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ABSTRACT Apolipoprotein (apo) B-100 cDNAs were
identified in a human liver cDNA library cloned in the
expression vector Xgtll. The j3-galactosidase-apoB-100 fusion
protein was detected by two independently produced low
density lipoprotein polyclonal antisera and by three apoB-100
monoclonal antibodies that crossreact with apoB-74. It was not
recognized by two apoB-100 monoclonal antibodies that cross-
react with apoB-26. The longest clone, XB8, was completely
sequenced. It contains a 2.8-kilobase DNA fragment containing
the codons for the carboxyl-terminal 836 amino acid residues
of apo-B-100, as well as the 3' untranslated region of apoB-100
mRNA. We have thus mapped apoB-74 to the carboxyl-
terminal portion of apoB-100. The deduced amino acid se-
quence of the cloned DNA matches the sequences of 14
apoB-100 peptides determined in our laboratory. Minor dif-
ferences in amino acid sequence were noted in three of the
peptides, suggesting polymorphism of apoB-100 at the protein
and DNA levels. Secondary structure predictions reveal an
unusual pattern for apolipoproteins, consisting of P-structure
(24%), a-helical content (33%), and random structure (30%).
Ten amphipathic helical regions of 10-24 residues were iden-
tified. This carboxyl-terminal fragment of apoB-100 is consid-
erably more hydrophobic than other apolipoproteins with
known structure. Its lipid binding regions might include
stretches of highly hydrophobic .8-sheets as well as amphipathic
helices. Our findings on apoB structure might be important for
understanding the role of apoB-100-containing lipoproteins in
atherosclerosis.

Apolipoprotein B (apoB) is the largest protein component in
human lipoproteins. It is characterized by its extreme insol-
ubility in aqueous buffers after removal of the lipid, by its
inability to transfer among lipoprotein particles, and by its
high molecular weight (1-3). Recently, it was recognized that
human apoB is heterogeneous and that normal very low
density lipoproteins and low density lipoproteins (LDL)
contain a species identified on NaDodSO4/PAGE with an
apparent Mr of 549,000, designated B-100; whereas thoracic
duct lymph chylomicrons contain another distinct protein,
B-48, with an apparent Mr of 264,000 (4). Furthermore, LDL
also contain two other proteins, designated B-74 and B-26,
which appear to be complimentary fragments or constituents
of the B-100 protein (4). Human apoB-100 and apoB-48 appear
to be under separate genetic control, because a patient with
apparently normal B-48 but with a selective deletion of B-100
has been described (5). There is evidence that B-100 and B48
are of hepatic and intestinal origin, respectively (4, 6).

While B-100 is an important protein determinant in the
specific binding to LDL by cell-surface receptors (7) and is
highly correlated with the prevalence of atherosclerosis (8),
its primary structure has defied chemical elucidation, mainly
because of its large size, insolubility, and tendency to ag-
gregate (1, 9, 10).

In the present communication, we report the molecular
cloning of cDNAs of human liver apoB-100, by using the
expression vector Xgtll (11, 12). Sequence analysis of the
clones reveals that we have isolated cloned cDNAs corre-
sponding to a large fragment of the carboxyl-terminal portion
of B-100. We present the nucleotide sequence of a 2.8-
kilobase cloned apoB-100 cDNA, and the deduced amino
acid sequence of 836 residues of human apoB-100 ending at
its carboxyl-terminal residue. From our analysis, we can map
B-74 to the carboxyl-terminal and B-26 to the amino-terminal
ends of B-100, respectively (4).

MATERIALS AND METHODS
Polyclonal Antisera Against Human apoB-100. Two sepa-

rate rabbit antisera against two different preparations of
purified LDL (shown to contain apoB-100 as the sole protein
component) were used for the initial screening of the Xgtll
library. Both antisera were demonstrated to be monospecific
against apoB-100 by immunoblots of NaDodSO4/PAGE and
did not react against other apolipoproteins (apoE, apoA-I,
apoCs) or albumin. However, both also reacted against
apoB-48 (3). The antisera were purified by affinity chroma-
tography over a column of apoB-100-Sepharose 4B con-
structed by coupling LDL-containing apoB-100 as its only
protein component to CNBr-activated Sepharose 4B.

Monoclonal Antibodies Against Human LDL and apoB-100.
The details of preparation of monoclonal antibodies against
LDL have been published (13). Four of these antibodies have
been used in this study. They include iD1, 2D8, 4G3, and
3A8. All of them recognize LDL, but only one, iDi,
recognizes denatured apoB-100. This antibody, iD1, is spe-
cific for B-100, but it also recognizes B-26 and B-48 (13, 14).
Monoclonal antibodies against solubilized apoB-100 were

prepared by a previously described method (15). Purified
human apoB-100 was solubilized according to the procedure
of Cardin et al. (16). Mice were immunized with the soluble
apoB-100. Fusion with SP2-0 cells and selection of clones
were performed as described (17). We have used four of the
monoclonal antibodies against soluble apoB-100 for this
study: mAb2, mAb7, mAbl3, and mAbl6. By immunoblot
analysis (18), they are all specific for B-100. In addition,
mAb2, mAb7, and mAbl6 also react against B-74, and
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mAbl3 also reacts against B-26. None of the antibodies that
react against B-74 reacts against B-26 or vice versa.

Screening of Human Liver cDNA Library Constructed in
Xgtll. A human liver cDNA expression library cloned in
Xgtll (11, 12) was a generous gift from S. L. C. Woo. This
library contains 14 x 106 recombinant phage. We screened 3
x 105 recombinants initially by the method of Young and
Davis (11, 12). For detection of the antigen-antibody com-
plex, either 125I-labeled protein A (for rabbit polyclonal
antibodies; ICN), or 125I-labeled Fab fragment of sheep
anti-mouse IgG (for monoclonal antibodies, Amersham) was
used. Autoradiography was performed with Kodak x-ray
film, XAR-5, for 24-72 hr.
DNA Sequencing. Plaque DNA was purified (19), and DNA

sequencing was performed by the dideoxynucleotide-chain-
termination technique of Sanger et al. (20). Cloned DNA
fragments were subcloned into the M13 vectors, mpl8 or
mpl9, before sequencing. For the fragments ending in a
restriction site (e.g., EcoRI), a 15-nucleotide universal primer
was used. For sequences away from such sites, as sequencing
primers, we synthesized oligonucleotides (16-22 nucleotides
long) on an Applied Biosystems Model 380A DNA Synthe-
sizer using the phosphoramidite technique (21).
Amino Acid Sequence Analysis ofHuman apoB-100. Human

plasma was obtained by plasmaphoresis from a single patient
with familial heterozygous type II hyperlipoproteinemia. The
LDL was purified as described (22). It was reduced and
alkylated before tryptic or peptic digestion or CNBr cleav-
age. The peptide mixture was fractionated on a 2.6 x 150 cm,
Sephadex G-50 column. The fractions were pooled and
purified by high performance liquid chromatography with a
Vydac C18 reverse-phase column (4.6 x 250 mm) (23). The
individual peptides were collected and sequenced either by a
manual modified Edman degradation method (24) or by an
automated gas-phase sequencer (25).

Secondary Structure Predictions. Three different algo-
rithms were used to analyze the secondary structure of the
apoB-100 carboxyl-terminal fragment: the helical hydropho-
bic moment of Eisenberg et al. (26), the hydropathy scale of
Kyte and Doolittle (27), and the probability scale of Chou and
Fasman (28).

RESULTS
Identification of apoB-100-Containing Clones. After an

initial screening of 3 x 105 recombinants, we identified 16
positive clones that produce immunoreactive apoB that
reacts with two independently produced polyclonal antibod-
ies. Specificity of the antigen-antibody reaction was demon-
strated by the absence of a signal when the antibodies were
preadsorbed to purified apoB-100 (data not shown). All the
clones selected by the polyclonal antisera were also positive
with three of the monoclonal antibodies-mAb2, mAb7, and
mAbl6. They were, however, negative to two other mono-
clonal antibodies-lD1 and mAbl3. They were also negative
to three other monoclonal antibodies-2D8, 4G3, and 3A8,
which only recognized LDL and not denatured apoB (13, 14).

Characterization of fi-Galactosidase-apoB-100 Fusion Pro-
tein Produced by Recombinant Clones. The products of four
of the recombinant clones-XB1, XB3, XB6, and XB8-were
further studied by immunoblot analysis. Lysates of four
lysogens containing these recombinants were fractionated on
NaDodSO4/3.5-12% polyacrylamide gel, transferred to ni-
trocellulose filter, and blotted to various antisera.
Immunoblot analysis confirms that the monoclonal anti-

bodies, mAb2, mAb7, mAbl6, mAbl3, and iD1 all recognize
apoB-100. However, only mAb2, mAb7, and mAbl6 detect-
ed protein bands from the recombinant lysates of Mr
-160,000 (XB1 and XB3), -190,000 (AB6), and -210,000
(AB8), respectively. An antibody against P-galactosidase also
reacted against the same bands detected by these monoclonal

antibodies. In contrast, while mAbl3 and lD1 detected the
apoB-100 bands, they did not react with the products from
recombinant lysates (data not shown).

Characterization of apoB-100-Containing Recombinants.
DNA was purified from the 16 recombinant clones identified
by their immunoreactivity toward the poly- and monoclonal
antibodies. Eight of these clones consist of only a single
EcoRI fragment. The other 8 contain an additional 5' EcoRI
fragment (see below). The lengths of the individual clones
were determined as follows: (i) by restriction mapping and
sizing of the DNA fragments on polyacrylamide gels; and (ii)
by DNA sequence analysis of the EcoRI fragments and
comparison of the sequences. It is evident that all 16 clones
have an identical 3' EcoRI fragment and, in eight cases, an
additional 5' EcoRI fragment of various lengths that overlap
one another in structure. As discussed below, all these clones
represent various lengths of the 3' end of apoB-100 mRNA.
It is noted that the fusion proteins produced by all the clones
react against three separate monoclonal antibodies-mAb2,
mAb7, and mAbl6-that are specific for B-74, but are not
recognized by two different monoclonal antibodies-lDl and
mAbl3-that are specific for B-26. Since the proteins pro-
duced by these clones cover the carboxyl-terminal sequences
of B-100, we can conclude that B-74 corresponds to the
carboxyl-terminal portion of B-100 (4).
DNA Sequence of apoB-100 cDNAs. The longest of the

apoB-100 cDNA clones, XB8, was completely sequenced
(Figs. 1 and 2). Sequencing was performed on both strands in
entirety, which were found to be completely complementary
to, and confirmatory of, each other. Both M13 primers and
synthetic oligonucleotide primers were used in the sequenc-
ing. Significant overlaps between different sequence deter-
minations were ensured in the analysis (Fig. 1).
Clone XB8 covers 2811 nucleotides and a poly(A) tail of 12

nucleotides. The translation termination codon TGA starts at
nucleotide 2509, and there is a 3' untranslated region of 303
nucleotides preceding the poly(A). Twenty-eight nucleotides
upstream from the poly(A) is the beginning of a putative
polyadenylylation signal, AATAAA.
Amino Acid Sequence of the Carboxyl-Terminal Portion of

Human apoB-100. In the XB8 DNA sequence, a long single
reading frame is uninterrupted by termination codons until
nucleotide 2509. The reading frame is also the same as would
be predicted from the reading frame of the ,B-galactosidase
gene from all the clones characterized, indicating that the
sequence represents a continuation of the 8-galactosid-
ase-apoB fusion gene. A total of 836 amino acids are encoded
by this portion of apoB-100.
We have determined the amino acid sequence of >1000

residues from tryptic, peptic, and CNBr peptides of purified
human apoB-100. As shown in Fig. 2, there are 13 peptides
in XB8 that match the sequence of 14 apoB-100 peptides. The
carboxyl-terminal end of the XB8-derived sequence matches
those of two overlapping peptides, one from CNBr cleavage

(EcoRI)

6'

Pst I EcoRI Hind III Hind III (EcoRI)

I I I I I at
*1. 4 .

,oo*- 0 0

-- 0
1400bp j

FIG. 1. Partial restriction map and sequencing strategy of XB8.
Horizontal arrows indicate the direction and extent ofeach sequence
determination. Vertical bars denote the use of the M13 universal
primer for the reactions. Open circles indicate the use of synthetic
oligonucleotides as primers. Asterisks denote the use of clones other
than XB8 in the reaction; these sequences all match the XB8
sequence. Crosses indicate that the fragments have been sequenced
multiple times for the clones depicted. bp, Base pairs.
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FIG. 2. DNA sequence of XB8, deduced amino acid sequence (identified by the single-letter code) of carboxyl-terminal fragment ofapoB-100,
and matching sequences of purified apoB-100 peptides. The deduced amino acid sequence is displayed above the DNA sequence. The sequences
of the matching peptides are displayed above the DNA-deduced sequence. Short arrowheads indicate the sequence of a peptic peptide
(DEDDDF). Long arrowheads indicate the sequences of 11 tryptic peptides. Arrows indicate the sequences of two CNBr peptides. x indicates
that the residue has not been identified. The amphipathic helical regions are underlined. The polyadenylylation signal, AATAAA, is also underlined.



Proc. Natl. Acad. Sci. USA 82 (1985)

Table 1. Amino acid composition of cloned apoj3 fragment
and apoB-100

Amino acid LDL B-100

Lys
His
Arg
Asp
Asn
Thr
Ser
Glu
Gln
Pro
Gly
Ala
Cys
Val
Met
Ile
Leu
Tyr
Phe
Trp

79.85
25.70
33.77

106.56
66.44
86.43

116.16

38.54
47.31
60.50
4.45

55.60
15.95
60.27
118.46
33.58
50.46
ND

XB8
78.9
21.5
27.5
59.8 99.3

62.2
75.3
82.5 142.359.8
38.3
35.9
49.0
4.8

57.4
12.0
74.2

111.2
44.3
56.2
9.6

Results are expressed as residues per 103 residues. The LDL B-100
composition is from Kane et al. (4). XB8 data are deduced from
nucleotide sequence of XB8, which covers 836 amino acids. ND, not
determined.

and one from tryptic digestion of apoB-100. In total, there are
143 identical residues between the DNA-deduced sequence
and the amino acid sequences determined on the various
purified B-100 peptides. Furthermore, the tryptic cleavage
sites are always preceded by lysine or arginine, whereas the
2 CNElr peptides are preceded by methionine.

DISCUSSION
In this paper, we have presented the sequence of a 2.8-
kilobase fragment of human B-100 cDNA cloned in the

1.0

0

Table 2. Possible polymorphism of amino acid sequence in
apoB-100 peptides

Peptide Amino acid sequence

la EI QI YK
b -+ -D -

2a F E V D S P - V Y N A T W S A
b UP AL G -+X X
3a V N W E E E A A S G L L T
b C LYS H

Amino acids are identified by the single-letter code. -A, Identical
residue; -, a deletion in the DNA-deduced sequence or an insertion
in the tryptic peptide sequence; X, the residue has not been
identified. a, DNA-deduced sequence; b, tryptic peptide sequence.

expression vector Xgtll. The following pieces of evidence
indicate that the various clones are authentic apoB-100
cDNAs: (i) the expressed protein fragments are recognized
by two independently produced polyclonal antisera; (it) they
are also recognized by three distinct monoclonal antibodies
against B-100, which react with the fusion proteins in the
recombinant plaques in situ and on immunoblots; and (iii) the
DNA-deduced amino acid sequence matches 14 apoB-100
peptide sequences determined in our laboratory. The match
extends all the way to the carboxyl-terminal end of the
predicted sequence, which is identical to the sequences of a
B-100 tryptic peptide and a CNBr peptide (Fig. 2). This,
together with the fact that the sequence matches are inter-
spersed all over the predicted peptide sequence, indicates
that we have correctly identified the reading frame of the
apoB-100 cDNA clone and that the 836 amino acid sequence
is that of a continuous fragment of the carboxyl-terminal part
of apoB-100, which we shall designate as apoB-100-COOH.
The molecular weight of apoB-100-COOH is -96,000 and
comprises some 17-25% of apoB-100, depending on the
actual molecular weight of the latter (1, 3, 9, 10, 29, 30).
Furthermore, we have mapped B-74 to the carboxyl-terminal
part of apoB-100, based on the binding of apoB-100-COOH

1.0 FIG. 3. Secondary structure
analysis of apoB-100-COOH.
The structure is analyzed by the

IL lu LI ~~~~~~~~~~~~~~helical-hydrophobic moment,
0 r (MH); the hydropathy, (H); and

the a-helical probability, P,,.
Each analysis was performed on

V1.0 11 residue fragments and the re-

spective parameters were plot-
ted at the midpoint of each frag-

1.26 ment. The units on the ordinates
of (AH) and (H) are in kcal. On
the Pa Plot, the ordinate repre-
sents the probability scale ac-

1.0 cording to Chou and Fasman

(28). The abscissa represents the
amino acid residues, with posi-
tion 836 being the carboxyl-ter-
minal leucine. Vertical bars at

o.'rO. 0 0 0 0.00 the top ofthproi e reindicate the
1l 00 2W 3 4W0 5o 700WoBo positions of proline residues.
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to a set ofmonoclonal antibodies demonstrated to specifically
interact with B-74.
The amino acid composition of apoB-100-COOH is com-

pared to that of apoB-100 (4) in Table 1. With a few
exceptions, the two are quite similar. This is in agreement
with previous observations that proteolytic peptides of in-
completely digested apoB-100 have amino acid compositions
very similar to that of the intact protein (1). While most of the
B-100 peptide sequences are identical to the DNA-deduced
amino acid sequences, some differences are noted in the
three peptides shown in Table 2). With the exception of
peptide 1, which is only represented in XB8, the sequences
encoding peptides 2 and 3 have been confirmed in overlap-
ping clones. We note that in peptide 3, the W-IL and L-US
changes are the result of single-base substitutions. In peptide
2, the A-*G change can also result from a single-base
substitution. However, the I-'D, and N-+L switches in
peptides 1 and 2, respectively, require more than single-base
substitutions, and the insertion of P in peptide 2 suggests a
duplication ofthe P (or CCC at theDNA level) in this peptide.
One possible reason for these observed differences is that the
peptides Are derived from entirely different regions of apoB-
100 not covered by XB8, and they represent some internally
repeated sequences. Another possible explanation is that
apoB-100 is polymorphic at the DNA and amino acid levels.
Immunochemical polymorphism of human apoB has been
shown in various laboratories to exist in humans (31, 32). The
early studies did not address the question of the B-100 vs.
B-48 heterogeneity. However, a recent study (3I) using
monoclonal antibodies against purified LDL (containing
B-100 as its only protein component) confirmed the existence
of such immunochemical polymorphisms. Our observations
suggest that the polymorphism extends to the amino acid and
DNA levels.
The predicted secondary structure of apoB-100-COOH is

displayed in Fig. 3. Inspection of this figure and a careful
examination of the sequence reveals that apoB-100-COOH
differs in many respects from other apolipoproteins ofknown
structure. The average hydrophobicity of apoB-100-COOH
is higher than any of the latter, at 0.967 kcal per residue (1 cal
= 4.184 J), compared to 0.718, 0.772, 0.806, 0.863, 0.825,
0.838, and 0.752 kcal per residue for apoE, apoA-IV, apoA-I,
apoA-II, apoC-I, apoC-I, and apoC-III, respectively. The
Chou-Fasman analysis indicates that this fragment contains
33%, 24%, and 30% a-helical, /3-, and random structures, and
13% (or a total of 27) /-turns, respectively. Thus, the
predicted a-helical structure is somewhat lower, and P-
structure is considerably higher, than that of other apolipo-
proteins. Almost identical values were obtained when LDL
conformation was, examined by circular dichroism and infra-
red absorption studies (34, 35). Another interesting feature of
apoB-100-COOH is the relatively low number of amphi-
pathic helical regions (36). We identified only 10 such regions
involving 159 residues (underlined in Fig. 2) in the whole
sequence of 836 residues. However, since the proportion of
a-helical structure is relatively low, at least 60%o of the
a-helices appears to be involved in lipid binding. About
one-third of the amphipathic helices are relatively short (11
residues or less) but quite hydrophobic. In addition, many
highly hydrophobic /-sheet regions can be identified through-
out the sequence. Therefore, we speculate that this fragment
of apoB-100 can interact with lipids in two ways: (i) by
hydrophobic interaction of amphipathic helical regions at the
surface with phospholipids, and (il) by hydrophobic interac-
tion of 83-sheets by penetration into the lipid core of LDL.
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