoretic 

Mobility 

Unincubated LDL 

LDL incubated with endothelial cells for: 
2 hr 
4 hr 
6 hr 
8 hr 

12 hr 
16 hr 
24 hr 

nmol of MDA/ml 

0.20 

2.97 
5.64 
5.98 
6.16 
6.10 
6.10 
6.04 

1 .o 

1.1 
1.6 
2.0 
2.2 
2.3 
2.4 
2.4 

~ 

'*'I-Labeled LDL (100 pg/ml) was incubated in F-10 medium with rabbit endothelial cells at 37OC for the times 
shown. The generation of TBA-reactive materials in the medium (0.25 ml) and electrophoretic mobility of the LDL 
(1 pg) were measured as described in Materials and Methods. The results are expressed as the amount of malondi- 
aldehyde formed in nmollml and the electrophoretic mobility relative to unincubated LDL. The mean values of 
duplicate samples of a representative experiment are shown. 
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Although the disappearance of apoB was much slower (in- 
tact apoB-100 was still detectable after incubation for 12 
hr), it still paralleled the much slower formation of TBA- 
reactive materials (data not shown). It should be empha- 
sized that the total amount of TBA-reactive materials 
measured after 24 hr under these mildly oxidative condi- 
tions was much lower than the amount generated during 
endothelial cell-induced LDL modification or during 
copper-induced LDL modification. In agreement with 
previous findings (13) this no-cell control LDL was not 
degraded by macrophages more rapidly than native LDL. 
The data suggest that limited peroxidation of LDL can 
result in significant loss of apoB-100 but that a higher level 
of oxidative damage is required before the modified LDL 
is recognized by the scavenger receptor. 

Tests for LDL-associated proteolytic enzymes 
Breakdown of apoB could occur because of the presence 

of proteolytic activity endogenous to LDL as isolated (47) 
and possibly activated under oxidative conditions. In an 
attempt to distinguish this possibility from direct 
peroxidation-linked protein degradation, heat treatment 
to inactivate any associated enzymes was tested. LDL was 
first incubated at 65OC or 7OoC for 11 min. Heating the 
LDL at higher temperatures or for longer periods of time 
irreversibly denatured it. The heated LDL was then in- 

APO 8-100- 

205 K- 

116 K- 
97.4 K - 

66 K- 

45 K- 

29 K- 

14.2 K- 

a b c d e f g  

Fig. 4. Effect of preheating LDL on the breakdown of apoB-100 by en- 
dothelial cells. LDL (4.8 mg/ml) in PBS containing 0.01% EDTA was 
incubated at 65OC or 7OoC for 11 min and then immediately placed on 
ice. LDL incubated at 4OC was included as a control. The LDL prepara- 
tions were then incubated with endothelial cells in F-10 medium and 
samples (30 pg of LDL protein) were removed and analyzed by SDS- 
PAGE. Lane a, molecular weight standards; lanes b, d, and f, unin- 
cubated 4OC-LDL, 65OC-LDL, and 70°C-LDL, respectively; lanes c, 
e, and g, endothelial cell-incubated 4OC-LDL, 65OC-LDL, and 70OC- 
LDL, respectively. 

i 
a b c d e f g h i  

Fig. 5. Inability of LDL to degrade unoxidized or oxidized bovine 
serum albumin. Samples (50 pg of protein) of unlabeled unincubated 
LDL, nosell control LDL, or endothelid cell-incubated LDL were added 
to 16 pg of '2sI-labeled BSA or oxidized BSA (BSA incubated with 0.18 
M H202  at 37OC for 1.0 hr and then dialyzed) and incubated together 
at 37OC for 2.0 hr. AIiquots of the medium (equivalent to 5 pg of BSA 
protein) were then subjected to electrophoresis on a 10% polyacrylamide 
gel. The radiolabeled BSA was then analyzed by autoradiography. Lane 
a, unincubated native BSA; lanes b-e, native BSA incubated in F-10 
medium, or with unincubated LDL, no-cell control incubated LDL, or 
cell-incubated LDL, respectively; lanes, f-i, oxidized BSA incubated in 
F-10 medium, or with unincubated LDL, no-cell control incubated 
LDL, or cell-incubated LDL, respectively. 

cubated with endothelial cells as previously described and 
analyzed for TBA-reactive materials and protein break- 
down. Such heat treatment had no effect on the subse- 
quent formation of TBA-reactive materials during EC- 
modification (data not shown) nor did it significantly 
reduce the breakdown of apoB-100 (Fig. 4). 

The possible presence of proteolytic activity was also 
tested for by using iodinated bovine serum albumin as a 
substrate. 1251-Labeled native BSA (16 pg) was added to 
unlabeled native or EC-modified LDL (50 pg) in 0.70 ml 
of F- 10 media and incubated at 37OC for 2.0 hr. Samples 
of BSA (5 pg) were then subjected to electrophoresis on a 
10% polyacrylamide gel and breakdown products were 
detected by autoradiography. As shown in Fig. 5, the co- 
incubation of native or EC-LDL with BSA did not result 
in any detectable breakdown of the 1251-labeled BSA. No 
breakdown was obtained even when the BSA was first 
oxidized by incubation with 0.18 M H202 at 37OC for 1.0 
hr (Fig. 5) or when native BSA was incubated with LDL 
during the modification of that LDL by endothelial cells 
(data not shown). 

To further test the possibility that a proteolytic en- 
zyme(s) associated with LDL or released from endothelial 
cells might account for the breakdown of apoB, we studied 
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Fig. 6. Effect of the enzyme inhibitors soybean trypsin inhibitor, 
epsilon-amino-n-caproic acid, or phenylmethylsulfonyl fluoride on the 
breakdown of apoB by endothelial cells. Soybean trypsin inhibitor 
(SBTI, 100 pglml), epsilon-amino-n-caproic acid (1 mM), or phenyl- 
methylsulfonyl fluoride (PMSF, 1 mM) were incubated together with 
LDL (100 pglml) and cells in F-10 medium at 37OC throughout the 24- 
hr incubation. Samples of LDL (30 pg of LDL protein) were then ana- 
lyzed by SDS-PAGE. Lane a, molecular weight standards; lane b, 
unincubated LDL; lane c, LDL incubated with EC; lane d, LDL in- 
cubated with EC and SBTI; lane e, LDL incubated with EC and 
epsilon-amino-n-caproic acid; lane f, LDL incubated with EC and 
PMSF. 

the effect of a large number of inhibitors of proteolytic en- 
zymes. The addition of soybean trypsin inhibitor (100 
pglml), epsilon-amino-n-caproic acid (1 mM), or phenyl- 
methylsulfonyl fluoride (1 mM) to the incubation of LDL 
with endothelial cells did not inhibit either the formation 
of TBA-reactive materials or the macrophage degradation 
of the modified LDL (data not shown). Moreover, these 
inhibitors also were unable to prevent the breakdown of 
apoB-100 (Fig. 6). Similar negative results were observed 
during copper-induced modification of LDL (data not 
shown). Additional inhibitors examined are listed in 
Table 3. Lima bean trypsin inhibitor, elastatinal, ben- 
zamidine, aprotinin, chymostatin, bestatin, PPACK, or 
diazoacetylnorleucine methyl ester had variable effects on 
the generation of TBA-reactive materials and on the rate 
of macrophage degradation of the incubated LDL, but 
none of them significantly inhibited the breakdown of 
apoB-100. Leupeptin decreased the macrophage degrada- 
tion of the modified LDL by about 30%. However, it did 
so without affecting the formation of TBA-reactive 
materials or apoprotein breakdown. The observed effect 
was shown to be the result of carry-over of leupeptin to the 
macrophage degradation system. Bacitracin, a known in- 
hibitor of proteolytic activity (48), actually inmused the 
macrophage degradation of the LDL previously in- 
cubated with cells. Again, none of the above enzyme inhi- 
bitors inhibited the degradation of apoB. 

TABLE 3. Lack of effect of proteolytic enzyme inhibitors on the oxidative and biological modification 
of LDL by endothelial cells 

Incubation 
Condition 

Thiobarbituric Acid- Macrophage Intact 
Reactive Materials Deeradation ADoB-100 

LDL incubated with endothelial cells alone: 

LDL incubated with endothelial cells plus: 
Lima bean trypsin inhibitor (100 pglml) 
Elastatinal (20 pglml) 
Benzamidine (2 mM) 
Aprotinin (100 pglml) 
Chymostatin (100 pglml) 
Bestatin (1 mM) 
PPACK (0.1 mM) 
Diazoacetylnorleucine methyl ester (1 mM) 
Leupeptin (1 mM)' 
Bacitracin (1 mglml) 

percent of control 

100 

93 
103 
88 

112 
99 

101 
100 
124 
145 
92 

100 

103 
96 
90 

104 
81 

103 
98 
88 
70 

155 

none 

none 
none 
none 
none 
none 
none 
none 
none 
none 
none 

Lima bean trypsin inhibitor, elastatinal, benzamidine, aprotinin, chymostatin, bestatin, D-phenylalanyl-L-prolyl- 
L-arginine chloromethyl ketone (PPACK), diazoacetylnorleucine methylester, leupeptin, or bacitracin were incubated 
at the concentrations shown with LDL (100 pglml) and endothelial cells in F-10 medium at 37OC for 24 hr. Samples 
of the medium containing LDL were then analyzed for TBA-reactive products and degradation by macrophages 
and the results are expressed as a percent of the control incubation (LDL incubated with EC in the absence of any 
drug). The mean value of duplicate samples of a representative experiment are shown. The values of the control 
incubations (mean f SEM) were 5.04 nmol of MDAlml f 0.51 (7) and 11.68 pg of 1*51-labeled LDLl5 hr per 
mg cell protein * 0.65 (7), respectively. The breakdown of apoB-100 was determined by SDS-PAGE. 

"Leupeptin inhibited the macrophage degradation of EC-modified LDL by 31 %. 
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Effects of purified proteolytic enzymes added to LDL 

It has been reported that limited enzymatic digestion of 
apoB in LDL can in some cases alter its recognition by 
cells (40, 41, 49, 50). To test whether the enhanced 
macrophage degradation of oxidatively modified LDL 
was nonspecifically related to such breakdown of apoB, we 
examined the effects of limited digestion of LDL with a 
number of purified proteases (trypsin, kallikrein, plasmin, 
thrombin, or elastase) on the subsequent degradation of 
such enzyme-treated LDL by macrophages. Incubation 
conditions were chosen to insure that very little or no in- 
tact apoB-100 remained (Fig. 7). The possible contribu- 
tion of peroxidation during the incubation with the 
enzymes was prevented by including 20 p M  BHT in the 
media. As shown in Table 4, none of the enzyme-treated 
LDL preparations were degraded by macrophages any 
more rapidly than their respective controls. 

Linkage between oxidation and apoB breakdown 

We have previously reported that oxidation of LDL is 
very much dependent on the nature of the cell culture 
medium used. Media such as DME or RPMI do not sup- 
port the oxidative modification of LDL, probably due to 
their lower concentrations of metals such as copper and 
iron (13, 51). The requirement of metals to support cell- 
mediated oxidation was also indicated by the complete in- 
hibition of modification by low concentrations of EDTA 
(13). Accordingly, when LDL was incubated in RPMI 
1640 instead of F-10 or in F-10 medium in the presence 
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Fig. 7. Limited digestion of apoB-100 by the enzymes kallikrein, 
plasmin, trypsin, elastase or thrombin. LDL (200 pg) was incubated 
with kallikrein (2 additions of 0.002 units), plasmin (20 pg), trypsin (2.0 
pg), elastase (4.0 pg), or thrombin (2.5 pg) in the presence of 20 pM 
BHT as described in Materials and Methods. LDL incubated in the 
absence of any enzyme were also included. Samples of LDL (30 pg of 
protein) were then analyzed by SDS-PAGE. Lane a, unincubated LDL; 
lane b, LDL incubated with EC; lanes c-g, LDL incubated with the en- 
zymes kallikrein, plasmin, trypsin, elastase, or thrombin, respectively. 

TABLE 4. Rates of macrophage degradation of EC-modified LDL 
and of LDL pretreated with purified proteolytic enzymes 

_ _ _ _ _ _ _ ~ ~  ~ 

Macrophage Degradation 
( p g  '*'l-labeled LDL per 5 hr 

per mg cell protein) LDL Sample 

Unincubated LDL 1.78 
LDL incubated with EC 14.50 

Kallikrein LDL control 3.34 
Kallikrein-treated LDL 2.10 

Plasmin LDL control 2.60 
Plasmin-treated LDL 3.14 

Trypsin LDL control 1.80 
Trypsin-treated LDL 2.66 

Elastase LDL control 3.74 
Elastase-treated LDL 3.32 

Thrombin LDL control 1.22 
Thrombin-treated LDL 1.42 

'251-Labeled LDL (200 pg) was incubated with kallikrein (two addi- 
tions of 0.002 units), trypsin (2.0 pg), plasmin (20 pg), thrombin (2.5 
pg), or elastase (4.0 pg) in Tris-HC1 containing 20 PM BHT at 37OC for 
48, 1, 2, 20, or 1 hr, respectively. Very little or no intact apoB-100 re- 
mained after these treatments (see Fig. 7). LDL incubated under the same 
conditions but in the absence of any enzyme was also included as a con- 
trol. Samples of the enzyme-treated LDL (10 pg) were then incubated 
with macrophages and the amount of trichloroacetic acid-soluble nonio- 
dide radioactivity generated was then measured. The results are expressed 
as the amount of protein degraded in pg after 5 hr per milligram of mac- 
rophage cell protein. Unincubated LDL or LDL incubated with endothelial 
cells for 24 hr were included as controls. The mean values of duplicate 
samples of a representative experiment are shown. 

of an antioxidant (BHT), both the formation of TBA- 
reactive materials (Table 5) and the breakdown of apoB 
(Fig. 8) were prevented, confirming the close linkage be- 
tween oxidation and protein breakdown. The metal chela- 
tor EDTA, which considerably inhibited the formation of 
TBA-reactive materials and the EC -induced biological 
modification of LDL (i.e., macrophage degradation of the 
EC-modified LDL (Table 5)), also prevented the break- 
down of apoB (Fig. 8). Similar results (;.e., inhibition of 
all three processes) were also observed when LDL was in- 
cubated with endothelial cells in DME medium or in F- 10 
medium containing vitamin E (data not shown). 

Several lines of indirect evidence, some of which have 
been described above, make it seem very likely that 
generation of oxygen free radicals accounts for 
EC -modification and copper-induced modification of 
LDL, but this remains an inference. As a direct de- 
monstration that oxygen free radicals can both cause 
apoB degradation and generate the configuration recogn- 
ized by the acetyl LDL receptor, we utilized the Fe3*- 
ADP/di-hydroxyfumaric acid (DHF) system (42). This 
system provides a rich source of superoxide anion, as the 
primary product, with subsequent generation of other 
radicals, including hydroxyl radicals. Incubation of LDL 
with DHF and Fe3'-ADP resulted in the formation of 
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TABLE 5. The effect of antioxidants or media not supporting oxidation on the modification 
of LDL by endothelial cells 

Macrophage 
Thiobarbituric Acid- Degradation 

(pg '*'I-labeled LDL per 5 hr Reactive Materials 
Incubation Condition (nmol MDNml) per mg cell protein) 

Unincubated LDL 

LDL incubated with endothelial cells in: 
F-10 
RPMI 
F-10 PIUS 20 pM BHT 
F-10 plus 1 x lo-' M EDTA 

0.30 

3.25 
0.26 
0.36 
1.02 

1.33 

11.31 
1.06 
0.94 
0.99 

Iz5I-Labeled LDL (100 pg/ml) was incubated with endothelial cells in RPMI 1640 medium or in F-10 medium 
with or without the addition of butylated hydroxytoluene (40 nmol added in 20 pl of ethanol) or EDTA (1 x lo-' 
M) in a 2-ml volume at 37'C for 24 hr. The amount of TBA-reactive materials generated and macrophage degra- 
dation were measured and expressed as described in Materials and Methods. The presence of ethanol during the 
incubation with cells or the addition of BHT or EDTA at the end of the incubation had no effect on the generation 
of TBA-reactive materials or macrophage degradation. The mean values of duplicate samples of a representative 
experiment are shown. 

TBA-reactive materials (Table 6), accompanied by an in- 
creased macrophage degradation of the oxidized LDL. 
ApoB was completely broken down under these condi- 
tions. In the absence of any component of the complete 
oxidation system, there was little or no TBA-reactive 
material generated nor apoB breakdown and the LDL 
incubated under such conditions was not degraded more 
rapidly by macrophages than control incubated LDL. 

necessarily invoking proteolytic enxymes as the cause. In 
the present studies, isolation of LDL in the presence of 
antibiotics and of inhibitors of both kallikrein and throm- 
bin failed to prevent the subsequent breakdown of apoB 
during incubations under the oxidative conditions as 
described above. 

The general pattern of breakdown for different pre- 
parations of LDL was similar and the pattern was similar 
whether the LDL was oxidized by endothelial cells or in 

DISCUSSION 

We have presented several lines of evidence that the 
breakdown of apoB-100 during oxidative modification of 
LDL is not catalyzed by proteolytic enzymes associated 
with the LDL or released by cultured endothelial cells: a)  
none of the inhibitors of proteolytic enzymes had any ef- 
fect; b) heat treatment of LDL had no effect (65-70°C for 
11 min); c) 125I-labeled BSA incubated with native or EC- 
modified LDL underwent no breakdown; d) attempts to 
mimic the pattern of apoB degradation occurring during 
oxidative modification by incubation with purified pro- 
teolytic enzymes were negative; e) apoB degradation oc- 
curred only in media supporting oxidation and was 
inhibited by antioxidants such as BHT or EDTA. The 
breakdown of apoB during the isolation and storage of 
lipoproteins has been frequently noted (15-18) but most 
investigators have presumed that it reflected the presence 
of proteolytic contaminants and have shown that the addi- 
tion of inhibitors of bacterial growth and inhibitors of pro- 
teolysis protects the apoB (15, 18). Indeed, loss of intact 
apoB during LDL preparation undoubtedly occurs at 
times on this basis. The present studies show that under 
appropriate conditions apoB breakdown can occur in 
vitro simply on the basis of oxidative damage, without 
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Fig. 8. Effect of antioxidants or media not supporting oxidation on the 
breakdown of apoB-100 by endothelial cells. LDL was incubated with 
EC in F-10 RPMI 1640 or F-10 with 20 pM BHT or lo-' M EDTA. Ali- 
quots of the media (30 pg of LDL protein) were then analyzed by SDS- 
PAGE. Lane a, unincubated LDL; lane b, LDL incubated with EC in 
F-10; lane c, LDL incubated with EC in RPMI 1640; lane d, LDL in- 
cubated with EC in F-10 and BHT lane e, LDL incubated with EC in 
F-10 medium with EDTA. 
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TABLE 6. Modification of LDL by dihydroxyfumanc acid and Fe3*-ADP 

Macrophage 
Thiobarbituric Acid- Degradation 
Reactive Materials (pg '*'I-labeled LDL per 5 hr Intact ApoB 

Incubation Condition (nmol MDNml) per mg cell protein) Remaining 

Unincubated LDL (F-10) 0.44 1.86 Yes 
LDL incubated with Cu2' (F-10) 8.18 14.74 none 
LDL incubated with: 

Buffer 0.44 2.09 Yes 
Fe3'-ADP 0.80 2.32 Yes 
DHF 1.21 1.41 Yes 
Fe3'-ADP + DHF 8.90 11.48 none 

'251-Labeled LDL (100 pglml) was incubated with dihydroxyfumaric acid (0.83 mM) and FeS'-ADP (0.025 mM 
FeC13/0.25 mM ADP) in 0.15 M NaCl buffered with 10 mM phosphate (pH 7.2) at 37'C for 20 hr. Unincubated 
LDL or LDL incubated with 5 PM Cup in F-10 medium at 37% for 20 hr were included as controls. The genera- 
tion of TBA-reactive materials in the medium (0.25 ml) and the macrophage degradation of the incubated LDL 
(10 pg) were measured as described in Materials and Methods. The results are expressed as the amount of mdondi- 
aldehyde formed in nmol/ml and the amount of trichloroacetic acid-soluble non-iodide radioactivity generated after 
5 hr per mg of cell protein, respectively. The mean values of duplicate samples of a representative experiment are 
shown. The breakdown of apoB-100 was determined by SDS-PAGE. 

the presence of copper ions. These results suggest that cer- 
tain areas in the apoB protein are peculiarly sensitive to 
cleavage, However, the peptide bands tend to be broad 
and incompletely resolved. The reasons for this are not 
clear but may relate to the varying degrees of oxidation 
of amino acid side chains involved. 

The reproducibility of the changes in amino acid com- 
position during oxidative modification of LDL (Table 1) 
indicates that certain residues are uniquely sensitive to 
oxidative damage. Only histidine, lysine, and proline 
showed decreases of more than 10% and there may have 
been a significant but very small decrease in methionine 
(5.9%). There was a small but significant increase in 
aspartic acid content, compatible with the previously 
reported oxidative opening of the histidine-imidazole ring 
to convert it to aspartic acid (52). The specificity of the 
changes in amino acid composition may reside in part in 
the intrinsic susceptibility of different side chains to ox- 
idative damage but may also reflect the relationship be- 
tween the polypeptide chain of apoB and its lipid environ- 
ment. The close association of the hydrophobic regions of 
the protein with fatty acyl chains could provide oppor- 
tunities for nascent lipid peroxide radicals to interact selec- 
lively with adjacent portions of the polypeptide chain. 
Intermediates of lipid peroxidation have been reported to 
react with both protein and DNA, resulting in damage to 
amino acids (45), cross-linking of proteins (53), and 
cleavage of DNA strands (54). 

Oxidative modification of specific amino acid residues 
in enzymes with accompanying loss of enzyme activity 
has been reported (20, 55) and increased proteolytic sus- 
ceptibility subsequent to oxidative modification has also 
been reported (56). More recently, direct peptide bond 
scission by oxygen radicals has been observed. For exam- 

ple, hydroxyl radical (23) and superoxide anion (24) have 
been reported to cleave collagen into smaller fragments. 
Recent studies of Kim, Rhee, and Stadtman (31) have 
suggested the iron-catalyzed oxidative degradation of 
several proteins in the presence of reduced thiols. Samuni, 
Chevion, and Czapski (57), Gutteridge and Wilkins (19), 
and Shinar, Navok, and Chevion (21) have reported the 
site-specific oxidative damage of proteins by hydroxyl 
radicals generated locally at sites of protein-bound copper 
ions. If apoB is able to bind copper ions at specific sites, 
it is possible that this could be the basis for the cleavage 
of the apoB chain. 

Exactly how the configuration recognized by the acetyl 
LDL receptor is generated during oxidative modification 
of LDL remains uncertain. However, studies in this 
laboratory have recently established that the recognition 
site is on the peptide chain (58). It was shown that com- 
pletely delipidated apoB isolated from oxidative modified 
LDL was recognized and taken up by the acetyl LDL 
receptor and competed with radioactive acetyl LDL for 
uptake. However, not every pattern of apoB breakdown 
yields a molecule recognized by this receptor. As shown 
in the present study, for example, there can be a complete 
loss of intact apoB resulting from the action of certain 
proteolytic enzymes, and yet no enhanced macrophage 
degradation of the degraded LDL. Moreover, oxidative 
modification, even when it is sufficient to result in loss of 
much of the intact apoB, does not necessarily lead to en- 
hanced macrophage degradation. This lack of correlation 
suggests that rather specific changes in apoB structure are 
required. These could include addition of lipid peroxide 
intermediates to the peptide chain (59-61) and/or specific 
conformational changes leading to exposure of previously 
buried hydrophobic regions (62). M 
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