
RESEARCH ARTICLE acid residues of these ligands have given 
further insight into the nature of the 
chemical interaction of apo-B100 and 
apo-E with the lipoprotein receptors. 
when either lysine or arginine residues 

Human Apolipoprotein B: Structure of are chemically modified, the binding of 
both apo-B100- and apo-E-containing 

Carboxyl-Terminal Domains, lipoproteins to the ape-B,E(LDL) recep- - 
tor i s  abolished (3); These studies and 

Sites of Gene Expression, and previous work that has helped to define 

Chromosomal Localization 
the region of apo-E responsible for re- 
ceptor binding (2) suggest that the apo-B 
receptor binding domain should be a 
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plasma and the importance of the apo- 
B,E(LDL) receptor pathway in deter- 
mining the concentration of plasma cho- 
lesterol, few details are known about the 
structure or biosynthesis of apo-B. The 
insolubility of apo-B, its tendency to 
aggregate, and its susceptibility to prote- 
ases have impeded progress in determin- 
ing its structure. When the lipids are 

Lipoproteins are the primary carriers apolipoprotein constituent, are the prin- removed, apo-B100 is insoluble in aque- 
of plasma cholesterol and triglycerides cipal cholesterol transporting lipopro- ous buffers, except in the presence of 
and have a specific set of protein constit- teins in human plasma (>60 percent of high concentrations of detergents; even 
uents, including apolipoproteins A-I, A- the plasma cholesterol is present in if it remains soluble, it is probably aggre- 
11, A-IV, B, C-I, C-11, C-111, and E. The LDL). Epidemiological studies have es- gated. The apo-B in LDL or delipidated 
largest of these proteins, apolipoprotein tablished a positive correlation between apo-B is very sensitive to cleavage by 

proteases and to cation-catalyzed oxida- 
tion. Thus, the molecular size of apo- 

Abstract. Apolipoprotein (apo-) B is the ligand responsible for the receptor- BlOO has not been clearly established. A 
mediated catabolism of low density lipoproteins, the principal cholesterol-transport- number of reports have indicated that 
ing lipoproteins in plasma. The primary structure of the carboxyl-terminal30percent apo-B100 is composed of multiple sub- 
(1455 amino acids) of human apo-B (apo-B100) has been deduced from the units of less than 100 kD (4) .  However, 
nucleotide sequence of complementary DNA. Portions of the protein structure that most investigators now agree that apo-B 
may relate to its receptor binding function and lipid binding properties have been is most likely a single, large polypeptide 
i d e n t ~ e d .  The apo-B100 messenger RNA is about 19 kilobases in length. The apo- between 350 kD and 550 kD (1, 2). Be- 
BlOO gene is expressed primarily in liver and, to a lesser extent, in small intestine, cause of the apparent large size and 
but in no other tissues. The gene for apo-B100 is located in thep24 region (near the extreme intractability of apo-B, molecu- 
tip of the short arm) of chromosome 2 .  lar biology techniques are more promis- 

ing than protein chemistry methods for 
solving the problem of the structure of 

(apo-) B, is an obligatory constituent of the amount of LDL cholesterol in the this protein. We now report the nucleo- 
chylomicrons, very low density lipopro- plasma and accelerated coronary artery tide sequence of complementary DNA 
teins (VLDL), and low density lipopro- heart disease (atherosclerosis). Plasma (cDNA) clones encoding the carboxyl- 
teins (LDL). Two antigenically related levels of LDL are controlled by the rate terminal 30 percent of human liver apo-B 
forms of apo-B circulate in plasma as of synthesis of VLDL and by catabolism (apo-B100). 
constituents of these lipoproteins. The of these lipoproteins by the apo- Isolation and nucleotide sequence of 
apo-B100 is synthesized in the liver and B,E(LDL) receptor in the liver (1 ) .  apo-B100 cDNA clones. Because of the 
is essential for the packaging of triglycer- Apolipoprotein BlOO is the protein apparent large size of the apo-B 100 poly- 
ide and cholesteryl ester into VLDL component responsible for the cellular peptide (>350 kD), the poly(A)-primed 
within the cisternae of the endoplasmic recognition and catabolism of LDL via cDNA libraries that we used in our study 
reticulum. The apo-B48 is produced by the LDL receptor pathway. The apo- would not be expected to contain 5' 
the intestine and has a similar structural B,E(LDL) receptor recognizes two apo- messenger RNA (mRNA) sequences 
role in the formation of chylomicrons ( I ,  lipoprotein ligands, apo-B100 and apo-E, coding for the amino-terminus of the 
2 ) .  but not apo-B48 (2). Studies on selective protein. Therefore, we sought to obtain 

Apolipoprotein BlOO is secreted into chemical modification of specific amino protein sequence data from fragments of 
the plasma by the liver in the form of -- 
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apo-B100 near the COOH-terminus of 
the protein so that oligonucleotide 
probes could be constructed and used for 
screening cDNA libraries. Apolipopro- 
tein Bl00 of human plasma LDL was 
digested with thrombin, and the major 
fragments were isolated. Previously, 
Cardin et al. (5) demonstrated that 
thrombin digestion yields four fragments 
of apo-B100. They suggested the order of 
the thrombolytic fragments along the 
length of the apo-B molecule (Fig. I), 
and these fragments have been designat- 
ed TI, T2, T3, and T4. We have con- 
firmed the order of these peptides by 
determining the NH2-terminal sequence 
of apo-B100 and of each of the four 
fragments. 

The most COOH-terminal thromboly- 
tic peptide, designated T2, represents 
approximately 30 percent of the entire 
apo-B structure (Fig. 1). The NH2-termi- 
nus of the T2 peptide yielded a single 
sequence as follows: Ala-Val-Ser-Met- 
Pro-Ser-Phe-Ser-Ile-Leu-Gly-Ser-Asp- 
Val-X-Val-Pro-Ser-Tyr-Thr-Leu-Ile- 
Leu-Pro-Ser-Leu-Glu-Leu-Pro. Residue 
X was tentatively identified as Arg, but 
could not be confirmed in subsequent 
analyses. Therefore, the oligonucleotide 
probe synthesized for use in screening 
the cDNA libraries was based only on 
the first 14 amino acid residues of T2 (6). 

Six of 5000 clones from an adult hu- 
man liver cDNA library (7) hybridized 
with the 32~-labeled oligonucleotide 
probe. Each of the six clones was puri- 
fied, 32~-labeled, and hybridized to dot 
blots of total RNA prepared from tissues 
of an adult female rhesus monkey (8). 
One clone, p61D7, hybridized to an 
mRNA that was abundant in liver and, to 
a lesser extent, in small intestine (Fig. 2, 
left). No hybridization to mRNA of co- 
lon, spleen, pancreas, kidney, lung, pitu- 
itary, heart, or brain could be detected. 
Clone p61D7, containing an insert of 
approximately 1500 base pairs, was also 
used to screen a second adult human 
liver cDNA library prepared from 
mRNA fractionated by density gradient 
centrifugation (>28S) (9). A series of 
overlapping clones was isolated and used 
to determine the size of the putative apo- 
BlOO mRNA. As demonstrated by 
Northern blotting (Fig. 2, right), the 
clones hybridized to a 19-kilobase (kb) 
mRNA in the human hepatoblastoma 
cell line, designated HepG2, and in the 
human proximal small intestine. In addi- 
tion, we examined an autopsy specimen 
of adult human liver, and it also con- 
tained a hybridizable 19-kb mRNA. The 
size of the mRNA was consistent with its 
coding for an extremely large polypep 
tide. Furthermore, the occurrence of the 

apo-B mRNA principally within the liver 
is consistent with the liver being the 
main site of synthesis of apo-B100. 

Overlapping cDNA clones, corre- 
sponding to more than 5 kb of 3' cDNA 

Fig. 1. Thrombolytic pep- 
tides of apo-B100. (Left) The 
relationships among these 
peptides (5). (Right) An SDS f' 
gel of a thrombin digest of 
apo-9100 (A) and purified T2 
(9). Human LDL (3 to 6 mg/ 
ml) in 10 mM tris, 0.3 mM 
EDTA, pH 8.0, were filtered i B 
(0.45-pm pore) and incubated with thrombin 
(enzyme:substrate = 1:100, by weight) for 18 
hours at 23°C. Thrombin was then removed 
by gel filtration chromatography (Sephadex 
G-50. 2.2 by 90 cm) in 0.15M NaCI. 0.3 mM 
EDTA, pH 8.2, at 23°C. The digested LDL 
(ThLDL) from the G-50 column were concen- 
trated by Amicon filtration to 20 ml and 
dialyzed for 18 hours at  4°C against 50 mM 
Na2C03, 50 mM NaCl, 0.3 mM EDTA, pH 
8.6. and filtered (0.45-pm pore). After the 
addition of glutathione (final concentration 
0.05 percent by weight), solid sodium deoxy- 
cholate was added very slowly over a 2- to 3- 
hour period to the ThLDL (final weight ratio 
55: 1). After each small addition, the sodium 
deoxycholate was gently dissolved. The delip- 
idated ThLDL were subjected to gel filtration 
chromatography at 23°C on a Sephadex G-100 
column (2.2 by 60 cm) equilibrated with 10 
mM sodium deoxycholate, 50 mM NaCI, 50 
mM Na2C03, 0.3 mM EDTA, pH 8.6, to 
separate the protein from the lipids. The pro- 
tein fraction was concentrated to about 10 ml 
on Amicon YM30 membranes. A portion rep- 
resenting 5 to 10 percent of the delipidated 
ThLDL was dansylated by adding 15 pI of a 
10 percent dansyl chloride solution (made 
fresh in acetone). Excess reagent was imme- 
diately removed by passing the treated pro- 
tein through a small column of Sephadex G-25 
equilibrated with 2 percent SDS, 0.01M sodi- 
um phosphate, pH 7.0. The effluent contain- 
ing the dansylated protein was detected with 
ultraviolet light. The dansylated ThLDL were 
added to the remainder of the ThLDL and 
dialyzed against 0.1 percent SDS, 2.5 mM 
tris-glycine, pH 8.3. The thrombolytic frag- 
ments of apo-B100 were separated on SDS- 
polyacrylamide gradient (3 to 7 percent) slab 
gels (3.0 mm thick). No more than 5 rng of 
protein could be placed on each gel. When the 
electrophoresis was completed, ultraviolet 
light (long wavelength) was used to visualize 
the dansylated protein bands, which were 
sliced from the gel. The gel slices were then 
subjected to electroelution for 18 hours at 400 
volts. The elution buffer was 0.1 percent SDS, 
2.5 mM tris, 19 mM glycine. The eluted 
thrombolytic fragments were extensively dia- 
lyzed against 5 mM NH,HCO, and 0.1 per- 
cent SDS at 4'C and lyophilized. From four 
preparations of LDL, an average of 82, 56, 
and 6 percent of the total LDL protein was 
recovered in ThLDL, delipidated ThLDL. 
and thrombolytic fragment T?, respectively. 

sequence, were used to determine the 
double-stranded nucleotide sequence of 
the 3' end of the putative apo-B mRNA 
(Fig. 3). The combined nucleotide se- 
quence of these clones revealed one 
open reading frame of 4365 nucleotides, 
encoding 1455 amino acids of the 
COOH-terminus, and a 3' untranslated 
region of more than 260 nucleotides fol- 
lowing the TAA termination codon. The 
nucleotide sequence and derived amino 
acid sequence of the coding portion are 
presented in Fig. 4. 

Amino acid sequence of the COOH- 
terminus of apo-B100. Proof that this 
derived amino acid sequence represents 
the COOH-terminus of apo-B100 was 
obtained by comparing the sequence to 
protein sequence data derived from vari- 
ous fragments of apo-B100. Although the 
nucleotide sequence matched with only 
32 of the 42 bases of the oligonucleotide 
probe used to screen the cDNA library 
(6), the derived amino acid sequence in 
this region corresponded to the 29 NH2- 
terminal residues of thrombolytic frag- 
ment T2 and revealed that the unidenti- 
fied residue X was indeed Arg (Fig. 4, 
residues 169 to 197). The NH2-terminal 
sequences of four T2-derived CNBr pep- 
tides (10) and three apo-B100-derived 
tryptic peptides (11) corresponded to 
predicted amino acid sequences at seven 
points along the sequence (Fig. 4). Fur- 
thermore, the COOH-terminal sequence 
of apo-B 100 as determined by mass spec- 
trometry of a tryptic peptide (12) agreed 
with the derived COOH-terminus (resi- 
dues 1446 to 1455). The cDNA sequence 
also predicted a peptide sequence (resi- 
dues 5 to 29) that matched at 21 of 25 
positions with the peptide R2-5 of apo-B 
previously reported (13). These ten pep- 
tide sequences occur within the same 
open reading frame, thus confirming that 
these cDNA clones represent apo-B100. 

The derived composition of T2 (1287 
amino acids) is as follows: Asp, A s k  
ThrS6 SerlzS Glusl G l m  
Ala* CysS Val79 Metl7 Ilew Leu147 Tyra 
Phe6s Trp13 Lysloo His32 kg3,. The cal- 
culated mass of 146 kD is somewhat 
lower than the 170 kD estimated by 
Cardin et al. (5), but peptide T2 is also 
very likely glycosylated (Fig. 4), and 
therefore the discrepancy may be more 
apparent than real. 

Dot matrix analysis (14) of the amino 
acid sequence did not reveal any signifi- 
cant internally repeated elements. Like- 
wise, analysis of the nucleotide sequence 
revealed no internal repeats. A compari- 
son of the sequence of apo-B100 with 
other published protein sequences (14) 
indicated that there were no particularly 
striking homologies between the COOH- 
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terminus of apo-B and other proteins. Of 
particular note is that no apparent ho- 
mologies to the other apolipoproteins 
were observed. 

Chromosomal localization. Thirty-eight 
human-mouse somatic cell hybrids were 
used to map the apo-B gene to chromo- 
some 2 (Table 1 and Fig. 5b). Further- 
more, in situ hybridization demonstrated 
that apo-B could be localized to the p24 
region of the short arm of chromosome 2 
(Fig. 5a). No other genes relevant to lipid 
metabolism have been localized in this 
region. Other apolipoprotein genes (15) 
have been mapped to chromosome 1 
(apo-A-11), 11 (apo-A-I, A-IV, and C-111) 
and 19 (apo-C-I, C-11, and E). The apo- 
B,E(LDL) receptor gene has also been 
localized to chromosome 19 (16). The 
localization of apo-B to the p24 region of 
chromosome 2 therefore gives no clue as 
to whether there is an evolutionary rela- 
tionship between the apo-B gene and the 
other apolipoprotein genes. 

Implications of apo-B mRNA distribu- 
tion. Apolipoprotein BlOO is a large, 
structural protein important in the bio- 
synthesis of VLDL by the liver. Our 
study demonstrates that apo-B100 is 
very large, with a 19-kb mRNA. Not 
only was apo-B100 mRNA detected in 
human liver, in the HepG2 hepatoma cell 
line, and in rhesus monkey liver, but it 
was also detected in the human and 
monkey small intestine. The most likely 
explanation for this observation is that 
the intestine synthesizes apo-B100 in ad- 
dition to apo-B48. The presence of small 
quantities of apo-B100 mRNA in the 
small intestine is consistent with previ- 
ous observations obtained from studies 
of the perfhsed rat intestine and from the 
analysis of mesenteric lymph lipopro- 
teins, which suggest that a high molecu- 
lar mass form of apo-B (resembling apo- 
B100) may be produced by the intestine 
(1, 17). Nevertheless, it is well estab- 
lished that the principal form of apo-B 
synthesized and secreted by the small 
intestine is the smaller apo-B48 (apo-B 
with a molecular mass that is approxi- 
mately one-half that of apo-B100) (I). 
However, our data do not exclude the 
possibility that apo-BlOO and apo-B48 
may be products of different proteolytic 
processing of the same translation prod- 
uct synthesized from the same mRNA. 
Alternatively, the two forms of apo-B 
could be products of the same gene that 
arise from different mRNA's produced 
by differential splicing. This remains to 
be elucidated. 

Role of apo-B100 as a lipid binding 
protein. We analyzed the amino acid 
sequence of the COOH-terminus of apo- 
B100, taking into consideration the func- 

Fig. 2. 1 
total R? 

lot  blot analysis (8) 
JA from adult fema 

monkey tissues (left) and Nortn- 
em gel analysis of apo-B mRNA 
(right). (Left) (Row A) 1 to 3, 
liver; 4, pancreas; 5 and 6, spleen; 7, small 
intestine; 8 and 9, colon. (Row B) Samples as 
in row A. but treated with NaOH. (Row C) 1. 

more p structure. There are frequent 
predicted crossovers from hydrophobic 
to hydrophilic character; and thus the 
apo-B100 polypeptide may be woven 
into and out of the lipid environment of 
the lipoprotein particle at irregular inter- 
vals and may have numerous lipid an- 
choring sites rather than a single large 
lipid binding domain that is characteris- 
tic of the smaller apolipoproteins. If the 
remainder of the apo-B polypeptide has 
similar features, it would appear that 
apo-B100 has more characteristics com- 
mon to an i n t e d  membrane protein - 

lung; 2, heart; 3, kidney; 4 and 5 ,  pituitary; 6, than to a tmical apolipoprotein. Thus, - - -  
frontal cortex; 7, occipital cortex; 8, cerebel- apo-B serves as a nonexchangeable 
lum; 9. brainstem. (Row D) Samples as in row 
C, but treated with NaOH. Each sample was structural of lipoproteins, 
10 pg of total RNA. (Right) (Lane 1) 5 pg of while other apolipoproteins readily ex- 
total RNA from HepG7; lane 2.20 CLR of total change among the various lipoproteins. 
RNA from human intestine. The size of the Lipid binding of other apo~ipoproteins 
19-kb mRNA was estimated by comparison to 
A Hind 111 fragments. has been ascribed to a-helical segments 

having amphipathic character (20). In - - 
some cases (ape-A-I, apo-A-IV, and 
apo-E) these amphipathic segments oc- 

tional roles of apo-B100 as a structural 
protein in the assembly and secretion of 
hepatic lipoproteins and as the ligand 
responsible for mediating the binding of 
LDL to the apo-B,E(LDL) receptor. 
Predictions of the secondary structure 
with the Chou-Fasman algorithm (18) 
revealed that the COOH-terminus of 
apo-B is highly ordered, with approxi- 
mately 30 a-helical segments encom- 
passing approximately 33 percent of the 
residues and with a similar number of p 
structures representing about 25 percent 
of the residues. Few of these a or p 
structures extend over long distances 
because this sequence appears to have 
numerous p turns. Analysis of the se- 
quence with the Kyte-Doolittle hydro- 
phobicity plot (19) indicates that the 
COOH-terminus of apo-B has, in gener- 
al, more hydrophilic than hydrophobic 
character (Fig. 6). The hydrophilic re- 
gions possess more a than p structure, 
while the hydrophobic regions have 

cur in tandem repetitions of 22 amino 
acids, resulting from tandem repetitions 
of 66 nucleotides in their genes (21). In 
the 1455 amino acids of a ~ o - B  thus far 
sequenced, no such repetitions (or any 
sort of repeated elements) occur. Fur- 
thermore, no typical amphipathic a heli- 
ces are apparent in the apo-B100 se- 
quence thus far analyzed. However, 
there are two potentially interesting hy- 
drophobic regions (residues 135 to 270 
and residues 600 to 770) that are predict- 
ed to have primarily p structures and 
that may be important in lipid binding. 
These same regions are highly enriched 
in proline residues, with more than half 
of all the prolines of this COOH-terminal 
segment occuning in these two hydro- 
phobic regions. A frequent characteristic 
of these two regions is that the prolines 
are preceded by alternating hydrophilic 
and hydrophobic amino acid residues 
such that the hydrophobic side chains 
are on one face of the p sheet and the 

Fig. 3. Restriction E S H P HEP Ba Bg A P H H 
map of cDNA clones 1 1 
revresenting the 3' 
e i d  of the apo-B 
mRNA. E, Eco RI; S, 

I-l61D7 1-1 36F11 

Sst I: H. Hind 111; P. 1 I 61D7lAB1 
Pst I;. ~ a ;  Barn HI; ~ g ,  I I 6 1  D7lAB6 
Bgl 11; A, ACC I.  he 1 1 6 1 ~ 7 1 ~ ~ 7  1-1 28C4 
filled circle denotes 
thepositionofhybrid- -61D71AB14 

H 41D4 

ization of the olieonu- -6lD71AB26 H 17A4 
cleotide probe.- The I I I 

thickened line repre- I I I I I 
0 1200 2400 3600 4634 

sents the sequenced 
regions: coding (solid Length in nucleotides 

bar) and no<coding 
(open bar). The DNA sequence was determined by dideoxy chain termination on both strands 
and across all restriction sites used (28). Subcloning of restriction fragments into MI3 vectors 
and preparation of single-stranded DNA templates was performed as described (29). 
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hydrophilic side chains are on the other. 
These regions could represent amphi- 
pathic p sheets analogous to the amphi- 
pathic a helices seen in other apolipopro- 
teins. Such a structure has been postulat- 
ed to be of potential importance in the 
structure of LDL (22). 

Previously, apo-B has been shown to 
be a glycoprotein (with -8 to 10 percent 
of its mass as carbohydrate) with oligo- 
saccharides of both the high mannose 
and complex type (23). The role of apo-B 
glycosylation in the structure and func- 
tion of this protein remains to be deter- 
mined. However, the COOH-terminal 
region of apo-B100 has eight potential N- 
glycosylation sites (Asn-X-SerIThr), as 

indicated in Fig. 4. Interestingly, most of 
these sites occur near points where the 
protein is predicted to cross over from 
hydrophobic to hydrophilic character 
and, thus, could be at the surface of the 
particle at the lipid-water interface. Al- 
though only N-glycosylation, and not 0- 
glycosylation, has been demonstrated 
for apo-B 100, the hydroxy amino acids 
serine and threonine are especially abun- 
dant in the region of residues 230 to 430 
(representing -30 percent of all amino 
acids in this region). 

Role of apo-B100 as a receptor binding 
protein. In addition to the structural role 
of apo-B100, this apolipoprotein serves 
as the ligand mediating the binding of 

LDL to the apo-B,E(LDL) receptor. Be- 
cause of the similarities between the 
interaction of apo-B100 and apo-E with 
the apo-B,E(LDL) receptor (2), it is rea- 
sonable to consider that the receptor 
binding domains of the two ligands might 
be similar. Studies of apo-E (2) have 
clearly established that the region re- 
sponsible for its direct interaction with 
the receptor is in the vicinity of residues 
140 to 150 of the apo-E molecule, a 
region enriched in basic amino acids 
(Fig. 7). 

Inspection of the amino acid sequence 
of the COOH-terminal region of apo- 
BlOO reveals a potentially important se- 
quence that has a structure similar to 

A ~ C  ATT ATG GAG 
Asn I l e  Met G l u  

GAT TTC TCT CTA 
Asp Phe Ser Leu  

CCT TTG GCT GTG 
P r o  Leu  A1 a Val  

AAG TTT GAT M G  
Lys  Phe Asp Lys  

20 
GCC CAT GTA GGA ATA AAT GGA GAA GCA AAT CTG GAT TTC TTA AAC ATT CCT TTA ACA ATT CCT G M  ATG CGT CTA CCT TAC ACA ATA ATC ACA ACT 
A l a  H i s  Val  G l y  I l e  Asn G l y  G l u  A l a  Asn Leu  Asp Phe Leu Asn I l e  P r o  Leu  Thr  I l e  P r o  G l u  Met Arg  Leu  P r o  T y r  Thr  I l e  I l e  Thr  Thr ...................................................... 

60 
TGG GAA AAA ACA GGC TTG PAG GAA TTC TTG M A  ACG ACA AAG CAA TCA TTT GAT TTA AGT GTA M A  GCT CAG TAT AAG AAA h c  AAA CAC AGG CAT 
T r p  G l u  Lys  Thr  G l y  Leu Lys  G l u  Phe Leu  Lys  Thr  Thr  Lys  G l n  Ser Phe Asp Leu  Ser Val  Lys  A l a  G l n  T y r  Lys  Lys  Asn Lys  H i s  Arg  H i s  

100 
CTT TGT GAG TTT ATC AGT CAG AGC ATC AP.4 TCC TTT GAC AGG CAT TTT GAA AAA AAC AGA M C  AAT GCA TTA GAT TTT GTC ACC M A  TCC TAT M T  
Leu  Cys G l u  Phe I l e  Ser G l n  Ser I l e  Lys  Ser Phe Asp A r g  H i s  Phe G l u  Lys  Asn Arg  Asn Asn A l a  Leu  Asp Phe Val Thr  Lys  Ser T y r  Asn 

a - 
140 

TAC AAA GCT GAA AAA TCT CAC GAC GAG CTC CCC AGG ACC TTT CAA ATT CCT GGA TAC ACT GTT CCA GTT GTC M T  GTT GAA GTG TCT CCA TTC ACC 
T y r  Lys  A l a  G l u  Lys  Ser H i s  Asp G l u  Leu  P r o  A r g  Thr  Phe G l n  I l e  P r o  G l y  T y r  Thr  Val P r o  Val  Val  Asn Val G l u  Val  Ser P r o  Phe Thr 

40 
CCT CCA CTG AAA 
P r o  P r o  Leu Lys  

80  
TCC ATC ACA AAT 
Ser I l e  Thr  Asn 

120 
GAA ACA AAA ATT 
G l u  Thr  L y s  I l e  

160  
ATA GAG ATG TCG 
I l e  G l u  Met Ser  

180 200 
GCA TTC GGC TAT GTG TTC CCA AAA GCA GTC AGC ATG CCT AGT TTC TCC ATC CTA GGT TCT GAC GTC CGT GTG CCT TCA TAC ACA TTA ATC CTG CCA TCA TTA GAG CTG CCA GTC CTT CAT 
A l a  Phe G l y  T y r  Val  Phe P r o  Lys  A l a  Val Ser Met P r o  Ser Phe Ser I l e  Leu  G l y  Ser Asp Val A r g  Val P r o  Ser T y r  Thr  Leu I l e  Leu  P r o  Ser Leu G l u  Leu  P r o  Val Leu H i s  

A - 
7' 220 240 

GTC CCT AGA M T  CTC M G  CTT TCT CTT CCA CAT TTC AAG G M  TTG TGT ACC ATA AGC CAT ATT TTT ATT CCT GCC ATG GGC M T  ATT ACC TAT GAT TTC TCC TTT AAA TCA AGT GTC ATC 
Val P r o  Arg  Asn Leu Lys  Leu  Ser Leu P r o  H i s  Phe Lys  G l u  Leu Cys Thr  I l e  Ser H i s  I l e  Phe I l e  P r o  A l a  Met G l y  Asn I l e  Thr  T y r  Asp Phe Ser Phe Lys  Ser Ser Val I l e  -- - 

260 280 
ACA CTG M T  ACC M T  GCT GAA CTT TTT M C  CAG TCA GAT ATT GTT GCT CAT CTC CTT TCT TCA TCT TCA TCT GTC ATT GAT GCA CTG CAG TAC M A  TTA GAG GGC ACC ACA AGA TTG ACA 
Thr  Leu  Asn Thr Asn A l a  G l u  Leu  Phe Asn G l n  Ser Asp I l e  Val A l a  H i s  Leu Leu Ser Ser Ser Ser Ser Val I l e  Asp A l a  Leu G l n  T y r  Lys  Leu G l u  G l y  Thr  Thr  Arg  Leu  T h r  - - - -- 

300 320  
AGA AAA AGG GGA TTG AAG TTA GCC ACA GCT CTG TCT CTG AGC AAC AAA TTT GTG GAG GGT AGT CAT AAC AGT ACT GTG AGC TTA ACC ACG AAA AAT ATG GAA GTG TCA GTG GCA M A  ACC 
A r g  Lys  A r g  G l y  Leu Lys  Leu  A l a  Thr  A l a  Leu Ser  Leu Ser Asn Lys  Phe Val G l u  G l y  Ser H i s  Asn Ser Thr  Val  Ser Leu  Thr  T h r  Lys  Asn Met G l u  Val  Ser Val  A l a  Lys  Thr  

340 360 
ACA M A  GCC GAA ATT CCA ATT TTG AGA ATG AAT TTC AAG CAA GAA CTT AAT GGA AAT ACC AAG TCA M A  CCT ACT GTC TCT TCC TCC ATG GAA TTT AAG TAT GAT TTC M T  TCT TCA ATG 
T h r  Lys  A l a  G l u  I l e  P r o  I l e  Leu  A r g  Met Asn Phe Lys  G l n  G l u  Leu  Asn G l y  Asn Thr Lys  Ser  Lys  P r o  Thr  Val  Ser Ser Ser Met G l u  Phe Lys  T y r  Asp Phe Asn Ser Ser Met 

380 400  
CTG TAC TCT ACC GCT AAA GGA GCA GTT GAC CAC AAG CTT AGC TTG GAA AGC CTC ACC TCT TAC TTT TCC ATT GAG TCA TCT ACC A44 GGA GAT GTC AAG GGT TCG GTT CTT TCT CGG GAA 
Leu T y r  Ser Thr  A l a  Lys  G l y  A l a  Val  Asp H i s  Lys  Leu Ser Leu  G l u  Ser Leu  Thr  Ser T y r  Phe Ser I l e  G l u  Ser Ser T h r  Lys  G l y  Asp Val Lys  G l y  Ser Val  Leu  Ser A r g  G l u  

420 440 
TAT TCA GGA ACT ATT GCT AGT GAG GCC AAC ACT TAC TTG M T  TCC AAG AGC ACA CGG TCT TCA GTG M G  CTG CAG GGC ACT TCC M A  ATT GAT GAT ATC TGG AAC CTT GAA GTA AAA GAA 
T y r  Ser G l y  Thr  I l e  A l a  Ser G l u  A l a  Asn T h r  T y r  Leu  Asn Ser Lys  Ser Thr  A r g  Ser Ser Val L y s  Leu  G l n  G l y  T h r  Ser Lys  I l e  Asp Asp I l e  T r p  Asn Leu G l u  Val Lys  G l u  

460 480 
AAT TTT GCT GGA GAA GCC ACA CTC CAA CGC ATA TAT TCC CTC TGG GAG CAC AGT ACG M A  M C  CAC TTA CAG CTA GAG GGC CTC TTT TTC ACC AAC GGA GAA CAT ACA AGC M A  GCC ACC 
Asn Phe A l a  G l y  G l u  A l a  T h r  Leu G l n  A r g  I l e  T y r  Ser Leu  T r p  G l u  H i s  Ser T h r  Lys  Asn H i s  Leu G l n  Leu G l u  G l y  Leu  Phe Phe Thr  Asn G l y  G l u  H i s  Thr  Ser Lys  A l a  Thr  

500 520  
CTG GAA CTC TCT CCA TGG CAA ATG TCA GCT CTT GTT CAG GTC CAT GCA AGT CAG CCC AGT TCC TTC CAT GAT TTC CCT GAC CTT GGC CAG GAA GTG GCC CTG M T  GCT AAC ACT AAG AAC 
Leu  G l u  Leu Ser P r o  T r p  G l n  Met Ser A l a  Leu  Val  G l n  Val  H i s  A l a  Ser G l n  P r o  Ser Ser Phe H i s  Asp Phe P r o  Asp Leu G l y  G l n  G l u  Val  A l a  Leu Asn A l a  Asn T h r  Lys  Asn - - 

540 560 
CAG AAG ATC AGA TGG M A  M T  GAA GTC CGG ATT CAT TCT GGG TCT TTC CAG AGC CAG GTC GAG CTT TCC M T  GAC CAA GAA M G  GCA CAC CTT GAC ATT GCA GGA TCC TTA GAA GGA CAC 
G l n  L y s  I l e  A r g  T r p  Lys  Asn G l u  Val  A r g  I l e  H i s  Ser G l y  Ser Phe G l n  Ser G l n  Val G l u  Leu Ser Asn Asp G l n  G l u  Lys  A l a  H i s  Leu  Asp I l e  A l a  G l y  Ser Leu  G l u  G l y  H i s  

580 6 0 0  
CTA AGG TTC CTC M A  M T  ATC ATC CTA CCA GTC TAT GAC M G  AGC TTA TGG GAT TTC CTA AAG CTG GAT GTA ACC ACC AGC ATT GGT AGG AGA CAG CAT CTT CGT GTT TCA ACT GCC TTT 
Leu  A r g  Phe Leu  L y s  Asn I l e  I l e  Leu  P r o  Val  T y r  Asp Lys  Ser Leu  T r p  Asp Phe Leu  Lys  Leu  Asp Val Thr Thr  Ser I l e  G l y  A r g  A r g  G l n  H i s  Leu Arg  Val  Ser T h r  A l a  Phe 

620 640  
GTG TAC ACC AAA AAC CCC AAT GGC TAT TCA TTC TCC ATC CCT GTA AAA GTT TTG GCT GAT AAA TTC ATT ACT CCT GGG CTG AAA CTA M T  GAT CTA M T  TCA GTT CTT GTC ATG CCT ACG 
Val T y r  Thr  L y s  Asn P r o  Asn G l y  T y r  Ser Phe Ser I l e  P r o  Val  Lys  Val Leu A l a  Asp Lys  Phe I l e  Thr P r o  G l y  Leu Lys  Leu Asn Asp Leu  Asn Ser Val  Leu Val  Met 

660 680 
TTC CAT GTC CCA TTT ACA GAT CTT CAG GTT CCA TCG TGC AAA CTT GAC TTC AGA GAA ATA CAA ATC TAT AAG AAG CTG AGA ACT TCA TCA TTT GCC CTC AAC CTA CCA ACA CTC CCC GAG 
Phe H i s  Val  P r o  Phe Thr  Asp L e u  G l n  Va l  P r o  Ser  Cys Lys  Leu  Asp Phe Arg  G l u  I l e  G l n  I l e  T y r  L y s  Lys  Leu  A r g  Thr  Ser Ser Phe A l a  Leu Asn Leu P r o  T h r  Leu  P r o  G l u  - - - 

700 720 
GTA AAA TTC CCT GAA GTT GAT GTG TTA ACA AAA TAT TCT CAA CCA G M  GAC TCC TTG ATT CCC TTT TTT GAG ATA ACC GTG CCT GAA TCT CAG TTA ACT GTG TCC CGA TTC ACG CTT CCA 
Val Lys  Phe P r o  G l u  Val  Asp Val  Leu  Thr  L y s  T y r  Ser G l n  P r o  G l u  Asp Ser Leu  I l e  P r o  Phe Phe G l u  I l e  Thr Val  P r o  G l u  Ser G l n  Leu Thr  Va l  Ser A r g  Phe T h r  Leu  P r o  

740 760 
AAA AGT GTT TCA GAT GGC ATT GCT GCT TTG GAT CTA M T  GCA GTA GCC M C  M G  ATC GCA GAC TTT GAG TTG CCC ACC ATC ATC GTG CCT GAG CAG ACC ATT GAG ATT CCC TCC ATT AAG 
~ y s  Ser Val  Ser Asp G l y  I l e  A l a  A l a  Leu  Asp Leu  Asn A l a  Val  A l a  Asn Lys  I l e  A l a  Asp Phe G l u  Leu  P r o  Thr  I l e  I l e  Val  P r o  G l u  G l n  Thr  I l e  G l u  I l e  P r o  Ser I l e  L y s  

780 8 0 0  
TTC TCT GTA CCT GCT GGA ATT GTC ATT CCT TCC TTT CAA GCA CTG ACT GCA CGC TTT GAG GTA GAC TCT CCC GTG TAT M T  GCC ACT TGG AGT GCC AGT TTG AAA AAC M A  GCA GAT TAT 
Phe Ser Val  P r o  A l a  G l y  I l e  Va l  I l e  P r o  Ser Phe G l n  A l a  Leu T h r  A l a  A r g  Phe G l u  Val  Asp Ser P r o  Val  T y r  Asn A l a  Thr  T r p  Ser A l a  Ser Leu Lys  Asn Lys  A l a  Asp T y r  ------ 
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that proposed for the receptor binding we find it noteworthy that normal bind- acids 278,281, and 282 in the comparable 
domain of apo-E. This region (residues ing is disrupted by genetic variants of region of apo-B100. The structure of the 
276 to 286) of possible importance is apo-E in which neutral amino acid sub- apo-B,E(LDL) receptor has now been 
compared to the apo-E binding domain stitutions for arginine or lysine occur at determined, and a postulated ligand 
in Fig. 7. In comparing this structure residues 142, 145, and 146 (2). These binding domain has been shown to be 
with that of the apo-E binding domain, residues in apo-E correspond to amino enriched in acidic amino acids (24). The 

Table 1. Distribution of apo-B with human chromosomes in human-mouse cell hybrids. 

Chromosome number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X 
Concordant hybrids (+I+)* 12 18 16 12 14 14 15 14 6 17 15 14 12 15 15 8 16 16 11 11 15 10 15 

(No.) ( I - )  18 20 8 15 13 17 11 10 18 10 12 11 12 6 12 14 5 11 15 10 5 11 9 
Discordanthybrids ( I - )  6 0 2 6 4 4 3 4 12 1 3 4 6 3 3 10 2 2 7 7 3 8 3 

(No.) ( I )  2 0 12 5 7 3 9 10 2 10 8 9 8 14 8 6 15 9 5 10 15 9 11 
Discordancy (%) 21 0 37 29 29 18 32 37 37 29 29 34 37 45 29 42 45 29 32 45 47 45 37 

*The first symbol within the parentheses indicates those hybrids that were either positive (+) or negative (-) for apo-B; the second symbol within the parentheses 
indicates those hybrids that either contained (+) or lacked (-) the particular chromosome. 

820 840 
GTT GAA ACA GTC CTG GAT TCC ACA TGC AGC TCA ACC GTA CAG n c  CTA GAA TAT GAA cm AAT GTT TTG GGA ACA CAC AAA ATC GAA GAT GGT ACG TTA GCC TCT AAG ACT AAA GGA ACA 
Val Glu Thr Val Leu Asp Ser Thr Cys Ser Ser Thr Val Gln Phe Leu Glu Tyr Glu Leu Asn Val Leu Gly Thr His  Lys I l e  Glu Asp Gly Thr Leu Ala Ser Lys Thr Lys Gly Thr 

860 880 
CTT GCA CAC CGT GAC TTC AGT GCA GAA TAT GAA GAA GAT GGC AAA TTT GAA GGA CTT CAG GAA TGG GAA GGA AAA GCG CAC CTC AAT ATC AAA AGC CCA GCG TTC ACC GAT CTC CAT CTG 
Leu Ala His Arg Asp Phe Ser Ala Glu Tyr Glu Glu Asp Gly Lys Phe Glu Gly Leu Gln Glu Trp Glu Gly Lys Ala His Leu Asn I l e  Lys Ser Pro Ala Phe Thr Asp Leu His Leu 

900 920 
CGC TAC CAG AAA GAC M G  AAA GGC ATC TCC ACC TCA GCA GCC TCC CCA GCC GTA GGC ACC GTG GGC ATG GAT ATG GAT GAA GAT GAC GAC TTT TCT AAA TGG AAC TTC TAC TAC AGC CCT 
Arg Tyr Gln Lys Asp Lys Lys Gly I l e  Ser Thr Ser Ala Ala Ser Pro Ala Val Gly Thr Val Gly Met Asp Met Asp Glu Asp Asp Asp Phe Ser Lys Trp Asn Phe Tyr Tyr Ser Pro 

940 960 
CAG TCC TCT CCA GAT AAA AAA CTC ACC ATA TTC AAA ACT GAG TTG AGG GTC CGG GAA TCT GAT GAG GAA ACT CAG ATC AAA GTT AAT TGG GAA GAA GAG GCA GCT TCT GGC TTG CTA ACC 
Gln Ser Ser Pro Asp Lys Lys Leu Thr I l e  Phe Lys Thr Glu Leu Arg Val Arg Glu Ser Asp Glu Glu Thr Gln I l e  Lys Val Asn Trp Glu Glu Glu Ala Ala Ser Gly Leu Leu Thr 

980 1000 
TCT CTG AAA GAC AAC GTG CCC AAG GCC ACA GGG GTC CTT TAT GAT TAT GTC AAC AAG TAC CAC TGG GAA CAC ACA GGG CTC ACC CTG AGA GAA GTG TCT TCA AAG CTG AGA AGA AAT CTG 
Ser Leu Lys Asp Asn Val Pro Lys Ala Thr Gly Val Leu Tyr Asp Tyr Val Asn Lys Tyr His  Trp Glu His Thr Gly Leu Thr Leu Arg Glu Val Ser Ser Lys Leu Arg Arg Asn Leu 

1020 1040 
CAG M C  AAT GCT GAG TGG GTT TAT CAA GGG GCC ATT AGG CAA ATT GAT GAT ATC GAC GTG AGG TTC CAG AAA GCA GCC AGT GGC ACC ACT GGG ACC TAC CAA GAG TGG M G  GAC AAG GCC 
Gln Asn Asn Ala Glu Trp Val Tyr Gln Gly Ala I l e  Arg Gln I l e  Asp Asp I l e  Asp Val Arg Phe Gln Lys Ala Ala Ser Gly Thr Thr Gly Thr Tyr Gln Glu Trp Lys Asp Lys Ala 

1060 1080 
CAG AAT CTG TAC CAG GAA CTG TTG ACT CAG GAA GGC CAA GCC AGT TTC CAG GGA CTC M G  GAT PAC GTG TTT GAT GGC TTG GTA CGA GTT ACT CAA M A  TTC CAT ATG M A  GTC AAG CAT 
Gln Asn Leu Tyr Gln Glu Leu Leu Thr Gln Glu Gly Gln Ala Ser Phe Gln Gly Leu Lys Asp Asn Val Phe Asp Gly Leu Val Arg Val Thr Gln Lys Phe His Met Lys Val Lys His  

1100 1120 
CTG ATT GAC TCA CTC ATT GAT TTT CTG AAC TTC CCC AGA TTC CAG TTT CCG GGG AM CCT GGG ATA TAC ACT AGG GAG GAA CTT TGC ACT ATG TTC ATA AGG GAG GTA GGG ACG GTA CTG 
Leu I l e  Asp Ser Leu I l e  Asp Phe Leu Asn Phe Pro Arg Phe Gln Phe Pro Gly Lys Pro Gly I l e  Tyr Thr Arg Glu Glu Leu Cys Thr kt Phe I l e  Arg Glu Val Gly Thr Val Leu 

1140 1160 
TCC CAG GTA TAT TCG M A  GTC CAT AAT GGT TCA GAA ATA CTG TTT TCC TAT TTC CAA GAC CTA GTG ATT ACA CTT CCT TTC GAG TTA AGG AM CAT AAA CTA ATA GAT GTA ATC TCG ATG 
Ser Gln Val Tyr Ser Lys Val His Asn Gly Ser Glu I l e  Leu Phe Ser Tyr Phe Gln Asp Leu Val I l e  Thr Leu Pro Phe Glu Leu Arg Lys His Lys Leu I l e  Asp Val I l e  Ser Met 

a - 
1180 1200 

TAT AGG GAA CTG TTG AAA GAT TTA TCA AAA GAA GCC CAA GAG GTA TTT AAA GCC ATT CAG TCT CTC AAG ACC ACA GAG GTG CTA CGT AAT CTT CAG GAC CTT TTA CAA TTC ATT TTC CAA 
Tyr Arg Glu Leu Leu Lys Asp Leu Ser Lys Glu Ala Gln Glu Val Phe Lys Ala I l e  Gln Ser Leu Lys Thr Thr Glu Val Leu Arg Asn Leu Gln Asp Leu Leu Gln Phe I l e  Phe Gln -- - 

1220 1240 
CTA ATA GAA GAT AAC ATT AAA CAG CTG AP.4 GAG ATG AAA TTT ACT TAT CTT ATT AAT TAT ATC CAA GAT GAG ATC PAC ACA ATC TTC AAT GAT TAT ATC CCA TAT GTT TTT AAA TTG TTG 
Leu I l e  Glu Asp Asn I l e  Lys Gln Leu Lys Glu Met Lys Phe Thr Tyr Leu I l e  Asn Tyr I l e  Gln Asp Glu I l e  Asn Thr I l e  Phe Asn Asp Tyr I l e  Pro Tyr Val Phe Lys Leu Leu 

1260 1280 
AAA GAA AAC CTA TGC CTT PAT CTT CAT AAG TTC AAT GAA TTT ATT CAA AAC GAG CTT CAG GAA GCT TCT CAA GAG TTA CAG CAG ATC CAT CAA TAC ATT ATG GCC CTT CGT GAA GAA TAT 
Lys Glu Asn Leu Cys Leu Asn Leu His Lys Phe Asn Glu Phe I l e  Gln Asn Glu Leu Gln Glu Ala Ser Gln Glu Leu Gln Gln I l e  H is  Gln Tyr I l e  Met Ala Leu Arg Glu Glu Tyr --- 

1300 1320 
TTT GAT CCA AGT ATA GTT GGC TGG ACA GTG AAA TAT TAT GAA CTT GAA GAA AAG ATA GTC AGT CTG ATC AAG AAC CTG TTA GTT GCT CTT AAG GAC TTC CAT TCT GAA TAT ATT GTC AGT 
Phe Asp Pro Ser I l e  Val Gly Trp Thr Val Lys Tyr Tyr Glu Leu Glu Glu Lys I l e  Val Ser Leu I l e  Lys Asn Leu Leu Val Ala Leu Lys Asp Phe His Ser Glu Tyr I l e  Val Ser - - - - - -  

1340 1360 
GCC TCT M C  TTT ACT TCC CAA CTC TCA AGT CAA GTT GAG CAA TTT CTG CAC AGA AAT ATT CAG GAA TAT CTT AGC ATC CTT ACC GAT CCA GAT GGA AAA GGG AAA GAG AAG ATT GCA GAG 
Ala Ser Asn Phe Thr Ser Gln Leu Ser Ser Gln Val Glu Gln Phe Leu His Arg Asn I l e  Gln Glu Tyr Leu Ser I l e  Leu Thr Asp Pro Asp Gly Lys Gly Lys Glu Lys I l e  Ala Glu 

a - 
1380 1400 

CTT TCT GCC ACT GCT CAG GAA ATA ATT AAA AGC CAG GCC ATT GCG ACG AAG AAA ATA ATT TCT GAT TAC CAC CAG CAG TTT AGA TAT AAA CTG CAA GAT TTT TCA GAC CAA CTC TCT GAT 
Leu Ser Ala Thr Ala Gln Glu I l e  I l e  Lys Ser Gln Ala I l e  Ala Thr Lys Lys I l e  I l e  Ser Asp Tyr His  Gln Gln Phe Arg Tyr Lys Leu Gln Asp Phe Ser Asp Gln Leu Ser Asp 

1420 1440 
TAC TAT GAA AAA TTT ATT GCT GAA TCC AAA AGA TTG ATT GAC CTG TCC ATT CAA PAC TAC CAC ACA TTT CTG ATA TAC ATC ACG GAG TTA CTG M A  AAG CTG CAA TCA ACC ACA GTC ATG 
Tyr Tyr Glu Lys Phe I l e  Ala Glu Ser Lys Arg Leu I l e  Asp Leu Ser I l e  Gln Asn Tyr His  Thr Phe Leu I l e  Tyr I l e  Thr Glu Leu Leu Lys Lys Leu Gln Ser Thr Thr Val Net 

1455 
AAC CCC TAC ATG AAG CTT GCT CCA GGA GAA CTT ACT ATC ATC CTC TAA TTTTTTAAAA GAAATCTCAT TATCTCTTTC CAATGAACTT CACATAGCAC AGAAAAAATC AAACTGCCTA TATTGATAAA 
Asn Pro Tyr Met Lys Leu Ala Pro Gly Glu Leu Thr I l e  I l e  Leu *** 
ACCATACAGT GAGCCAGCCT TGCAGTAGGC AGTAGACTAT AAGCAGAAGC ACATATGAAC TGGACCTGCA CCAAAGCTGG CACCAGGGCT CGGAAGGTCT CTGAACTCAG AAGGATGGCA TTTTTTGCAA GTTAAAGAAA 

ATCAGGATCT GAGTTATTTT GCTAAACTTG GGGGAGGAGG AACAAA 

Fig. 4. Nucleotide sequence of cDNA clones representing the 3' end of apo-B100 mRNA and the derived amino acid sequence of the COOH- 
terminal 30 percent of apo-B100. The arrow indicates the thrombin cleavage site that gives rise to fragment T2. The lines under the derived amino 
acid sequence indicate those regions found from peptide sequencing. The broken lines indicate those amino acid residues that could not be 
assigned with certainty in the peptide sequence analyses. The dotted line indicates the peptide R2-5 of LeBoeuf et al. (13). Circles indicate 
potential N-glycosylation sites. Asterisks (***) indicate the termination codon. Numbering of the sequence is arbitrary and begins at the most 
NH2-terminal amino acid. The sequence of the first 266 nucleotides of the 3'-untranslated region is given, but there is a still-unknown number of 
nucleotides preceding the poly(A) tail. 
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sequence of the proposed ligand binding 
domain is also shown in Fig. 7. 

In addition to a role in receptor bind- 
ing, regions enriched in basic amino ac- 
ids may also be involved in mediating 
apo-B100 interaction with heparin. In 
both apo-E and apo-B, modification of 
lysine or arginine residues results in loss 
of heparin binding ability as well as re- 
ceptor binding ability (3). Within the 
COOH-terminus of apo-B100, there are 
other sites of potential importance for 

either receptor or heparin binding. These 
include residues 40 to 76 and residues 94 
to 136. 

The importance of these domains in 
either receptor or heparin binding re- 
mains to be determined. However, with 
respect to receptor binding, it is reason- 
able to focus attention on a single site 
within apo-B100 and to focus attention 
on the COOH-terminus of the molecule. 
Previously, Milne and Marcel and their 
co-workers (25) demonstrated that the 

if apo-B cl 
al axis re1 
proportion -. . . 

s-, 1 

Fig. 3. (a) In srtu nybridization o DNA ~n I (  ) H M +  + - + 
human metaphases. The horizont presents tl 
chromosomes in their relative size ; the vertic 
axis gives the silver grain distribution. 1 he In s ~ t u  hybridiz- 
tion (30) shows significant labeling at the 2p24 site in 
comparison to the nonspecific background labeling (19.4 
percent of all p i n s  are on chromosome 2; 4.7 percent of all 
grains are on 2p24). (b) Southern hybridization of apo-B 
cDNA probe (clone p61D7) to human, mouse, and somatic 
cell hybrid DNA. The DNA was digested with Eco RI (or 
Hind 111, not shown) and hybridized with '%'-labeled 
cDNA insert. The size of the 1.6-kb fragment was estimated 
with A Hind 111- and 4x174 Hae III4igested DNA markers. Human DNA (HJ was prepared 
from Wi38 cells and mouse DNA (M) from LMnK- cells. In the examples of somatic cell 
hybrids shown, positive hybridization (+) and negative hybridization (-) are indicated. The 
construction and characterization of the human-mouse somatic cell hybrids, the preparation of 
DNA, and hybridization conditions were as described (31). 

Fig. 6. Hydrophobicity plot of the COOH- 

I 0  
terminal region of apo-B100. The hydropho- 
bicity index (H) of Kyte and Doolittle (19) was 
used and is plotted against the sequence using 

- 1 a windowing average of 18 residues. Residues 
are numbered as in Fig. 4. 

-2 I I I I I 1 I I 
1 400 800 1200 

Resldue number 

Fig. 7. Structural simi- 
larities between the re- ?[:ifdues 140-150) 
ceptor binding domain 

Apo-B of apo-Eand of (Residues 276-286) 
apo-B. The homolo- 
gous positively charged Apo-B.E(LDL) Receptor -Cys-Asp-X-X-X-Asp-Cys-X-Asp-Gly-Ser-Asp-Glu- 
residues lvsine and ar- (Consensus Sequence) 

ginine are-boxed in the 
sequence of apo-E and apo-B. The consensus sequence of the postulated ligand binding site of 
the apo-B,E(LDL) receptor, which is enriched in the negatively charged residues aspartic and 
glutamic acids (underlined), is shown for comparison (24). 

binding of a single monoclonal antibody 
to the LDL particle blocks receptor 
binding activity, which suggests that 
there may be only a single receptor bind- 
ing domain expressed on the surface of 
an LDL particle. Furthermore, they 
have localized the epitopes of monoclo- 
nal antibodies that inhibit receptor bind- 
ing activity to the apo-B74 fragment of 
apo-B100. This fragment encompasses 
thrombolytic fragments T3 and T2 (Fig. 
1). We have identified a monoclonal anti- 
body (18C4) that also inhibits the binding 
of LDL to the apo-B,E(LDL) receptor. 
On immunoblots, it recognizes only frag- 
ment T2. The basic region encompassing 
residues 276 to 286, which most closely 
resembles the apo-E binding domain, is 
located in thrombolytic fragment T2 
within 110 residues of the thrombin 
cleavage site. Antibodies to synthetic 
peptides from the region 276 to 286 and 
other basic regions are being prepared to 
determine experimentally whether any 
of these sites is the receptor binding 
domain. 

In summary, the availability of cDNA 
clones for apo-B will allow complete 
structural characterization of the apo-B 
mRNA, the entire protein, and ultimate- 
ly the gene. This will eventually allow 
the unraveling of the steps that control 
the biosynthesis of VLDL and LDL, 
thus providing insights into how to con- 
trol LDL levels and to regulate LDL 
cholesterol metabolism. 

Note added in proof: After this re- 
search article was submitted, Deeb et al. 
(26) reported a partial cDNA sequence 
for human apo-B. Their sequence does 
not overlap any portion of ours. Lusis et 
al. (27) reported a partial cDNA se- 
quence for the rat large apo-B. The be- 
ginning of their insert shows a 70 percent 
homology (both nucleotides and amino 
acids) to our sequence beginning at ami- 
no acid residue 929 in Fig. 4. 
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