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ABSTRACT A human liver cDNA library was screened for
sequences coding for apolipoprotein B (apo B), the major
protein of human low density lipoproteins. A mixture of
synthetic oligonucleotides (26 bases long) coding for an amino
acid sequence known to exist in apo B was used as a hybrid-
ization probe. A clone was identified that had a cDNA insert of
593 base pairs and that contained sequences coding for a
peptide of 24 residues that had earlier been isolated from apo
B by limited proteolysis. The entire nucleotide sequence of the
cDNA insert consists of one open reading frame coding for 197
amino acids. Apo B-related RNAs were found in human liver,
baboon liver, and the human hepatoma cell line HepG2. None
were detected in placenta, simian virus 40 (SV40)-transformed
fibroblasts, and a lymphoblastoid cell line. The length of the
mature apo B mRNA was estimated to be 18 kb, enough to code
for a protein with a molecular weight in the neighborhood of
500,000.

Apolipoprotein B exists primarily in two forms: apo B-48 and
apo B-100. Apo B-48 is synthesized by the intestine and is a
component of chylomicrons and chylomicron remnants. Apo
B-100 is synthesized by the liver and is the primary lipopro-
tein of very low density lipoproteins (VLDL), VLDL rem-
nants, and low density lipoproteins (LDL) (for reviews, see
refs. 1 and 2). Apo B-100 is the protein ligand on LDL that
binds to the LDL (apo B, E) receptor, which results in uptake
and catabolism of LDL by the liver (3, 4). It is believed that
apo B-100 is involved in atherosclerosis, and elevated plasma
levels ofB-100 have been found' in individuals with premature
coronary artery disease (5). Furthermore, individuals with
familial combined hyperlipidemia and familial hypercho-
lesterolemia have elevated levels of this protein in plasma (5, 6).
There is considerable variation in estimates of the molec-

ular weight of the monomeric unit of apo B. Results from
several laboratories suggest that apo B-100 is a multimeric
protein with subunits ranging in apparent Mr between 20,000
and 80,000 (1, 7-10). Others have reported apparent Mrs of
250,000-550,000, based on sedimentation-equilibrium and
gel-permeation properties in the presence of 6-7 M guanidine
(1, 10, 11), NaDodSO4/PAGE (12), and stoichiometric
titration of antigenic determinants on LDL particles (13).

Progress in determining the amino acid sequence of apo B
has been slow due to aggregation and insolubility of the
delipidated protein in aqueous buffers (14, 15). Recently,
Staphylococcus aureus protease was used to cleave large
peptides of human apo B-100 from LDL. Two of these
peptides (24 and 25 amino acid residues long) were purified
and sequenced (16). We have used a part of the amino acid
sequence of one of these peptides to construct an oligonu-
cleotide which we used to probe a human liver cDNA library
for apo B sequences. Here we describe the isolation and
characterization of recombinant plasmids containing cDNAs
coding for a portion of apo B.

MATERIALS AND METHODS

Preparation of the Oligonucleotide Probe and Screening of
the cDNA Library. The oligonucleotide probe used to screen
the cDNA library was a mixture of synthetic DNAs 26
nucleotides long (synthesized in 13. Reid's laboratory at the
University ofWashington by the solid-phase triester method,
using an Applied Biosystems 380-A DNA synthesizer, and
purified by HPLC). These sequences corresponded to the
amino acid sequence -Val-Glu-Phe-Val-Thr-Asn-Met-Gly-
Ile- belonging to peptide R3-1 (16). The DNA mixture
contained the following 64 sequences: 5' AT(T/G)CCCA-
T(A/G)TT(A/G)GT(A/C)AC(A/G)AACTC(A/C)AC 3'. Se-
lection of this subset of sequences Qut of a total of 2048
possible coding sequences was based on codon usage fre-
quencies in human apo A-I, A-II, C-I, C-II, C-III, and E. The
DNA mixture was radiolabeled at the 5' ends, by transfer of
[32p]p; from [y-32PIATP using bacteriophage T4 polynucleo-
tide kinase (Bethesda Research Laboratories), to a specific
activity of -3 x 108 cpm/,ug (17).
The human liver cDNA library was kindly provided by K.

Kurachi and E. Davie (Department of Biochemistry, Uni-
versity ofWashington) and contained cDNA inserted into the
Pst I site of plasmid pUC13. Approximately 105 transform-
ants were screened by a modification of the method of
Wallace et al. (18). Hybridization was performed on colonies
transferred to Whatman 541 paper at 37°C. Washing of the
hybridized filters was done at 65°C in 6x standard saline
citrate (lx is 0.15 M NaCl/15 mM sodium citrate). Strongly
hybridizing clones were purified, and plasmid DNA was
isolated and purified by centrifugation to equilibrium in
cesium chloride/ethidium bromide density gradients (19).
DNA inserts from positive clones were isolated by digestion
with Pst I and characterized by digestion with seven restric-
tion enzymes (Bethesda Research Laboratories), followed by
agarose gel electrophoresis.
DNA Sequence Analysis. Restriction fragments from the

insert were subcloned in bacteriophage M13 mpll for se-
quencing by the dideoxy method (20) using deoxyadenosine
5'-[a-[35S]thio]triphosphate (New England Nuclear) and
electrophoresed in gradient gels containing 0.5-2.5x TBE
buffer (lx is 89 mM Tris-borate/89 mM boric acid/8 mM
EDTA, pH 8.3). Each fragment was sequenced at least twice.
T4 DNA ligase and Escherichia coli DNA polymerase I
(Klenow fragment) were purchased from Bethesda Research
Laboratories. Deoxynucleoside triphosphates, dideoxynu-
cleoside diphosphates, and the oligonucleotide M13 primer
were purchased from P-L Biochemicals. Part ofthe sequence
was confirmed by the chemical cleavage method of Maxam
and Gilbert (21). DNA sequences were stored and analyzed
by use of the computer program Gene Pro (Riverside Scien-
tific Enterprises, Seattle, WA).
RNA Analysis. RNA from human liver and the hepatoma

cell line HepG2 was isolated by the guanidinium isothiocya-

Abbreviations: apo, apolipoprotein(s); VLDL, very low density
lipoprotein(s); LDL, low density lipoprotein(s); kb, kilobase(s).
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FIG. 1. Partial restriction map and sequencing strategy for the
insert of plasmid pHApoB44. The extent and direction of sequencing
are indicated by the arrows. Sequence was determined by the
dideoxy (solid arrows) or the chemical cleavage (dashed arrows)
methods. The 5' and 3' termini indicate the orientation of the coding
strand. bn, Base pairs.
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with 5% fetal bovine serum. Preparation of poly(A)+ RNA,
its electrophoresis in agarose gels containing formamide, and
blot hybridization of RNA were carried out according to
published procedures (19, 24). Poly(A)+ RNAs from human
placenta and a human lymphoblastoid cell line were kindly
provided by B. McConaughy (Genetics Department, Univer-
sity of Washington), baboon liver poly(A)+ RNA was a gift
from K. Kurachi, and total RNA from simian virus 40
(SV40)-transformed human fibroblasts was prepared by J.
Graves.

RESULTS AND DISCUSSION

Isolation of Clone. A mixture of 26-base-long oligonucleo-
tides, representing 64 of the 2048 possible coding sequences,

nate method described in ref. 22. HepG2 cells (23) were was used to probe a human cDNA library for apolipoprotein
grown in minimal essential medium (MEM) supplemented B-specific sequences. Four positive clones were identified
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FIG. 2. Nucleotide sequence of the cDNA insert in pHApoB44. The predicted amino acid sequence is shown. Sequences corresponding to
the oligonucleotide probe and peptide R3-1 are in boldface.
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from amongst 105 recombinant plasmids. The inserts from
three of these clones were found to be identical, based on
limited restriction mapping and size (-600 base pairs). One
of these clones, designated pHApoB44, was subjected to
further restriction mapping and then sequenced. The restric-
tion map of the insert in this clone and the strategy used to
determine the sequence are shown in Fig. 1.
The complete nucleotide sequence of pHApoB44 and the

predicted amino acid sequence are shown in Fig. 2. This
clone represented an uninterrupted reading frame coding for
197 amino acids. The amino acid sequence shown in boldface
matches that of apo B peptide R3-1 reported by LeBoeuf et
al. (16), except for residue 184 (Asp predicted from cDNA;
Lys determined by amino acid sequencing). A nucleotide
sequence coding for the other apo B peptide (R2-5) se-
quenced by the same authors was not detected in this cDNA
clone. The studied cDNA sequence represented an internal
segment of the apo B mRNA as it contained neither untrans-
lated flanking sequences nor a 3' terminal poly(dA).
Amino Acid Sequence and Comparisons. The amino acid

sequence shown in Fig. 2 is particularly rich in glycine,
valine, leucine, serine, glutamine plus glutamate, and
asparagine plus aspartate. Apo B-100 is known to have a high
content of these amino acids except for valine (12). A
hydrophilic region (residues 33-41) containing six charged
amino acids was another interesting feature of this polypep-
tide.
A computer search for homology between the amino acid
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sequence of apo B and those of proteins (including apo A-I,
A-II, C-I, C-TI, C-III, and E) listed in the protein sequence
library provided by the Protein Identification Resource
(version of November 1984; National Biomedical Research
Foundation, Georgetown University, Washington, DC) re-
vealed no significant similarity to any sequence in the data
base. A search at the nucleotide sequence level (GenBank,
July 1984, Bolt-Beranek and Newman, Cambridge, MA)
showed partial homology to a segment of the human proto-
oncogene c-fos.

apo B (bases 5-29) ATTTTTCCCAGACAGTGTCAACAAA
*** **** ***** ****** ***

c-fos (bases 4091-4115) ATTGTTCCAAGACATTGTCAATAAA

This segment of c-fos was in the 3' untranslated region of the
gene.
A search for internal homology in the apo B sequence

shown in Fig. 2 revealed some similarity between the fol-
lowing two segments.

Phe Pro Asp Ser Val Asn Lys Ala Leu
(Bases 9-35) TTC CCA GAC AGT GTC AAC AAA GCT TTG

* ** ** ** *** ** * **

(Bases 54-80) GTT CCT GAT GGT GTC TCT AAG GTC TTA
Val Pro Asp Gly Val Ser Lys Val Leu

RNA Analysis. RNA from various tissue types was exam-
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3
1

FIG. 3. Analysis of RNA from various tissues for apo B-specific sequences. (A) Blot hybridization of electrophoretically fractionated
poly(A)+ RNA. 32P-labeled pHApoB44 insert DNA (107 cpm; specific activity 1.5 x 108 cpm/,g) was hybridized to RNA blotted onto
nitrocellulose after electrophoresis in a 1% agarose gel containing formaldehyde. Unhybridized probe was removed by washing in 0.2x standard
saline citrate/0.1% NaDodSO4 at 50°C for 1 hr. Each lane contained 12 ,g of poly(A)+ RNA. Lanes: 1, human liver; 2, baboon liver; 3, hepatoma
cell line HepG2. The positions to which human 18S and 28S RNA migrated are indicated. The other size markers (given in kb) were
HindIll-digested bacteriophage X DNA (Bethesda Research Laboratories). The filters were exposed to x-ray film (Kodak XAR-2) with an
intensifying screen at -70°C for 13 hr. (B) Dot blot hybridization. Poly(A)+ RNA samples from human liver (column 1), baboon liver (column
2), human placenta (column 3), and a human lymphoblastoid cell line (column 4) were spotted (top row, 5 ,g; middle row, 1.3 ug; bottom row,
0.32 ug) onto nitrocellulose paper and hybridized to 32P-labeled pHApoB44 insert DNA. The filters were washed as described in A and exposed
to x-ray film for 16 hr.
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ined for the presence of apo B-specific sequences. Radiola-
beled insert DNA from clone pHApoB44 was used to probe
dot blots of total cellular poly(A)+ RNAs from human
placenta and liver, baboon liver, and two cultured cell lines
of human origin: HepG2 and a lymphoblastoid cell line. The
probe hybridized only to RNA from liver and from the
hepatoma cell line HepG2 (Fig. 3B). This hepatoma cell line
has been shown to synthesize apo B-100 (25). Total RNA
from simian virus 40 (SV40)-transformed human fibroblasts
was also analyzed and shown not to contain apo B mRNA
(data not shown). The labeled pHApoB44 insert was also
used to probe blots of electrophoretically fractionated
poly(A)+ RNAs (Fig. 3A). The size of apo B mRNA in
baboon liver Was estimated to be 18 kilobases (kb); four
minor bands were observed at 2.4-4.4 kb. The size distribu-
tion of apo B-related RNAs in HepG2 cells was quite broad:
the majority of RNAs hybridizing to the probe were 2.5-4.5
kb long, with minor fractions reaching up to 18 kb in length.
For human liver, RNA hybridizing to the probe was even
smaller (0.5-3.0 kb). The apo B-specific ANA species smaller
than 18 kb may represent fragments generated by nuclease
activity during preparation. A mature mRNA of 18 kb could
code for a protein of Mr = 500,000.
The isolation of a cDNA probe for apo B has allowed the

screening of a human genomic library for the gene, and
several clones containing apo B sequences have been iden-
tified. This approach will allow determination ofthe complete
amino acid sequence of the protein. The apo B probe would
also be useful in assigning the gene to a human chromosome,
in identifying DNA polymorphisms for use in linkage analy-
sis, and in studying regulation of transcription.
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