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The promoter of the gene for the human precursor of
Alzheimer’s disease A4 amyloid protein (PAD gene)
resembles promoters of housekeeping genes. It lacks a
typical TATA box and shows a high GC content of 72%
in a DNA region that confers promoter activity to a
reporter gene in an in vivo assay. Transcription initiates
at multiple sites. Sequences homologous to the consensus
binding sites of transcription factor AP-1 and the heat
shock control element binding protein were found
upstream of the RNA start sites. Six copies of a 9-bp-
long GC-rich element are located between positions —200
and —100. A protein—DNA interaction could be mapped
to this element. The 3.8 kb of the 5’ region of the PAD
gene include two Alu-type repetitive sequences. These
findings suggest that four mechanisms may participate
in the regulation of the PAD gene and could be of
relevance for the progression of amyloid deposition in
Alzheimer’s disease.
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Introduction

The pathological hallmark of Alzheimer’s disease (AD) is
the deposition of fibrillar aggregates of the 42/43-residue
amyloid A4 protein (also termed (3-protein) (Glenner and
Wong, 1984a; Masters er al., 1985a,b). Protein sequencing
of amyloid isolated from brains of patients with AD and
aged invididuals with Down’s syndrome (DS) revealed the
presence of the A4 protein in both conditions (Glenner and
Wong, 1984b; Masters et al., 1985a,b; Beyreuther er al.,
1986).

Recently, molecular cloning based on the sequence of the
A4 protein indicated that it is encoded as part of a larger
precursor (PreA4) that maps to chromosome 21 (Kang et
al., 1987; Goldgaber et al., 1987; Tanzi et al., 1987). Two
mRNA-bands (Kang er al., 1987) have now been accounted
for by the demonstration of three alternative splicing products
of the amyloid gene (Ponte ez al., 1988; Tanzi et al., 1988;
Kitaguchi ef al., 1988). The smallest of these products, the
695-residue precursor protein (PreAdgos), has been
synthesized in vitro and shown to be a N-glycan membrane
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protein that spans the lipid bilayer once (Dyrks et al., 1988).
At least two other forms of PreA4 exist (PreAdss; and
PreA470), both containing a 56-residue insert which has a
protease-inhibitory function (Kitaguchi et al., 1988). The
amyloidogenic A4 protein is derived in part from the
transmembrane domain and from part of the adjacent
extracellular N-glycan domain (Kang er al., 1987). A
precursor —product relationship has been demonstrated
(Dyrks et al., 1988). This suggests that membrane damage
and proteolytic cleavage could be important events which
precede the release of the A4 protein.

The A4 gene is expressed in brain and peripheral tissues,
such as muscle and epithelial cells (Bahmanyar et al., 1987,
Goedert, 1987; Shivers et al., 1988; Tanzi et al., 1988;
Zimmermann et al., 1988), yet for reasons still unknown
the amyloid deposits in AD are confined to the brain.

Recently, in situ hybridization analyses were published
that indicate an alteration of the amount of PreA4 mRNA
in brains of AD patients when compared to normal
individuals (Cohen et al., 1988; Higgins et al., 1988; Lewis
et al., 1988). These results implicate a role for gene
regulation in AD. To address questions on the transcriptional
control of the amyloid A4 precursor gene, which range from
the identification of cellular transcription factors to the
biochemical mechanisms of the regulatory processes that are
relevant for AD pathogenesis, it is first necessary to isolate
the promoter of the amyloid A4 precursor gene.

In this paper we describe the cloning and characterization
of the promoter of the amyloid A4 protein precursor gene,
which hereafter we refer to as PAD (for Precursor of
Alzheimer’s Disease A4 amyloid protein gene) gene, also
termed AD-AP gene (Goldgaber er al., 1987), amyloid
B-protein gene (Tanzi ez al., 1987), AAP gene (Robakis et
al., 1987), A4 amyloid gene (Van Broeckhoven et al., 1987),
APP gene (Tanzi et al., 1988) or CVAP gene (Bendotti et
al., 1988) on the basis of cDNA cloning. This report,
however, deals with the genomic locus. The PAD promoter
strongly resembles the promoters of ‘housekeeping’ genes.
The in vivo activity of the promoter and putative transcription
factor binding sites are also demonstrated.

Results

Cloning of the PAD gene promoter

We isolated genomic clones from the 5’ end of the PAD
gene. A BamHI— Accl fragment from position —47 to +227
of A4 amyloid precursor cDNA (Kang et al., 1987), which
encodes the shortest 695-residue product (PreAdqgs) was
used to screen a library of flow-sorted human chromosome
21. Clone H1.30 was found to contain a 2.8-kb HindIlI
fragment which was subcloned into pUC19. The fragment
contained a single BamHI site. The 593-bp Hindlll — BamHI
fragment of clone H1.30 was cloned into M13 vectors and
the DNA sequence of both strands was determined. We
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BamHI . ) : . .
GGATCCTAA CCCAATATCT GCTGTCCTTA TAACAAGAGG AGATTAGGGC
ACAGTAAGAC ACAGAGGGAA GACCATGTGA GAATACAGGG AGAAGGTGGC
CATCTGCAAG CCAAGGAGAG AGGCCTCAGA AGTAACCAAC TCAGCCAACA
CCTCGATTTC AGACTTCCAG CCTCCTGAAA TGTGAGGAAA TACATTTCTG

-3500 GTGTTTGATC CATCCAGTCT ATGGTAAGTT ATGGCACCCT GCAGGGTTCA
TCTGGCTCAG ACTTAACGAT TGCTTTTGGT GATATTTATA GGGCACAGAT
AACAGCCTAA ACACAAGACG ACAGAAACGC GGCCCAGCAG ACTATGCATA
AAATAGAAAT GGGGTATCTG GACCAATTGG AGTCTGCAGT GGGATGCGGT
TACTAAAACA GTCAAATGCA ACATGAGGCT CCAGGCAGAG TAGTGGGCAA
CATCTCCCAT GTTGCAGCAG TCAGAGCACA CTTCGAGTAC TGTAAAAAGA
CACAGACAAG GCAGAACACT TTAGAGAATG GCCAAGGTGT GGAAGGAACG
AGAAACCATG CCATTATGCA ACTGTTGAAG GAAGTGCCTG TTTTACCTTG
TGAAGAGAAG ACTCTAGAGG AAGAAGTAGC ATGAAAACAG CTGGCAAATT
TGTAAAGATC TGAAGTGTGC AAAAGAATTA TTCTGCTTGG TCACTGGGCA

-3000 ATACAAGGAT ATCTGAGTGG GAGTTTAAAG GCGGGGGATG TGAGCTTTAA
ATGGGATAAG AACATTCTAG TAACCAGAAA TGCCCAAAGA TAGAATGCAC
AGTCTGGAGA GCCAGTGAAT ATCTCACAAA TGGAGACACT TGAAACTAGG
ATGGGGATGC TGTTGTAGGA ATTCCAGCAG ACAAGTGGTT GTTGGTTCCT
TCCCCAACTT TGTAGGGTTA TAACTAGGGA TGTTCCTGCG TTTTCTGCTT
GGAGGATCTG CAAGACACCT CAGGGCAGGA AATGGCATTA AATGCAGAAC
AGAGCTAGTG GCTGAAAAGC AAAAAGCCAT CAGGATCTCT GGAGTAGTGA
AGGAACCAGA GAACATGCAG GCAATGTCCA TCATTCTGAC GCAATCAGCA
GCGATAATCA TCTTCCCCCA GGAACATCTT GACCAGGGAA TGTGTCAGTG
TTGGTGAATT TCAACAGTGG AAAGAGAAAC TGCTAAATCT AAGAACTTTA

-2500 ATTTTTATAG GTTATGATCT CATCTCTACA ATTTTGAATT TCATGCTCAA
TAAAAGTTCC TTACTCTCTT TTTTTTTTTT TGAGACGGAG TCTCGCTCTG
TCGCCCAGGC TGGAGTGCAG TGGCGCGATC TCGGCTCACT TCAAGCTCAG
CTCCCGGGTT CACGCCATTC TCCTGCCTCA GCCTCCCAGT AGCTGGGACT
ACAGCGCCCG CCACGACGCC CGGCTAATTT TTTGTATTTT TAGTAGAGAC
GGGGTTTCAC CGTGTTAGCC AGGATGGTGT TGATCTCCTG ACCTCGTGAT
CCGCCCGCCT CAGCCTCCCA AAGAAAAGTC CCTCACTCTT AAAGTTGCCT
CCTCCTTCCC AGGGCTGGCT TCATGGGCAT GCAACCCTGG AGAGTCTCAC
AGGCCCTGCG GTGGGAGGAG CCCCATGCTT GGTTTAACGC TCTGCCATTG
CCATCTTAAA ATTCTTAATT TAATTTTTTT TCTTTTTTTT TGAGGTGGAG

-2000 TCTCGCTCTG TCGCCCAGGC TGGAGTGCAA TGGCACAATC TTGGCTCACT
GCAACCTCCG CCTCCCAGGT TCAAGCGATT CTCCTGCCTC AGCCTCTGGA
GTAGCTGGGA TTACAGGCAG GAGTAACCAC GCTCGGCTAA TTTTTGCATT
TTTAGTAGAG ATGGGGGTTT CACCATGTTG GCCAGGCTGG TCTAGAACTC
CTGACCTCAG GTGATCTCCC ACCCTGGGCC TCCTAAAGTG CTGGGATTAC
AGGCATGAGC CACCAGGCCC GGCCTTAAAA TTCTTAATAA TGTAACAAAG
GGTCTCACGT TTGCATTTTG CAGTGGACTC TGCAAGATTG TAGCTTGGAC
CACGTTCTCT TGCATTCAGA TACCTTCTTT TTGCCTTATT TGCTCATGCA
GACCCGGAAC AAATACGGAA TTGCGGTGGT AAATGTGGTG CAGAAAGTGA
ACAACTGGGT TTGTCCTGTC ACTTTAGGCT TTTCCCTGTG TCCCAGCTTC

-1500 ATGTCACTTA CTTGCTATTA GATTTGGGAG TTCATTAGCT TCATTTTCCT
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GATGTATAAA TAGGAATAAT AGTAACAGCC TCTTTGGCTT TTGTAGGAAG
TAAATGACAT GAAGCGTATA AACAAATACT GCATGACAAT AAATATTTGT
CCTTATTTGT TGAGGACATC CAAAGGACAT TCAGGGGCAA AAGTAATCCA
AGAGTCAAGA CTGAATGCCT AGTGCGGAAA AAGACACACA AGACAACATT
TAGGGGAGCT GGTACAGAAA TGACTTCCCA GAAGAAGTCT GTACCCCGCT
GCCTGAGCCA TCCTTCCCGG GCCTCGGCAC CCTTGTCAGC GCAATGAGCA
AGGGAGAGAA GGCAGCAGTG CAGCCTCAGA AGGGCCAGCG CACTCCCTGG
CTTCAGTCCT TCGCTCCAAG CCCTGTGTGG AGTGGGCTGT GGCTTGGTAA
CTAAACGCTA CTTCAGGTCA AGAGCAGGGG ATATATCTGG GCAGTTCTAG
-1000 AGCATTCTAA ACTATCTGGA CACTAACTGG ACAGTGGACG GTTTGTGTTT
AATCCAGGAG AAAGTGGCAT GGCAGAAGGT TCATTTCTAT AATTCAGGAC

-900 AGACACAATG AAGAACAAGG GCAGCGTTTG AGGTCAGAAG TCCTCATTTA
CGGGGTCGAA TACGAATGAT CTCTCCTAAT TTTTCCTTCT TCCCCAACTC

-800 AGATGGATGT TACATCCCTG CTTAACAACA AAAAAAGACC CCCCGCCCCG
CAAAATCCAC ACTGACCACC CCCTTTAACA AAACAAAACC AAAAACAAAC

-700 AAAAATATAA GAAAGAAACA AAACCCAAGC CCAGAACCCT GCTTTCAAGA
AGAAGTAAAT GGGTTGGCCG CTTCTTTGCC AGGGCCTGCG CCTTGCTCCT

-600 TTGGTTCGTT CTAAAGATAG AAATTCCAGG TTGCTCGTGC CTGCTTTTGA
CGTTGGGGGT TAAAAAATGA GGTTTTGCTG TCTCAACAAG CAAAGAAAAT

HindIII
-500 CCTATTTCCT TTAAGCTTCA CTCGTTCTCA TTCTCTTCCA GAAACGCCTG

CCCCACCTCT CCAAACCGAG AGAAAAAACG AAATGCGGAT AAAAACGCAC
Mspl
-400 CCTAGCAGCA GTCCTTTATA CGACACCCCC GGGAGGCCTG CGGGGTCGGA
TGATTCAAGC TCACGGGGAC GAGCAGGAGC GCTCTCGACT TTTCTAGAGC
laaaased *h KRE *RE KK
-300 CTCAGCGTCC TAGGACTCAC CTTTCCCTGA TCCTGCACCG TCCCTCTCCT
GGCCCCAGAC TCTCCCTCCC ACTGTTCACG AAGCCCAGGT GGCCGTCGGC

Mspl
-200 CGGGGAGCGG AGGGGGCGCG TGGGGTGCAG GCGGCGCCAA GGCGCTGCAC

Mspl
CTGTGGGCGC GGGGCGAGGG CCCCTCCCGG CGCGAGCGGG CGCAGTTCCC

Mspl MsplI
-100 CGGCGGCGCC GCTAGGGGTC TCTCTCGGGT GCCGAGCGGG GTGGGCCGEA

-50 TCAGCTGACT CGCCTGGCTC TGAGCCCCGC CGCCGCGCTC GGGCTCCETC
T ¥

+1 AGTTTCCTCG GCAGCGGTAG GCGAGAGCAC GCGGAGGAGC GTGCGCGGGG
LI i

Mspl
+51 GCCCCGGGAG ACGGCGGCGG TGGCGGCGCG GGCAGAGCAA GGACGCGGCG

BamHI
+101 GATCC

Fig. 1. DNA sequence of the 5’ end region of the PAD gene. Base numbers are relative to the strongest signal of the 5' end mapping experiments
(see text and Figure 3). The unique HindlIII site is indicated. Mspl sites are given between the HindIlI site and the BamHI site at the 3’ end of the
sequence. Six copies of a 9-bp-long GC-rich element are underlined. Symbols: #, mapped 5’ termini of PreA4 mRNA; ~ ~, homology to AP-1

binding site consensus; **, homology to the heat shock consensus sequence.

found this DNA fragment to contain 99 bp upstream of the
BamHI site which were identical to the reported 5’
untranslated cDNA sequence of PreAdgs, except for one
additional G in the genomic DNA at cDNA position —96
to —99. The genomic DNA showed a stretch of five
consecutive Gs versus four in the cDNA. The 488 bp
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upstream of the cDNA sequence were expected to be the
promoter region of the PAD gene. In order to obtain a clone
which contains more upstream DNA, we used the 593-bp
Hindlll - BamHI fragment as a probe to screen a human
genomic library. Clone PN.1 was isolated and found to have
3.8-kb BamHI fragment which hybridized to the probe.
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Fig. 2. Mapping of the 5’ termini of PreA4 mRNA. Primer extension
analysis of 20 ug (lane 1) and 2 ug (lane 2) of total fetal brain RNA.
Lanes 3—6, reactions A, C, G and T of DNA sequence as size
marker. S1 nuclease protection analysis of 10 ug total fetal brain (lane
7) and 20 pg total RNA from the SY5Y neuroblastoma cell line (lane
8). Primer extension, DNA sequencing and S| nuclease protection
analysis were performed with the oligonucleotide
5'-GCCGCGTCCTTGCTCTGC-3' as primer. The primer is
complementary to positions +82 to +99 of the sequence.

This fragment was subcloned and its DNA sequence was
determined (Figure 1). The DNA contains two copies of an
Alu-type repetitive sequence in the same orientation at
positions —2436 to —2179 and —2020 to —1764.

Muiltiple transcription start sites

To determine the 5’ end of the PreAdgqs; mRNA we
performed an S1 nuclease 2protection experiment (Figure 2,
lanes 7,8). A uniformly 3°P-labelled single-stranded DNA
probe was prepared by annealing the oligonucleotide primer
5'-GCCGCGTCCTTGCTCTGC-3' to mha6 template DNA,
a M13mp19 clone of the 593-bp HindIll —BamHI 5' end
fragment. After extension with Klenow polymerase and
digestion with HindIII a 582-bp-long probe was generated.
Hybridization of excess probe to 10 ug of total fetal brain
RNA and subsequent digestion with S1 nuclease results in
a heterogeneous population of protected fragments. Sizes of
104, 103, 99, 96 and 95 bp were observed. The same pattern
was obtained with RNA from the SYSY neuroblastoma cell
line (Biedler et al., 1973). A DNA sequence ladder was
primed with the same oligonucleotide and served as size
marker. Thus we were able to correlate the protected
fragments to bases in the DNA sequence. The signal at
99 bp, which is the strongest we observed, exactly
corresponds to the first nucleotide of the PreAdg; cDNA.
To confirm the results of the S1 nuclease protection, a primer
extension analysis was carried out. Whereas S1 identifies

PAD gene promoter

P

Fig. 3. CAT assays to show promoter activity in vivo. Transfected
plasmids are: lane 1, pSV2CAT containing the SV40 promoter; lane
2, pBLCATS3, the vector used for all further constructs; lane 3, A4
5'HB rev./pBLCAT3, a construct with the 593-bp HindIll - BamHI
promoter fragment in reverse orientation with respect to the CAT
gene; lane 4, A4 5'HB/pBLCAT3 with the PAD promoter in proper
orientation to the CAT gene; lane 5, hMTII/pBLCAT3 contains the
promoter of the human metallothioneine gene in front of the CAT
gene; lane 6, hMTII/pBLCAT3 with induction of the hMTII promoter
with 2 mM Zn?*. Labelled acetylated chloramphenicol is separated by
TLC from ['*ClacetylCoA, which stays at the origin. Conversion of
radioactivity is indicated for each construct.

not only 5’ ends of the mRNA but also mismatches between
the mRNA and the probe, primer extension with AMV
reverse transcriptase maps 5’ termini and stop sites for
reverse transcriptase (RT). A 3*P-labelled 29-bp primer
with the same 5’ end as the S1 probe was annealed to 20 ug
of total fetal brain RNA and extended with RT. Bands of
103, 102, 99 and 95 bp were observed (Figure 2, lanes 1,2).
The differences between S1 and RT might be due to
preferential termination by RT or to unequal sensitivity of
certain bases to S1 digestion. However, the similarity of the
band patterns generated by the two independent 5’ end
mapping techniques indicates that the true 5’ termini of the
PreAdgs mRNA were mapped. From these experiments we
conclude that more than one transcription initiation site is
used at the PAD gene promoter.

PAD promoter elements

The DNA sequence upstream of the multiple RNA 5’ termini
(Figure 1) does not contain a typical TATA box and has
a high GC content. Between positions —1 and —400 the
DNA is comprised of 72% GC. The ratio of the dinucleotide
CpG, the target site for DNA methylation, versus GpC is
~1:1 around the RNA start site. At position —45 as well
as —350, relative to the strongest 5’ end signal, we find
heptamer sequences which are in good agreement to the
binding consensus sequence of the transcription factor AP-1
(TGACTCA; Lee et al., 1987). The sequence starting

2809



J.M.Salbaum et al.

HindIII MspI Mspl MspIMspl Mspl MspIBamHI
| [ 1 |

116 171 77 23 46 108 50 bp

HELA CELL NUCLEAR EXTRACT:

FRAGMENT : 77bp 23bp 46bp
23BP COMPETITOR, ng:

L) 100 - s

o Ka.

100 300 - 1) 100

-

- e

Fig. 4. Gel-retardation assays. (A) Mspl fragments of the PAD promoter were used to probe for sequence-specific protein binding. Lanes 1 and 2,
the HindIII—Mspl fragment of 116 bp; lanes 3 and 4, the 171-bp Mspl fragment; lanes 5 and 6, the 77-bp Mspl fragment; lanes 7 and 8, the 23-bp
Mspl fragment; lanes 9 and 10, the 46-bp Mspl fragment; lanes 11 and 12, the 108-bp Mspl fragment; and lanes 13 and 14, the 50-bp
Mspl—BamHI fragment. Absence (—) or presence (+) of a nuclear extract prepared from HeLa cells is indicated. Presence of the nuclear extract
results in bands of lower electrophoretic mobility (+ lanes compared to the corresponding — lanes). (B) The Mspl fragments of 77, 23 and 46 bp
were incubated with the HeLa cell nuclear extract and increasing amounts of synthetic DNA with the sequence of the 23-bp Mspl fragment as
sequence-specific competitor. The amount of competitor DNA is indicated above each lane. Shift bands of the three probe fragments show a different

sensitivity to the presence of the competitor DNA.

at position —317 corresponds very well to the heat shock
control element (HSE), whose consensus sequence is
CT-GAA--TTC-AG (Wu et al., 1987). Furthermore, six
copies of a GC-rich element following a consensus of
GGGCGCS GG can be located between positions —198 and
—105. The features of multiple RNA start sites, the absence
of a typical TATA box, the high GC content of the DNA
upstream of the RNA starts and the presence of a GC-rich
box places the promoter of the PAD gene in the class of
promoters of ‘housekeeping’ genes, like the adenosine
deaminase gene (Valerio et al., 1985) or the gene for
dihydrofolate reductase (Crouse et al., 1982). The promoter
of the hamster PrP gene (Basler er al., 1986), the product
of which gives rise to brain amyloid deposits in scrapie-
infected animals, is organized in a similar fashion: it lacks
a TATA box, shows multiple 5’ termini of the mRNA,
contains an AP-1 binding consensus sequence (positions
232—-238) and is GC rich. In addition, there are three
potential binding sites for the transcription factor SP-1
(Dynan and Tjian, 1983).

Promoter activity in vivo

The 593-bp HindIIl—BamHI fragment was tested for its
ability to show promoter activity in vivo. It was cloned
into pPBLCAT3 (Luckow and Schiitz, 1987) in correct as
well as in reverse orientation to the chloramphenicol
acetyltransferase (CAT) gene. These constructs were
transfected into HeLa cells and CAT activity was measured
(Figure 3). The SV40 promoter of pSV2CAT served as high
control (lane 1), resulting in a complete conversion of
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chloramphenicol into its acetylated derivatives. Transfection
with the PAD promoter in reverse orientation yielded 2%
conversion (lane 3), comparable to the CAT vector without
an inserted promoter (5%, lane 2) or the non-induced human
metallothionine II (hmtIl) promoter (1.5%, lane 5). When
induced with 2 mM Zn**, the hmtII promoter produced
70% conversion in our assay conditions. The PAD promoter
fragment in correct orientation gave 42% conversion (Figure
3, lane 4). This result clearly shows that the 593-bp genomic
fragment can function as a promoter in an in vivo assay.
Together with the results of the 5’ end mapping of the
PreA4¢; mRNA we conclude that we have indeed isolated
the promoter of the PAD gene from our genomic clones.

Identification of a transcription factor binding site

For a further characterization of the PAD gene promoter we
performed gel-retardation assays (Figure 4). As we could
show that the PAD promoter is active when introduced into
HeLa cells, we concluded that possible transcription factors
interacting with this promoter would be present in nuclear
extracts prepared from HeLa cells. The 593-bp HindIIl—
BamHI fragment was digested with Mspl. Seven DNA
fragments with sizes of 116, 171, 77, 23, 46, 108 and 50 bp
(fragments ordered from HindIIl to BamHI) were obtained
and used to probe for sequence-specific formation of
protein—DNA complexes. Probe DNAs were incubated with
nuclear extract from HeLa cells in the presence of the
non-specific competitor poly[d(I-C)] to allow complex
formation to occur. Protein—DNA complexes were
separated from free DNA on polyacrylamide gels and



compared to probe DNAs which were incubated with BSA
instead of nuclear extract (Figure 4A). A variety of shift
bands was observed. We directed our attention to the 23-bp
fragment, which contains two copies of the GC-rich element.
When this fragment is incubated with the nuclear extract,
a strong shift band occurs (lane 8 versus 7 in Figure 4A).
A band of similar mobility but different intensity appears
with other probe fragments, notably with the 77-bp fragment,
which also carries copies of the GC-rich element. Also the
46-bp as well as the 108-bp fragments, which have no copies
of the GC-rich element, show shift bands in this range. We
therefore synthesized complementary oligonucleotides
covering the 23-bp Mspl fragment. These oligonucleotides
were annealed to give double-stranded DNA and used as
a specific competitor in the binding assay (Figure 4B). Three
consecutive Mspl fragments with 77, 23 and 46 bp were
incubated with nuclear extract in the absence or presence
of the synthetic 23-bp competitor DNA. The reactions were
analysed on a 5% polyacrylamide gel. The shift band of the
23-bp fragment disappeared with increasing amounts of
specific competitor (Figure 4B, lanes 4—7). The 77-bp
fragment showed two shift bands. In contrast to the strong
lower band, the upper band could be competed with synthetic
23-bp DNA (Figure 4B, lanes 1—3). The 46-bp fragment
showed a strong shift band which was not sensitive to
competition (Figure 4B, lanes 8 —10). From this experiment
we conclude that a sequence-specific protein—DNA
interaction occurs between positions —124 and — 105 of the
PAD gene promoter. As two copies of the GC-rich element
are located in this DNA region we suggest that the GC-rich
element plays a role in regulating transcription of the PAD
gene.

Discussion

We cloned human genomic DNA fragments which hybridize
to a 5’ end restriction fragment of the PreAdqs cDNA
(Kang et al., 1987) in order to isolate the promoter of the
PAD gene. Since the gene is located on chromosome 21,
a library of flow-sorted human chromosome 21 was used
initially. The first clone we obtained had 488 bp of 5’
overlapping sequence relative to the first nucleotide of the
cDNA clone. We found the genomic clone to contain an
additional nucleotide when compared to the published cDNA
sequences (Kang er al., 1987; Ponte et al., 1988). However,
a genomic probe was protected from nuclease S1 digestion
at this site when hybridized to PreA4 mRNA, suggesting
no mismatch between the genomic sequence and the mRNA.
When tested in an in vivo promoter assay, the DNA fragment
carrying the junction of genomic and cDNA sequence is
clearly able to drive the transcription of a reporter gene. This
result provided evidence that we have isolated the promoter
and not an intron—exon border.

The promoter of the human PAD gene has features similar
to the promoters of so-called ‘housekeeping’ genes (Basler
etal., 1986). We mapped the 5’ termini of the PreA4 mRNA
by two independent techniques in order to exclude artefacts
associated with the particular enzyme reactions. Although
the results were not fully identical with each other, at least
three different 5’ ends could be mapped by S1 nuclease as
well as by primer extension. This result strongly suggests
the existence of multiple RNA start sites at the PAD gene
promoter. The most prominent start site corresponds exactly

PAD gene promoter

to the first nucleotide of the PreAd¢ys cDNA clone 9-110
(Kang et al., 1987), which we could show in this work to
be a full-length clone. The DNA sequence upstream of the
transcription initiation sites is characterized by an unusually
high GC content, which reaches 72 % within the region from
—1to —400. It also does not contain a TATA box. These
features are typical for promoters of housekeeping genes.
The observation that promoters lacking a TATA box have
multiple mRNA starts has been described for a variety of
mRNAs, including those of adenosine deaminase (Valerio
etal., 1985), Thy-1 (Giguére et al., 1985) and hamster PrP
(Basler et al., 1986). The almost ubiquitous expression of
transcripts derived from the PAD gene (Tanzi et al., 1987,
1988) is also consistent with the concept of a housekeeping
gene. This term, however, does not imply that the gene is
expressed constitutively.

We have observed a considerable high frequency of CpG
versus GpC dinucleotides in the promoter sequence, being
1:1 instead of 1:5 as seen in normal eukaryotic DNA (Razin
and Riggs, 1980). The dinucleotide CpG is the target for
DNA methylation, a mechanism knowp to control gene
expression (Doerfler, 1983).

We found two heptamer sequences which resemble the
consensus binding sitt TGACTCA of the transcription factor
AP-1, a phorbol-ester-inducible enhancer binding protein
(Lee et al., 1987), one at position —45 with a G in position
7 instead of the A and the other at position —350 with a
T substituting the central C. With the products of the
oncogenes v-jun and c-fos having the ability to bind to the
same consensus sequence (Bohmann ez al., 1987; Rauscher
et al., 1988), it remains to be established whether these sites
in the PAD promoter are used and which genetic control
circuit acts on the PAD gene.

The sequence at position —317 is in good agreement with
the consensus sequence CT-GAA--TTC-AG of the heat
shock control element (HSE, Wu et al., 1987) with the PAD
promoter sequence having a C at position 6 instead of the
A. The term ‘heat shock’ includes exposure to stress
conditions which are not limited to heat but may include
hypoxia and exposure to a variety of toxic organic as well
as inorganic chemicals such as ethanol or cadmium chloride
(Lindquvist ez al., 1986). Another amyloidogenic protein
is related to stress conditions. The serum amyloid A
protein (SAA) is upregulated in response to a variety of
inflammatory or toxic conditions (Benditt and Eriksen,
1971). Whether the SAA gene promoter also contains HSE
control elements remains to be shown. The degenerative
pathology of the AD brain could easily be seen in the context
of neurons undergoing stress reactions. DNA footprint
analyses are presently being undertaken to prove whether
these elements in the PAD promoter are of importance.

A putative protein-binding region was identified in the
sequence between positions —200 and —100, where six
copies of a 9-bp-long GC-rich element with a consensus of
GGGCGC$ GG are located. Gel-retardation assays together
with sequence-specific as well as non-specific competitor
DNAs provide evidence that binding occurs in a region of
the DNA with two copies of the GC-rich element. This
binding could be competed with double-stranded oligo-
nucleotide DNA having the sequence from position —123
to —101. Other binding reactions were not influenced by
the addition of the oligonucleotide competitor DNA.

We conclude from this study of the PAD gene promoter
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sequence that at least four mechanisms could act to control
the regulation of the PAD gene: the stress-related HSE; the
‘oncogene-related’ AP-1/Fos binding site; the potential
protein binding at the GC-rich element; and the possible
methylation of the CpG region. A disturbance in the
regulation of PAD gene products over a long period of time
could well contribute to the rate of amyloid formation.
Control of PAD gene expression in the clinical conditions
of DS and familial and sporadic AD might have therapeutic
potential.

Materials and methods

Cloning and DNA sequencing

Clone H1.30 was isolated from a chromosome 21 library (HindIII fragments
in Charon 21A, courtesy of Dr M.Van Dilla) using the BamHI—Accl
fragment (—47 to +227; Kang et al., 1987) of the PreAdq9s cDNA as
probe. The human chromosome-21-specific gene library used in this work
was constructed at the Lawrence Livermore National Laboratory, Livermore,
CA, under the auspices of the National Laboratory Gene Library Project,
which is sponsored by the US Department of Energy. Hybridizations were
performed in 5 X SSPE, 50% formamide, 1 X Denhardt’s solution, 1 mM
EDTA at 42°C with 10° c.p.m./ml of randomly primed probe (Feinberg
and Vogelstein, 1984). A 593-bp HindIll — BamHI fragment of clone H1.30
was subcloned into M13 vectors and sequenced on both strands. This
fragment also was used to screen a human genomic library (vector 147.1,
courtesy of Dr B.Horsthemke, University of Essen) and to isolate clone
PN.1. A 3.8-kb BamHI fragment was subcloned into a Bluescript vector
(pKS+, Genofit, Heidelberg). A set of ordered deletions along the DNA
was constructed with the help of exonuclease III and mung bean nuclease
(Genofit). DNA from 12 deletion plasmids was purified on CsCl gradients
and used for DNA sequencing. The chain termination method (Sanger et
al., 1977) was performed using T7 DNA polymerase (Sequenase, USB)
on single-stranded as well as on denatured plasmid DNA templates (Chen
and Seeburg, 1985).

Nuclease S1 protection and primer extension analysis
The nuclease S1 protection assay was performed as described (Ruppert et
al., 1986). A uniformly labelled single-stranded DNA probe was synthesized
by annealing an oligonucleotide primer 5'-GCCGCGTCCTTGCTCTGC-3'
to mha6 template DNA (a M13mp19 clone of the 593-bp HindIll — BamHI
PAD gene 5' end fragment) and extension with Klenow polymerase
(Boehringer Mannheim) to the HindIll site. The probe was hybridized to
10 ug of total human fetal brain RNA, digested with S1 nuclease (Boehringer
Mannheim) and the resulting products analysed on a 6% sequencing gel.
For primer extension analysis, the same annealing mix as for the S1 probe
was prepared. Extension of the oligonucleotide with Klenow polymerase
was performed with dGTP, dTTP and [e-*2P]dCTP in the absence of
dATP. The resulting 29-bp labelled primer was purified on a 6% denaturing
(8 M urea) polyacrylamide gel. 10° c.p.m. of primer were annealed to
20 pug of total fetal brain RNA for 30 min at 42°C in 40 mM Tris—HCI,
pH 8.3, 80 mM NaCl, 6 mM MgCl,, 2.5 mM DTT. After addition of all
four dNTPs at 0.5 mM and 20 U AMYV reverse transcriptase (Genofit) the
reaction was incubated for 30 min at 42°C. After ethanol precipitation,
products were separated on a 6% sequencing gel and subjected to
autoradiogrpahy.

In vivo promoter assay

In order to assay in vivo promoter activity, CAT assays in HeLa cells
transfected with the appropriate constructs were performed as described
(Scholer and Gruss, 1985). The 593-bp HindIll—BamHI fragment was
cloned into pBLCAT3 (Luckow and Schiitz, 1987). To generate a construct
with the PAD gene promoter in reverse orientation to the CAT gene, the
593-bp HindIll — BamHI fragment was treated with Klenow polymerase and
cloned via blunt ends into the Hincll site of pUC19. The insert of a properly
oriented clone was cut out with HindIll and BamHI and cloned into
pBLCAT3. pSV2CAT and the hMTII promoter (Karin ez al., 1984) cloned
into pBLCAT3 were used as controls.

Gel-retardation assays

Nuclear extracts from HeLa cells were prepared as described (Dignam er
al., 1983; Staudt et al., 1986). The 593-bp HindlIl — BamHI fragment was
digested with Mspl, the resulting fragments were end-labelled with Klenow
polymerase and [o-32P]dCTP and purified on a 10% polyacrylamide gel.
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Binding reactions (10 ul) contained 5000 c.p.m. of probe fragment, 1 pg
poly[d(I-C)] (Boehringer Mannheim), 10 mM Hepes, pH 8.0, 90 mM NaCl,
2 mM DTT, 0.1 mM EDTA and 1 pl nuclear extract (~5—10 ug of
protein). Reactions were incubated for 30 min at room temperature.
Protein—DNA complexes were separated from free DNA on 3.5%
polyacrylamide gels in 0.5 X TBE at 4°C and 10 V/cm. Gels were dried
onto Whatman DE81 ion-exchange paper and subjected to autoradiography
with two intensifying screens at —70°C.
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