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Summary: Human genomic clones encoding the promoter region and the first two exons of the B-amyloid pro-
tein precursor (B-APP) gene were isolated. The first exon is 205 base pairs (bp) long and encodes 19 amino
acids. The second exon is 168 bp long and encodes 56 amino acids. The 5" -flanking sequence of the B-APP
gene was found to display promoter activity in several cell lines including PC12 cells where the highest activity
was detected, The promoter region of this gene lacks the typical "TATAA"and "CAAT" boxes usually associ-
ated with eukaryotic promoters. Five copies of the GGGCGC sequence are located between positions -107 and
-188 and one copy is located within the first exon of the B-APP gene. Consensus sequences recognized by the
transcription factors Spl and AP-1 are located upstream from the RNA start site. Palindromic sequences capa-
ble of forming stable hairpin-like structures are found around the main transcription initiation site. The structural
characteristics of the 3-APP promoter indicate that multiple elements participate in the regulation of the expres-
sion of this gene. ©® 1989 Academic Press, Inc.

The histopathological findings in the brain of the Alzheimer disease (AD) and adult Down Syndrome (DS)
patients include the extracellular deposition of amyloid fibers in the neuritic (senile) plaques and vascular
amyloidosis. The amyloid fibers consist of a 4kDa peptide, termed B-protein (1) or A , protein (2). Molecular
cloning experiments showed that B-protein derives from the proteolytic cleavage of a precursor protein encoded
by a gene located on chromosome 21 (3-7). Recently it was shown that at least three distinct forms of the of
B-amyloid protein precursor (3-APP) mRNA exist: B-APP695 mRNA encodes a protein 695 residues long. -
APP.., mRNA is identical to ]3-APP695 mRNA except for a 168 bp insert which encodes 56 amino acids. B-
APP770 mRNA is identical to [3-APP751 mRNA except for a 57 bp insert encoding 19 amino acids (8-10). All
B-APP mRNAs are probably derived from a single gene by alternative splicing. The amyloid precursor mRNAs
are expressed in both neuronal and non-neuronal tissues with the form encoding 695 residues being found
predominantly in the brain and the forms encoding 751 and 770 amino acids found mainly in the peripheral tis-
sues (9). In the brain, B-APP mRNA is expressed in both neuronal and glial cells(11), although different neu-
ronal subpopulations may contain different levels of this mRNA (12). In AD the expression of certain 3-APP
mRNA species may be altered (13,14). An understanding of the regulation of the expression of the different -
APP forms will require the structural characterization of the genomic locus encoding these proteins. A partial
characterization of the amyloid gene promoter was reported recently (15). The results presented here extend the
characterization of the B-APP promoter and describe the structure of the first two exons of the 8-APP gene.
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MATERIALS AND METHODS

Isolation and Sequencing of Human Genomic Clones. A flow sorted human chromosome 21 library was
kindly provided to us by Dr. Young (16). Oligonucleotides were prepared in a 380B Applied Biosystems DNA
synthesizer and labelled using *p ATP and polynucleotide kinase (17). Screening of the library was performed
as described (17). Hybridizing phages were subcloned into M13mp19 and sequenced by the dideoxynucleotide
chain termination procedure (18). To avoid artifacts due to regions with high GC content both strands were
sequenced several times using either the Klenow fragment of DNA polymerase I or reverse transcriptase.

Analysis of the 5° -End of the B-APP mRNA. Total human brain RNA was prepared by the guanidine
thiocyanate procedure (19). For S1 nuclease mapping the 1.0kb Maelll-BamHI fragment (Fig. 1), was end-
labeled with *P at the BamHI site. This probe was added to 20ug of total human brain RNA in 85% formam-
ide, 400mM NaCl, 1mM EDTA and 40mM Pipes pH 6.4. The samples were heated at 80°C for 10 minutes and
then incubated at 55 or 60°C for 16 hours. S1 digestion was performed at 37°C (20) and the products were
analyzed on a 6% acrylamide sequencing gel. For primer extension analysis, a 20mer oligonucleotide
corresponding to residues 155-174 of the full length cDNA clone (5) was end-labelled with 3p, Twenty micro-
grams of total human RNA and 5pmol of the primer were denatured and then allowed to hybridize. Primer
extension was then performed as described (20) and the reaction products were analyzed on a 6% polyacrylam-
ide gel.

Plasmid Construction and Chloramphenicol Acetyltrasferase (CAT) Assays. Plasmid pAmyl-CAT was con-
structed by inserting the 1.2kb PstI-BamHI fragment of the amyloid promoter (Fig. 1) into plasmid pBLACT3 in
front of the reporter cat gene (21). This fragment contains 1100bp located immediately upsiream from the main
transcription start site and the first 105bp of the transcribed sequence.

Cell Culture and CAT assays. All cell lines were grown in Dulbeco’s modified Eagle’s medium (DMEM)
except rat PC12 cells which were grown in RPMI 1640 medium. All media were supplemented with 10% horse
serum and 5% fetal calf serum (J.R. Scientific). Twenty four hours before transfection the cells were seeded on
poly-L-Lysine coated dishes at a density of 10° cells per dish. Transfection was carried out by the calcium
phosphate precipitate procedure as described (22) and cell extracts were prepared forty eight hours after glycerol
shock. CAT activity was then assayed (22) using 25l of cell extracts that were normalized for total protein and
co-transfected $-galactosidase activity (22). After 2 hours of incubation at 37°C, chloramphenicol and its ace-
tylated derivates were separated by silica gel thin layer chromatography in chloroform: methanol (19:1) and
visualized by autoradiography.

RESULTS AND DISCUSSION

To isolate the promoter of the B-APP gene we screened a human chromosome 21 library with an oligonu-
cleotide corresponding to the first 41 nucleotides of the coding sequence of the B-APP ¢cDNA (5). A clone
(G70) was identified which contained a 7.8kb insert. A partial restriction map of this clone is presented in Fig.
1. The 1.2kb Pstl-BamHI DNA fragment which contains the promoter region of the B-APP gene was used to
probe Southern blots of total human genomic DNA digested with the enzymes EcoRI, BamHI or Pstl. The
number and length of the hybridizing fragments obtained, were those predicted from Fig. 1 (data not shown).
These results suggest that only one copy of the the B-APP gene exists in the human haploid genome and that the
various B-APP mRNAs derive from a single genomic locus through alternative splicing.
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Fig. 1 Structure and partial restriction enzyme map of clone G-70. Untranscribed regions are represented
by a solid line. The open box represents the 5'-untranslated region. The filled box represents coding
region. The main transcriptional start site is at +1. Arrow indicates the direction of the transcription.
Intron sequences are represented by a broken line. AUG is the translation initiation Codon. E/I is the first
Exon-Intron junction. RI, B, P represent recognition sites for the enzymes EcoRI, BamHI and Pstl respec-
tively. The numbers represent base pairs.
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Fig. 2 Determination of the 5'-end of the B-AAP RNA by S1 nuclease mapping (A) and primer extension
{B). (A). the 1Kb MaeHlI-BamHI fragment (-900 to +105) labeled with **P at the 5'-end of the BamHI site
was used as a probe. Hybridization and S1 digestion were performed as described under "Materials and
Methods™. Sequencing was carried out using as a primer a 20-mer whose 5-end coincides with the 5"-end
of the 51 probe. Lane 1; DNA size markers. Lanes 2 and 4; S1 digestion products after the probe was
hybridized to total brain RNA at 55°C or 60°C respectivity. Lane 3; as in lane 2 in the presence of 20ug
of yeast t(RNA instead of brain RNA, Sequencing and S1 digestion products were analyzed in a 6%
sequencing gel. (B),the primer for the extension and sequencing experiments is described in the "Materials
and Methods” section. Arrows indicate the position of additional minor extension products. Lane 1,
extension products in the presence of total brain RNA; lane 2, extension products in the presence of
tRNA. The sequence of the antisense strand around the major transcription initiation site is indicated.
(C), lane 1 shows the detection of low abundance long DNA fragments in the S1 nuclease assay. Lane 2,
DNA size markers. (D), schematic representation of the probes and primers used in the S1 nuclease and
primer extension assays. Numbers represent base pairs, x indicates the 5"-labelled end of the probes and
the arrow indicates the exon/intron junction.

A combination of the S1 nuclease protection assay and primer extension reaction was used to identify the
transcription initiation site of the B-APP gene. The 1kb Maelll-BamHI DNA fragment extending from nucleo-
tide +105 1o nucleotide -900 (Fig.2) was hybridized to human brain RNA. S1 nuclease treatment of the DNA-
RNA hybrids produced many protected fragments suggesting that there are multiple transcription initiation sites
in this gene (Fig.2). The two most prominent fragments were about 105 and 109 nucleotides long. Comparison
of the S1 products to the fragments obtained from the sequencing of the Maelll-BamHI probe indicated that the
initiation sites are located 148 and 152 nucleotides upstream from the translation initiation codon (Fig.2). Primer
extension and sequencing experiments using a 20-mer primer located 176 nucleotides downstream from the
pulative transcription start site (Fig. 2) also indicated that the main RNA start site is located 148 nucleotides
upstream from the translation initiation codon. Therefore, this sitc was assigned as the transcription initiation
site (+1). A less prominent extension product 179 nucleotides long was also detected. This product corresponds
to the second major initiation site detected by the S1 assay.These results differ from a recent report where only
one major initiation site was detecied (15). Minor extension products corresponding to transcripts initiated at
positions +9, +19 and +36 were also found (Fig. 2B). Three more S1 products were detected which indicated
minor initiation sites further upstream around positions -40, -65 and -130 (Fig 2C).
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Inspection of the DNA sequences around the transcription initiation site (Fig. 3) shows that the "TATA"
box usually present in a region between 20 and 30 bases upstream from the cap site is missing here. Similarly,
the "CAAT" box located 100 to 150bp upstream from the initiation site is absent. Several other genes with mul-

A ACAATGAAGAACAAGGGCAGCGTTTGAGGTCAGAAGTCCTCATTTACGGGGTCGAATACGAATGATCTCT ~828

CCTAATTTTTCCTTCTTCCCCAACTCAGATGGATGTTACATCCCTGCTTAACAACARARRAAGACCCCCC -758
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GGGGACGAGCAGGAGCGCTCTCGACTTTTCTAGAGCCTCAGCGTCCTAGGACTCACCTTTCCCTGATCCT -268

GCACCGTCCCTCTCCTGGCCCCAGACTCTCCCTCCCACTGTTCACGAAGCCCAGGTGGCCGTCGGCCGGG -198
v vv
GAGCGGAGGG GGCGEGTGGGGTGCAGGCGGCGCCAAGGGCGCTGCACCTGTGGGCGCGGGGCGCGAGGGC -128
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..... b

*
TGGGCCGGATCAGCTGACTCGCCTGGCTCTGAGCCCCGCCGCCGCGCTCGGGCTCCGTCAGTTTCCTCGG 13

v
CAGCGGTAGGCGAGAGCACGCGGAGGAGCGTGCGCGGGGGCCCCGGGAGACGGCGGCGGTGGCGGCGCGG 83
GCAGAGCAAGGACGCGGCGEATEECACTCGCACAGCAGCGcACTCGGTGCCCCGCGCAGGGTCGCGATGC 153
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P G L AL L L L A A WTAUR A
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gagaagccgggggtccgtcaatgggaccectctectectecgeccccgettgcgacgtccagegeatecee 363
gctttecggeccagecctecccaggga c 389

BtcctccaagcctctgccttggagctatgatactataactaactgaagcttcttctttcagGTACCCACTG 70
v P T D

ATGGTAATGCTGGCCTGCTGGCTGAACCCCAGATTGCCATGTTCTGTGGCAGACTGAACATGCACATGAA 140
G NAGL L AEZPOQTI AMT FCGR RULNMUHEMN

TGTCCAGAATGGGAAGTGGGATTCAGATCCATCAGGGACCAAAACCTGCATTGATACCAAGGAAGGCATC 210
V QNG KW D S DUP S G T KT CTIDTI KTEG I

CTGCAGTATTGCCAAGAAgtaagtcctgtccggtggctagcaattcacgttggatcacatgcatttgttt 280
L Q Y C Q E

tcaaaaaatttaacttcttgtattttgcatcagtattttaaccctacagtaaaaattcttggttectaat 350
gattcaccataccattaatatatttatttgcattaccctatgat 394

Fig. 3 (A), Nucleotide sequence of the 5 region and first exon of theB- AAP gene. Nucleotide +1
corresponds to the cytidine of the major transcription initiation site. * Represents additional transcription
initiation sites. The putauve SP-1, AP-1 and heat shock (HS) control element binding sites are overlined
with a broken line. The six GGGCGC elements are boxed. A, B, and C, represent three pairs of direct
repeat elements. The sequence capable of formmg hairpin-like structures is overlined with a solid line. The
TATAA box downstream from the SP-1 site is underlined with a broken line. Open arrowheads mark the
sites of difference with previously published B-APP promoter sequence (15) and the filled arrowhead indi-
cates the difference with the cDNA clones (5,8). (B), The sequence of the second exon of the AAP gene.
Amino acids are represented by the single letters code and small letter represents intron sequences.
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tiple RNA start sites have been reported to lack the TATA ;md CAAT boxes. For most of these genes multiple
RNA start sites have been described (23-26). The région immediately upstream from the main initiation site is
GC rich and contains five copies of the sequence GGGCGC in an area extending from -107 to -188. These hex-
amers may constitute signals for the binding of a transcription factor. We have noticed that the same hexamer
occurs at positions -95, -340, -480, -495, -540, -800 and -827 in the promoter of the human insulin receptor gene
(26). Thesc observations suggest that the B-APP gene and the insulin receptor gene may share common regula-
tory elements. There are several differences between the sequences reported here and those reported previously
(Fig. 3). In addition we find only one copy of the 9-base pair concensus sequence GGGCGCPAGG reported o
occur six times in this region (15). Since we sequenced both strands of this region several times with two
different enzymes (see methods), the observed differences could be due to either the isolation of two different
allelles of the amyloid gene or to errors in the sequence reported previously (15). Nevertheless, since some of

the differences occur within two GC boxes, they could affect the activity of the promoter.

A nine-nucleotide sequence found at position -740 of the amyloid promoter shows a perfect homology to
the inverted sequence recognized by transcription factor SP1 (Fig. 3). Transcription signals for this factor have
been shown to function in either direction (27) and therefore this sequence might represent an SP1 binding site.
This sequence is followed by the sequence TATAA located at -684. The relative position of these two promoter
elements suggests that they may be involved in the minor transcription initiation events occurring upstream of
the main initiation site. At -310 we also find a sequence homologous to the consensus binding site of the heat
shock control element (15). There are two pairs of direct repeats in the B-APP promoter each at least nine
nucleotides long. Two heptamer sequences similar to the consensus sequence of the enhancer clement
TGACTCA recognized by the transcription factor AP1 are located at -41 and at -348 (Fig. 3). Binding sites for
this factor have been found in the enhancer region of the collagenase, human metallothionein IIA and SV40
genes (28). These genes are transcriptionally induced by the tumor promoting agent phorbol ester which seems
to modulate the activity of the factor AP1. It would be interesting to see whether the amyloid promoter also
responds to treatment by Phorbol esters.

Using the Intelligenetics Search Algorithm (29) we observed that the region encompassing nucleotides -2
to -26 can form stable hairpin like structures by pairing with any one of the following regions: -46 to -68, +7 to
+29; +16 to +41, +33 to +53 and +49 to +75. The free energy of these structures are -30,-36,-26,-40 and 49
kcal/mole respectively (Fig. 4).This suggests that transcripts initiated upstream from the +1 site (Fig 3) will have
a high probability of forming hairpin like structures which may act as transcription termination signals. It has
been suggested that similar structures function as transcription termination signals in both prokaryotic and
cukaryotic cells (30). Efficient termination at the hairpin structures would explain the very low abundnance of
transcripts initiated upstream from the two main RNA start sites. Alternatively, these dyad summetries may

function as signals for the binding of factors which modulate the regulation of the expression of this gene.

We mapped the first intron-exon junction by partially sequencing the 4.8kb EcoRI genomic fragment (Figs
1 and 3). This junction occurs 57 nucleotides after the ATG codon and the sequences around the splicing point
obey the AG/GT rule (31). Therefore, the first exon of the B-APP gene is 205 nucleotides long and encodes 19
amino acids. Comparing the sequence of the first exon with those of the cDNA (5,8) we observed that the
genomic sequence contained an additional G in position 48. Interestingly a GC box is found within the first exon
and a nine-baise pairs direct repeat element is common between the promoter region and the first intron of the

B-APP gene (Fig. 3) suggesting that these regions may participate in the regulation of the expression of this
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Fig. 4 Proposed secondary structure of the palindromic sequences around the two major transcription ini-
tiation sites. The two major transcriptional start sites are indicated by *. The putative AP-1 binding site
is boxed. The estimated thermal stability of each structure is given at the bottom of the figure. For more
details see Text.

gene. Screening of the library with an oligonucleotide probe corresponding to nucleotides 62 to 101 (5) a clone
(E91) containing a 1.8kb insert was isolated. Sequencing revealed that this clone contained the second exon
(Fig. 3B). Clone E91 did not hybridize to clone G-70 indicating that the first intron of the B-APP gene is at
least 1.7kb long. Clone E91 failed to hybridize to cDNA sequences immediately 3° to the second exon-intron
junction indicating that no other coding sequences are present in this clone. The sequence around both the 5
and 3’ intron-exon junctions were in agreement with the AG/GT rule (31). We have isolated 13 additional
genomic clones each enccoding a distinct exon unit of the amyloid locus (G. La Fauci, R. Ramakrishna, N.
Robakis, unpublished results). These observations suggest that this gene contains a large number of exons and
therefore additional B-APP mRNAs may exist as a result of altemative splicing.

To demonstrate that the Pstl-BamHI 1.2kb fragment encodes for a functional promoter we constructed
plasmid pAmyl-CAT where the gene encoding the enzyme chloramphenicol acetyltransferase is under the con-
trol of the amyloid promoter (Fig 5). This construct was used to transfect HeLa, CV-1 and PC12 cells. The
transient expression of the CAT gene was monitored by measuring CAT activity (22). As positive control we
used plasmids pRSV-CAT and pTK-CAT, in which the Rous sarcoma virus LTR region and the Herpes simplex
virus (HSV) thymidine kinase promoter respectively, have been fused to the CAT gene. To compare the
strength of the B-APP promoter among different cell lines, differences in transfection efficiency were normalized
by cotransfecting plasmid pRSV-B-galactosidase, which encodes for a B-galactosidase fusion protein, and the
various CAT-plasmid constructs. B-Galactosidase activity was then assayed as described (22). In addition cell
extracts were normalized for total protein. It can be seen in Fig 5 that B-APP gene promoter activity was

302



Vol. 169, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A

CAT

N

PBLCAT3 |\sv40  Psil,  somni pAmyl-CAT
43Kb 1 Pst1 5.5Kb Sv40
\@_r' 2.BamH] W’»
1 2345 1 2345 1 23 45
B
* - e ® o2
* . al

000 ©® 9000 &» 4, o0
;V_j \—_\1 J \ v J
Helo Cv-1 PC-12

Fig. 5 (A), Plasmid pAmyl-CAT was constructed by placing in front of the CAT gene the 1.2 Kb Pstl-
BamHI DNA fragment of clone G70. (B), The CAT enzymatic activity in different cell lystates was
measured 48 hours after glycerol shock with the following plasmids: Lane 1, no plasmid; Lane 2,pRSV-
CAT; Lane 3, pTK-CAT; lane 4, pAmyl-CAT; lane 5, promoterless plasmid pBLCAT3. The cell lines
transfecled are indicated. C, Chloramphenicol; al and a2, are the two forms of monoacetylated chlova:_-
phenicol. For more details see text.

detected in each of the three cell lines transfected. The strength of the amyloid promoter was comparable to the
strength of the TK promoter. In Hela cells a 3 to 4% conversion to acetylated chloramphenicol products was
detected for both promoters. In CV-1 cells the percent conversion for the TK and amyloid promoters was 6 and
11 respectively, and in PC12 cells the respective numbers were 30% and 35%. The highest conversion was
detected with the RSV promoter constructs in all three cell lines. Amyloid promoter activity was also detected
in GH3 cells (rat pituitary), AtT20 (mouse pituitary) and L cells (mouse fibroblasts) (data not shown). Transfec-
tion with the promoterless plasmid pBLCAT3 (21), showed very little activity (Fig 5). The detection of the B-
APP gene promoter activity in six different cell lines accords with the almost ubiquitous expression of this
gene(9). The high biological activity of this promoter in PC12 cells is consistent with recent reports demonstrat-
ing the presence of high levels of the amyloid precursor peptides in these cells (32). Further experiments will
allow a detailed ayalysis of the structure and molecular mechanisms underlying the regulation of the expression

of this gene.
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