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ABSTRACT The gene for human apolipoprotein E (apo-E)
was selected from a library of cloned genomic DNA by
screening with a specific cDNA hybridization probe, and its
structure was characterized. The complete nucleotide sequence
of the gene as well as 856 nucleotides of the 5’ flanking region
and 629 nucleotides of the 3’ flanking region were determined.
Analysis of the sequence showed that the mRNA-encoding
region of the apo-E gene consists of four exons separated by
three introns. In comparison to the structure of the mRNA, the
introns are located in the 5’ noncoding region, in the codon for
glycine at position —4 of the signal peptide region, and in the
codon for arginine at position +61 of the mature protein. The
overall lengths of the apo-E gene and its corresponding mRNA
are 3597 and 1163 nucleotides, respectively; a mature plasma
protein of 299 amino acids is produced by this gene. Examina-
tion of the 5’ terminus of the gene by S1 nuclease mapping
shows apparent multiple transcription initiation sites. The
proximal 5’ flanking region contains a “TATA box’’ element
as well as two nearby inverted repeat elements. In addition,
there are four Alu family sequences associated with the apo-E
gene: an Alu sequence located near each end of the gene and two
Alu sequences located in the second intron. This knowledge of
the structure permits a molecular approach to characterizing
the regulation of the apo-E gene.

Apolipoprotein E (apo-E) is a component of various classes
of plasma lipoproteins in all mammals that have been studied
(for review, see refs. 1 and 2). It is a single chain polypeptide
(M,, 34,000) of 299 amino acids (3) that is synthesized initially
with an 18-residue signal peptide that is removed cotrans-
lationally (4, 5). The amino acid sequence as well as the
mRNA nucleotide sequence are known for both the human
(3, 6) and rat (7) species. The major site of synthesis is the
liver, but relatively abundant levels of apo-E mRNA have
been detected in many extrahepatic tissues, including the
brain and the adrenals (8). In addition, apo-E is produced by
mouse peritoneal macrophages, as well as human monocyte-
derived macrophages (9).

A major function of apo-E is its mediation of the cellular
uptake of specific lipoproteins through an interaction with
apo-B,E(LDL) receptors on extrahepatic and hepatic cell
surfaces and with distinct hepatic apo-E receptors (for
review, see ref. 10). The receptor binding domain of human
apo-E has been determined to be an arginine- and lysine-rich
region in the vicinity of residues 140 and 160 (11, 12). Variant
forms of apo-E with single amino acid substitutions in this
region show decreased receptor binding activity (13-15) and
are associated with type III hyperlipoproteinemia and ac-
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celerated cardiovascular disease (for review, see refs. 16 and
17). Apolipoprotein E with normal receptor binding activity
is found in two common isoforms, the E3 and E4 phenotypes,
with either cysteine or arginine, respectively, at residue
position 112 (13).

Because of the central role that apo-E plays in the me-
tabolism of cholesterol and other lipids, knowledge of the
regulation of the apo-E gene is important in understanding the
alterations in lipid metabolism that occur in normal and
pathological processes. Therefore, to provide a molecular
basis for examining its regulation, we have determined and
analyzed the nucleotide sequence of the human apo-E gene
and its proximal flanking regions.

EXPERIMENTAL PROCEDURES

DNA Library Screen. A human genome library of random,
partially Hae I1I/Alu I-digested fragments of fetal liver DNA
contained in the Charon 4A \ bacteriophage (18) was pro-
vided through the generosity of T. Maniatis (Harvard Uni-
versity). The phage was grown in Escherichia coli LE392 and
screened essentially as described (19). About two million
phage plaques were screened with a 32P-labeled (20) restric-
tion endonuclease fragment that was purified from a previ-
ously characterized (6) full-length cloned cDNA to human
apo-E mRNA. A single recombinant bacteriophage was
identified, and the DNA was prepared from plaque-purified
material (19). All experiments were done in accordance with
the National Institutes of Health Guidelines.

DNA Mapping, Subcloning, and Sequencing. Bacteriophage
recombinant DNA was digested with various restriction
endonucleases (Boehringer Mannheim and New England
Biolabs) according to the suppliers’ directions and was
examined by electrophoresis in 0.8% agarose gels. The DNA
was transferred to nitrocellulose filters by blotting (21), then
hybridized to the 32P-labeled apo-E cDNA probe, and exam-
ined by autoradiography to identify apo-E gene fragments.
Based on these studies, EcoRI- and BamHI-digested DNA
fragments were subcloned into plasmid pUC9 (22), and apo-E
gene-containing recombinants were selected as described
above. The apo-E gene DNA inserts in the subclones were
sequenced by the method of Maxam and Gilbert (23).

S1 Nuclease Mapping. A 67-base-pair BstNI/HindIII re-
striction endonuclease fragment from an apo-E gene
subclone was prepared (23) that contained a portion of the
first exon, the transcription initiation site, and a portion of the
5'-terminal flanking region. The fragment was end-labeled at
the 5’ ends by [y-32P]JATP and T4 polynucleotide kinase, and
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Fic. 1. Hybridization of apo-E cDNA to restriction endonucle-
ase-digested human genome DNA. Ten micrograms of human
genome DNA was digested with EcoRI, EcoRl/BamHI, BamHI,
and Apa 1. The digested DNA was analyzed by gel electrophoresis,
blotting, and hybridization to a cloned *P-labeled apo-E cDNA. The
molecular weight markers' are HindIlI-digested fragments of
bacteriophage A DNA.

a portion of the DNA was purified by electrophoresis in
strand separating gels (23). Both double-stranded and single-
stranded labeled fragments were hybridized to S ug of human
liver poly(A)-containing RNA, and the double-stranded
probe was hybridized to 20 ug of total human brain RNA at
42°C, essentially as described (24). The hybrids were digested
with 100 units of S1 nuclease per ml (24) and then analyzed
by electrophoresis on a 15% sequencing gel (23).

Genome DNA Analysis. In separate reactions, 10 ug of
human genome DNA prepared (25) from total leukocytes or
frozen liver was digested with 100 units of various restriction
endonucleases, electrophoresed in 0.8% agarose gels, and
transferred to nitrocellulose filters by blotting (21). The filters
were hybridized to 10° cpm/ml of a 1117-base-pair Aat 11/
Hinfl restriction endonuclease fragment of the cloned apo-E
cDNA (26). The 1117-base-pair fragment represented 96% of
the length of the mRNA-encoding exons.

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

RESULTS AND DISCUSSION

Analysis of Genome DNA. The apo-E gene in human
genome DNA was examined by restriction endonuclease
analysis (Fig. 1). The enzymes used and the corresponding
approximate lengths of the genome DNA fragments that
hybridized to the apo-E cDNA were as follows: EcoRlI, 1.9
and 8.0 kilobases (kb); EcoRl/BamHI, 1.9 and 2.3 kb;
BamHI, 12.0 kb; Apa I, 4.2 and 2.1 kb. Because only one or
two fragments hybridized to the probe in each case, it is likely
that the human haploid genome contains only one copy of the
apo-E gene.

Characterization of the Cloned apo-E Gene. The recombi-
nant A bacteriophage DNA containing the apo-E gene, which
had been selected by cDNA screening, was examined by
restriction endonuclease mapping and by hybridization of
32p_labeled apo-E cDNA to DNA filter blots (data not
shown). The probe hybridized to fragments of the same size
as those found in the genome DNA digests for Apa I, EcoRI,
and EcoR1/BamHI, suggesting that no rearrangements in the
structure of the apo-E gene had occurred upon cloning. The
recombinant phage contained =20 kb of inserted human
DNA, which included the intact apo-E gene, which was
subcloned and mapped in detail. The results indicated that
the mRNA coding region of the apo-E gene consisted of four
coding segments (exons) that were interrupted by three
noncoding segments (introns).

Nucleotide Sequence Analysis. The strategy used to deter-
mine the complete nucleotide sequence of the apo-E gene is
shown in Fig. 2. In addition to the exon and intron segments,
856 nucleotides of the 5’ flanking region and 629 nucleotides
of the 3’ flanking region were determined.

The complete nucleotide sequence of the human apo-E
gene and its proximal flanking sequences are shown in Fig. 3.
A comparison of this sequence to the previously determined
(6) nucleotide sequence of the apo-E cDNA identified the
locations of the exon—intron junctions. All introns begin with
the nucleotides G-T and end with the nucleotides A-G, which
is consistent with the consensus sequence for exon-intron
splice junctions for eukaryotic genes (28). In this regard, the
precise locations of the third and fifth exon—intron junctions
of the apo-E gene were established by taking the consensus
sequence into account. The lengths of the exons are 44, 66,
193, and 860 nucleotides, and the intron lengths are 760, 1092,
and 582 nucleotides in their 5’ to 3’ order. In comparison to
the corresponding mRNA sequence (6), the first intron
occurs in the 5’ noncoding region following guanine at
position —78 of the mRNA (G 900 in Fig. 3); the second intron
occurs in the codon for glycine at position —4 of the signal
peptide region following guanine at position —12 of the
mRNA (G 1660 in Fig. 3); and the third intron occurs in the
codon for arginine at position +61 of the mature plasma

Narl  BamH/ BamH! Sac! Bglll Ava Il Nsi | Ban| Haell EcoRI Sau3A| Bgl! Sacll Narl Avall Taq! Avall BstEll EcoR!
Aval | BstXl | Sau96! | Aatll ) Aval Aval Hinfl  Apal BstXl | BstXI Ncol Aval Hinf 1| Bst X! |Pst! |Psti Psti Psti | Hintl | Hpan Pst!
-
P ——
- e -~ -—

1 ' L L

L L n Il i s L L . L 1 L L L s " It L s I
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200
DNA Length in Nucleotides

FI1G. 2. Restriction endonuclease map and nucleotide sequencing strategy for the apo-E gene. The apo-E gene and its flanking regions are
represented on the top line, with relative positions of the exons shown by boxes below the line. Restriction endonuclease sites indicated are
only those used in the sequence determination and do not necessarily reflect the total number of sites present. Solid circles represent sites of
32p Jabeling of the restriction endonuclease fragments. Arrows represent the direction and length of fragment sequencing. The site of BstEIl
cleavage in the 3’ flanking region of the gene did not correspond to the typical sequence (27) recognized by this enzyme, and it was not digested
by some of the enzyme preparations.
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GGGGCTCCCCTGTGCTCAAGGTCACAACCAAAGAGGAAGCTGTGATTAAAACCCAGGTCCCATTTG CAAAGCCTCGACTTTTAG CAGGTG CATCATACTGTTCCCAC(EG(:{(E(E%'{(;(;(?:Q 121

TTCTGTCCAGCCGCG‘Q(EC.ZC.Q(;A.CTTTC'E'E'{TTTTTCTTTTTTTGAGACAGTCTCCCTCTTGCTGAGG CTGGAG TG CAG TGG CGAGATCTCGG CTCACTGTAACCTCCGCCTCCCGGGTTC 242
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AAGCGATTCTCCTGCCTCAGCCTCCCAAGTAGCTAGGATTACAGG CGCCCGCCACCACGCCTGG CTAACTTTTG TATTTTTAG TAGAGATGGGG TTTCACCATG TTGG CCAGGCTGGTCTC 363

AAACTCCTGACCTTAAG TGATTCGCCCACTGTGG CCTCCCAAAG TG CTGGGATTACAGG CG TGAG CTACCGCCCCCAGCCCCTCCCATCCCACTTCTGTCCAGCCCCCTAGCCCTACTTT! 484
Sesecivesiscecescscscioccisscsens
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mCTGGG ATCCAGGAGTCCAGATCCCCAGCCCCCTCTCCAGATTACATTCATCCAGG CACAGGAAAGGACAGGG TCAGGAAAGGAGGACT CTGGGCGGCAGCCTCCACATTCCCCTTCCA 605
CGCTTGGCCCCCAGAATGGAGGAGGG TG TCTG TATTACTGGG CGAGG TGTCCTCCCTTCCTGGGGACTG TGGGGGGTGGTCAAAAGACCTCTATGCCCCACCTCCTTCCTCCCTCTGCCCT 726
GCTGTGCCTGGGG CAGGGGGAGAACAGCCCACCTCGTGACTGGGGG CTGG CCCAGCCCGCCCTATCCCTGGGGGAGGGGG CGGGACAGGGGGAG CCCTATAATTGGACAAGTCTGGGATCC 847
TTGAGTCCT ‘XCTCAGCCCCAGCGGAGGNMGGACGTCCTTCCCCAGGAG CCG_ GTGAGAAGCGCAG TCGGGGG CACGGGGATGAG CTCAGGGG CCTCTAGAAAGAGCTGGGACCCTGGG 966
AAGCCCTGG CCTCCAGGTAG TCTCAGG AGAGCTACT CGGGG TCGGG CTTGGGG AGAGG AGGAGCGGGGG TGAGG CAAG CAGCAGGGGACTGGACCTGGGAAGGG CTGGG CAGCAGAGACGA 1087
CCCGACCCGCTAGAAGGTGGGGTGGGGAGAG CAGCTGGACTGGGATG TAAGCCATAG CAGGACTCCACGAGTTGTCACTATCATTTATCGAG CACCTACTGGG TG TCCCCAGTGTCCTCAG 1208
ATCTCCATAACTGGGGAGCCAGGGGCAGCGACACGGTAGCTAGCCGTCGATTGGAGAACTTTAAAATGAGGACTGAATTAGCTCATAAATGGAACACGG CGCTTAACTGTGAGGTTGGAGC 1329
TTAGAATGTGAAGGGAGAATGAGGAATG CGAGACTGGGACTGAGATGGAACCGGCGG TGGGGAGGGGG TGGGGGGATGGAATTTGAACCCCGGGAGAGGAAGATGGAATTTTCTATGGAGG 1450
CCGACCTGGGGATGGGGAGATAAGAGAAGACCAGGAGGGAGTTAAATAGGGAATGGG TTGGGGGCGG CTTGG TARATG TG CTGGGATTAGG CTGTTG CAGATAATG CAACAAGG CTTGGAA 1571

Met Lys
GGCTAACCTGGGGTGAGGCCGGGTTGGGGCCGGGCI‘GGGGGNGGAGGAGTCCTCACTGGCGGTNATTGACAGHTCTCCTTCCCCAGAACTGGCCAATCACAGGCAGGAAG ATG AAG 1689
val Leu Trp Ala Ala Leu Leu Val Thr Phe Leu Ala G
GTT CTG TGG GCT GCG TTG CTG GTC ACA TTC CTG GCA G.GTATGGGGGCGGGGCTTGCTCGGTTCCCCCCGCTCCTCCCCCTC’PCATCCTCACCTCAACCTCCTGGCCCC 1798

ATTCAGACAGACCCTGGGCCCCCTCTTCTGAGG CTTCTGTGCTG CTTCCTGG CTCTGAACAGCGATTTGACGCTCTCTGGG CCTCGGTTTCCCCCATCCTTGAGA‘{Q(E(EQGTTAGAQQTE 1919

TTTTGTTGTTG TTG TTTGTTGTTG TTG TTTTG TTTTTTTGAGATGAAGTCTCG CTCTGTCGCCCAGG CTGG AG TG CAGTGG CGGGATCTCGG CTCACTGCAAG CTCCGCCTCCCAGGTCCA 2040

CGCCATTCTCCTGCCTCAGCCTCCCAAGTAG CTGGGACTACAGG CACATGCCACCACACCCGACTAACTTTTTTG TATTTTCAGTAGAGACGGGG TTTCACCATG TTGG CCAGG CTGGTCT 2161

GGAACTCCTGACCTCAGG TGATCTG CCCGTTTCGATCTCCCAAAGTGCTGGGATTACAGGCGTGAG CCACCGCACCTGG CTGGGAGTTAGAGGTTTCTAATG CATTG CAGG CAGATAGTGA 2282
.o

eecccccce

ATACCAGACACGGGG CAGCTG‘I'GATCT'H‘ATTCTCCATCACCCCCACACAGCCC‘l‘GCCTGGGGCACACAAGGACACTCAATACAT(E(.I'E'E'E'E(.:CGCTGGGCGCGG'I’GGCI‘CACCCCTGTAAT 2403
.

CCCAGCACTTTGGGAGGCCAAGG TGGGAGGATCACTTGAG CCCAGGAGTTCAACACCAGCCTGGG CAACATAGTGAGACCCTGTCTCTACTAAAAATACAAAAATTAGCCAGGCATGGTGC 2524

CACACACCTGTGCTCTCAGCTACTCAGGAGG CTGAGG CAGGAGG ATCG CTTGAG CCCAGAAGG TCAAGG TTG CAG TGAACCATG TTCAGG CCGCTG CACTCCAGCCTGGGTGACAGAGCAA 2645

GACCCTGTTTATAAATACATAA’I? (.Z'E‘HEQAAG'R;ATTAAACCGACTCCCCCCTCACCCTGCCCACCATGG CTCCAAAGAAGCATTTGTGGAGCACCTTCTGTGTGCCCCTAGGTACTAGA 2766

ly Cys Gln Ala Lys Val Glu Gln Ala Val Glu Thr Glu Pro Glu Pro Glu
TGCCTGGACGGGGTCAGAAGGACCC‘I‘GACCCACC‘I‘TGAACTTGTTCCACACAGAGA TGC CAG GCC AAG GTG GAG CAA GCG GTG GAG ACA GAG CCG GAG CCC GAG 2868

Leu Arg Gln Gln Thr Glu Trp Gln Ser Gly Gln Arg Trp Glu Leu Ala Leu Gly Arg Phe Trp Asp Tyr Leu Arg Trp Val Gln Thr Leu
CTG CGC CAG CAG ACC GAG TGG CAG AGC GGC CAG OGC TGG GAA CTG GCA CTG GGT OGC TTT TGG GAT TAC CTG CGC TGG GTG CAG ACA CTG 2958

Ser Glu Gln Val Gln Glu Glu Leu Leu Ser Ser Gln Val Thr Gln Glu Leu Ar
TCT GAG CAG GTG CAG GAG GAG CTG CTC AGC TCC CAG GTC ACC CAG GAA CTG AGAG'I'GAGTGTCCCCATCCTGGCCCTTGACCCTCC‘I‘GGNGGCGGCTATACC 3060

TCCCCAGGTCCAGG TTTCATTCTGCCCCTGTCG CTAAGTCTTGGGGGG CCTGGG TCTCTGCTGG TTCTAGCTTCCTCTTCCCATTTCTGACTCCTGGCTTTAGCTCTCTGGAATTCTCTCT 3181
CTCAGCTTTGTCTCTCTCTCTTCCCTTCTGACTCAGTCTCTCACACTCGTCCTGG CTCTGTCTCTGTCCTTCCCTAGCTCTTTTATATAGAGACAGAGAGATGGGGTCTCACTGTGTTGCC 3302
CAGGCTGGTCTTGAACTTCTGGGCTCAAGCGATCCTCCCGCCTCGGCCTCCCAAAGTGCTGGGATTAGAGG CATGAGCCACCTTGCCCGGCCTCCTAGCTCCTTCTTCGTCTCTGCCTCTG 3423
CCCTCTGCATCTGCTCTCTGCATCTG TCTCTGTCTCCTTCTCTCGG CCTCTGCCCCGTTCCTTCTCTCCCTCTTGGGTCTCTCTGGCTCATCCCCATCTCGCCCGCCCCATCCCAGCCCTT 3544

g Ala Leu Met Asp Glu Thr Met Lys Glu Leu Lys Ala Tyy Lys Ser Glu Leu
CI‘CCCCCGCC‘!‘CCCCACTGTGCGACACCCTCCCGCCC‘I‘CTCGGCCGCAG“ G GCG CTG ATG GAC GAG ACC ATG AAG GAG TTG AAG GCC TAC AAA TCG GAA CTG 3645

Glu Glu Gln Leu Thr Pro Val Ala Glu Glu Thr Arg Ala Arg Leu Ser Lys Glu Leu Gln Ala Ala Gln Ala Arg Leu Gly Ala Asp Met
GAG GAA CAA CTG ACC CCG GTG GOG GAG GAG ACG CGG GCA (OGG CTG TCC AAG GAG CTG CAG GCG GCG CAG GCC CGG CTG GGC GCG GAC ATG 3735

Glu Asp Val Arg Gly Arg Leu Val Gln Tyr Arg Gly Glu Val Gln Ala Met Leu Gly Gln Ser Thr Glu Glu Leu Arg Val Arg Leu Ala
GAG GAC GTG OGC GGC CGC CTG GTG CAG TAC CGC GGC GAG GTG CAG GCC ATG CTC GGC CAG AGC ACC GAG GAG CTG CGG GTG CGC CTC GCC 3825

Ser His Leu Arg Lys Leu Arg Lys Arg Leu Leu Arg Asp Ala Asp Asp Leu Gln Lys Arg Leu Ala Val Tyr Gln Ala Gly Ala Arg Glu
TCC CAC CTG CGC AAG CTG CGT AAG CGG CTC CTC CGC GAT GCC GAT GAC CTG CAG AAG OGC CTG GCA GTG TAC CAG GCC GGG GCC CGC GAG 3915

Gly Ala Glu Arg Gly Leu Ser Ala Ile Arg Glu Arg Leu Gly Pro Leu Val Glu Gln Gly Arg Val Arg Ala Ala Thr val Gly Ser Leu
GGC GCC GAG CGC GGC CTC AGC GCC ATC OGC GAG CGC CTG GGG CCC CTG GTG GAA CAG GGC CGC GTG OGG GCC GCC ACT GTG GGC TCC CTG 4005

Ala Gly Gln Pro Leu Gln Glu Arg Ala Gln Ala Trp Gly Glu Arg Leu Arg Ala Arg Met Glu Glu Met Gly Ser Arg Thr Arg Asp Arg
GCC GGC CAG CCG CTA CAG GAG CGG GCC CAG GCC TGG GGC GAG CGG CTG CGC GCG CGG ATG GAG GAG ATG GGC AGC CGG ACC CGC GAC CGC 4095

Leu Asp Glu Val Lys Glu Gln Val Ala Glu Val Arg Ala Lys Leu Glu Glu Gln Ala Gln Gln Ile Arg Leu Gln Ala Glu Ala Phe Gln
CTG GAC GAG GTG AAG GAG CAG GTG GCG GAG GTG CGC GCC AAG CTG GAG GAG CAG GCC CAG CAG ATA CGC CTG CAG GCC GAG GCC TTC CAG 4185

Ala Arg Leu Lys Ser Trp Phe Glu Pro Leu Val Glu Asp Met Gln Arg Gln Trp Ala Gly Leu Val Glu Lys Val Gln Ala Ala val Gly
GCC CGC CTC AAG AGC TGG TTC GAG CCC CTG GTG GAA GAC ATG CAG CGC CAG TGG GCC GGG CTG GTG GAG AAG GTG CAG GCT GCC GTG GGC 4275

Thr Ser Ala Ala Pro Val Pro Ser Asp Asn His ***
ACC AGC GCC GCC CCT GTG CCC AGC GAC AAT CAC TGA ACGCCGAAGCCTGCAGCCATGCGACCCCACGCCACCCCGTGCCTCCTGCCTCCGOGCAGCCTGCAGOGGGAG 4384

ACCCTG'I‘CCCCGCCCCAGCCGTCC‘l‘CC‘l‘GGGGNGACCCTAGTTTMTMAGATTCACCAAGMCACGC‘ATC‘I‘GC‘I‘GGCCTCCCCCTGNATTTCCTCTAAGCCCCAGCC!‘CAGTTTCT 4504
(/772177117

CTTTCTGCCCACATACTGGCCACACAATTCTCAGCCCCCTCCTCTCCATCTGTG TCTGTG TG TATCTTTCTCTCTGCCCTTTTTTTTTTTTTAGACGGAGTCTGGCTCTGTCACCCAGGCT 4625

sesscce

AGAG TG CAGTGG CACGATCTTGG CTCACTGCAACCT CTGCCTCTTGGG TTCAAGCGATTCTGCTG CCTCAGTAG CTGGGATTACAGG CTCACACCACCACACCCGGCTAATTTTTGTATTT 4746
TTAGTAGAGACGAG CTTTCACCATGTTGGCCAGG CAGGTCTCAAACT CCTGACCAAG TGATCCACCCGCCGGCCTCCCAAAGTG CTGAGATTACAGGCCTGAGCCACCATG CCCGGC(E'I“C.‘{ 4867

GCCCCTCTTTCTTTTTTAGGGGG CAGGGAAAGGTCTCACCCTGTCACCCGCCATCACAGCTCACTGCAGCCTCCACCTCCTGGACTCAAGTGATAAGTGATCCTCCCGCCTCAGCCTTTCC 4988
cees
AGTAGCTGAGACTACAGGCG CATACCACTAGGATTAATTTGGGGGGGGG TGG TG TG TG TGGAGATGGGG TCTGG CTTTG TTGG CCAGGCTGATG TG 5083

FiG. 3. Nucleotide sequence of the apo-E gene and proximal flanking regions. Complete nucleotide sequence of the human apo-E gene and
proximal flanking regions are shown. Beginning and end of the gene, corresponding to the final mRNA product, as well as the exon—-intron
junctions are indicated by marks (A) below the sequence. Blanks at these positions and between the amino acid codons in the exons are for clarity
only and do not indicate missing nucleotides. Major transcription initiation site is indicated at the beginning of the first exon (V). The group
of three asterisks indicates the translation termination codon in the fourth exon. The TATA box element in the 5’ flanking region (m), and the

A-A-T-A-A-A poly(A) signal (@) in the fourth exon are underlined. Locations of Alu family members (—) and their flanking repeated sequences
(+++++) are underlined.
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protein region following guanine at position 182 of the mRNA
(G 3011 in Fig. 3). Thus, the overall length of the apo-E gene
is 3597 nucleotides, which encodes a mRNA of 1163 nucleo-
tides.

The nucleotide sequences of the exons of this apo-E gene
differed from the previously reported normal E3 apo-E
cDNA in four positions, all of which were located in the
coding region for the mature plasma protein. One of these
nucleotide differences, thymine instead of cytosine at base
334 of the mRNA (base 3745 in Fig. 3), predicts an arginine
at amino acid residue 112 instead of a cysteine. Thus, the gene
sequence reported here encodes the E4 variant of apo-E. The
other nucleotide differences were guanine substituted for
adenine in the third base position of the codon for glutamine.
These positions in the protein are at glutamine +55, +58, and
+248, corresponding to mRNA base positions 165, 174, and
744 (bases 2994, 3003, and 4155 in Fig. 3). Thus, these
nucleotide changes do not result in amino acid changes.

S1 Nuclease Mapping. The 5’ terminus of the corresponding
apo-E mRNA was determined by S1 nuclease mapping.
Because the sequence of 61 nucleotides of the 5’ noncoding
region of apo-E mRNA had been determined previously (6)
from the cDNA sequence (beginning at nucleotide 7 in Fig.
4B), a restriction endonuclease fragment from a gene
subclone was prepared that included the distal portion of this
region as well as a portion of the 5’ upstream region. The
fragment was 32P-labeled at the 5’ ends, hybridized to liver
mRNA, and digested with S1 nuclease. As shown in Fig. 44,
apo-E mRNA protected two clusters of subfragments from S1
nuclease digestion, suggesting that two or more transcription
initiation sites might be present in the apo-E gene. The same
digestion pattern was observed whether single-stranded or
double-stranded probes were used and with different
amounts of S1 nuclease. The appearance of minor subfrag-
ments may be caused by the bulky 5’ cap structure on the
mRNA, which could interfere with duplex formation at the
corresponding end of the DNA-mRNA hybrid and allow

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

additional S1 nuclease digestion as reported (29). Since most
eukaryotic mRNAs start with adenine (30), the likely 5’
terminus of the major portion of apo-E mRNA lies 67
nucleotides upstream (at nucleotide 1 in Fig. 4B) from the
initiation codon. It is also probable that apo-E mRNA has at
least one (nucleotide —3 in Fig. 4B) or more additional 5'-
terminal start sites. In addition, no differences in digestion
patterns were observed between the reactions with liver
RNA (Fig. 4A, lanes A and B) and brain RNA (lane D), which
suggests that the initiation sites for the apo-E gene are the
same in both tissues.

The 5’ Flanking Region of the apo-E Gene. An examination
of the nucleotide sequence of the 5’ flanking region of the
apo-E gene adjacent to the transcription initiation site re-
vealed several potentially important sequence elements. The
sequence T-A-T-A-A-T-T begins at nucleotide —33 (Fig. 4B).
This sequence is homologous to the ‘“TATA box’’ sequence
that has been identified as a component of the promoter
region for most eukaryotic genes (30).

In addition, two major inverted repeated sequences are
located within the 150 nucleotides adjacent to the mRNA
start site. The proximal element is located between nucleo-
tides —76 and —46, and the distal element is located between
nucleotides —144 and —108. These sequences are illustrated
in Fig. 4B, and they include all potential base pairs. The large
number of G-C base pairs in both sequences suggests that
these palindrome-like structures might be stable naturally
occurring elements. _

Alu Family Sequences of the apo-E Gene. An examination of
the introns and proximal flanking regions of the apo-E gene
shows that there are four members of the Alu family of
repeated sequences (31) associated with the gene. Two of
these sequences are located in the second intron, and there
is an Alu sequence located close to each end of the gene in the
nontranscribed flanking regions (Fig. 5). Their lengths range
from 280 to 324 nucleotides. In their structural orientation,
one of the Alu sequences located in the second intron is
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FIG. 4. Analysis of transcription initiation site and 5’ flanking region of the apo-E gene. (A) S1 nuclease protection analysis of transcription
initiation site of the apo-E gene. The 67-base-pair >2P-end-labeled gene fragment was used in three separate reactions as either a double-stranded
(lane A), single-stranded noncoding strand (larie B), or single-stranded coding strand (lane C) hybridization probe for liver poly(A)-containing
RNA. The double-stranded probe was also hybridized to total brain RNA (lane D). Bands shown are the DNA fragments that were protected
from S1 nuclease digestion. A trace amount of fesidual undigested probe is visible at the 67-base-pair length marker. Nucleotide lengths were
determined from examination of the partial degradation products of a standard nucleotide sequence reaction run in an adjacent lane. (B)
Nucleotide sequence of 150 nucleotides of the proximal 5' region adjacent to the transcription initiation site and of 40 nucleotides of the first
exon of the apo-E gene. Numbers indicate nucleotide positions relative to the initiation site (position 1). The TATA box site is indicated by a
bar. Inverted repeated sequences are shown with all potential base pairs, with G-T base pairs indicated by a colon. First and second inverted
repeats have a calculated AG of —33 and —26 kcal/mol, respectively.
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Fi1G. 5. Alu family sequences associated with the human apo-E
gene. Schematic outlines of the apo-E gene with relative positions of
exons (solid boxes, upper line) and Alu sequences (shaded boxes,
lower line) are indicated. Nucleotide sequence positions of the first
and last nucleotide of each element relative to transcription initiation
site (position 1) are shown above the lines. Lengths of sequence
elements are shown below the lines. Arrows show orientation of the
Alu sequences relative to the coding strand of the apo-E gene. Roman
numerals indicate the individual Alu sequence family members.

oriented with the same polarity as the mRNA coding se-
quences of the exons, whereas the other three Alu family
sequences have the opposite orientation.

Upon alignment for maximum sequence homology, the
individual Alu family members show an 819%-90% identity in
their nucleotide positions. The Alu family sequence located
in the 5’ flanking region of the apo-E gene is bounded on each
end by an unusually long directly repeated sequence of 45
nucleotides. Short repeated sequences of 13, 8, and 8 nucleo-
tides, respectively, flank the other three Alu sequence family
members.

Structural Comparison of the apo-E Gene to the apo-A-I and
apo-C-III Genes. The overall structural organization of the
human apo-E gene is similar to that of the human apo-A-I and
apo-C-III genes (32-34), which also are composed of four
exons and three introns. The relative locations of the introns
are quite similar in all three genes, with the second intron of
the apo-E and apo-A-I genes located at exactly the same
place in the signal peptide coding region of the corresponding
mRNAs. Furthermore, the second exon is nearly the same
length in all three genes, and it encodes most of the signal
peptide for the respective proteins. In contrast, the lengths of
the introns vary substantially among these genes at each
position.

The general structure of these three apolipoprotein genes
suggests that their evolutionary development may have been
influenced by common exonic requirements. In this regard,
the genes give rise to secreted proteins having homologous
amphipathic lipid-binding regions encoded by their fourth
exons (reviewed in ref. 2), with length differences in these
exons relating closely to the lengths of the corresponding
proteins. The third exons encode the amino-terminal regions
of the mature secreted proteins in each case. These regions
have no obvious interrelationships and may contribute to the
functional differences among the apolipoproteins. The first
exon is relatively short in each gene and is contained within
the 5’ nontranslated portion of the corresponding mRNA.

However, despite the similar organization of these apo-
lipoprotein genes, they have substantial differences in their
nucleotide and derived amino acid sequences, in the func-
tions of their encoded proteins, and in the regulation of their
expression. Thus, a broad understanding of the evolutionary
relationships among the apolipoprotein genes may require the
additional knowledge of the sequence and structure of the
other members of this gene family.
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