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1. ABSTRACT

2. INTRODUCTION

We have identified downstream promoter
sequence of the PS1 gene that may be regulated by novel
transcription factors. 3’ deletion from +178 to +165 had no
effect on PS1 transcription. 3’ deletion from +178 to +140
decreased promoter activity by 50%. Further 3' deletion
from +178 to +114 decreased promoter activity by 80%.
Therefore, a crucial element controlling over 80% of the
promoter activity in SK-N-SH cell line is located between
+114 and +165. Electrophoretic mobility shift assays
suggested that zinc finger proteins Sp1 and ADR1
interacted with the PS1 promoter sequence (+114 to +140)
and promoter region (+140 to +165) respectively. A three
base pair substitution within the core sequence
(GGCGGGGA to GGCGactA) of the ADR1 consensus in
the element (+140 to +165) that abolished ADR1-DNA
interaction, reduced PS1 transcription by 50%. The
substitution mutation in the sequence (+114 to +140) that
abolished Sp1-DNA interaction had no effect on PS1
expression. These data suggest that a novel mammalian
trans-activator protein ADR1 binds to the downstream
element (+140 to +165) to activate PS1 transcription.

Presenilin genes (PS1 and PS2) encode highly
homologous integral membrane proteins (1, 2). Mutations
within the presenilin genes lead to the most aggressive
form of early-onset familial Alzheimer's disease (FAD) and
account for more than 75% of early onset cases (1, 3, 4).
The pathogenesis of FAD is associated with the formation
of amyloid plaques containing Aβ42/43 polypeptide (3, 5),
a highly amyloidogenic variant of Aβ. Aβ42/43
polypeptide is produced by sequential proteolytic
processing of APP (6). Presenilins are required for the
final step of the intramembrane cleavage of APP by γsecretase (7). γ-secretase activity has been shown to be
carried out by a multimeric protein complex including PS1
(7). PS1 appears to be the γ-secretase catalytic subunit
itself (8) and has been found tightly associated with a
number of proteins such as nicastrin (9) which participates
in the APP as well as in Notch processing pathways (10,
11).
Notch receptor signaling is an evolutionarily
conserved pathway which controls cell fate in
Caenorhabditis elegans where PS1 homologue SEL-12 is
required for Notch cleavage and Notch receptor signaling
3439
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3. MATERIALS AND METHODS
3.1. Construction of human PS1 promoter CAT
reporters
A genomic fragment including 118 bp of
upstream sequences, and 39 bp of the first intron was
obtained as described before (17) by PCR amplification.
Primers were designed on the basis of the published PS1
sequence (19) to incorporate restriction enzyme sites at the
end of the amplified fragment. SacI and XbaI sites were
introduced in forward and reverse primers, respectively.
The PS1 promoter fragment (-118 to +178) obtained by
PCR using pSacI and p27 primers, was then inserted into
the promoterless pKT vector (20) upstream from the CAT
gene. 3' deletion constructs including only sequences
downstream from the SacI site were generated by
amplification using the primer pairs pSacI-p41, pSacI-p42,
pSacI-p43, and pSacI-p26 and inserted into pKT after
digestion with SacI and XbaI (Figure 1). The (-118, +178)
PS1CAT constructs containing point mutations were
generated by PCR-based site directed mutagenesis using
QuickChange kit from Stratagene and the complementary
primer pairs with (-118, +178) PS1CAT plasmid as a
template. Primer pairs p121mF-p121R, p129mF-p129mR,
p143mF-p143mR, and p150mF-p150mR were used to
generate point mutations (-118, +178) m121, (-118, +178)
m129, (-118, +178) m143, and (-118, +178) m150
respectively.

Figure 1.
PS1 promoter sequence. PS1 promoter
sequence from –118 to +178. The end point of the 3’
deletions used in this study are indicated by arrows. The
transcription initiation site is shown (+1). The position of
Ets and Sp1 binding sites as identified by DNAseI
footprinting are underlined. Putative binding sites for Sp1,
Ets, GATA, MZF1, and ADR1 within the region (+114 to
+165) are also underlined. Alteration of three nucleotides
by mutations in the PS1 promoter sequence are bolded.
The end points of the 5’ and 3’ deletions analyzed by
transfection assays in this study are shown by arrows.

3.2. Sequences of oligonucleotides used in this study
The sequences of the primers used in PCR are
derived from the published sequence of the human PS1
gene (19). Forward (F) and reverse ® primers are shown in
Table 1.

and cell fate determination (12) Studies of KO mice
indicate that PS1 function is required for embryogenesis
including central nervous system and skeletal development
(13, 14). Furthermore, PS1 controls multiple aspects of γsecretase processing, including the maturation, processing
and intracellular translocation of component (s) of the γsecretase complex (15). Some of the developmental
function (s) of presenilins may also involve other proteins
found in its association including β/γ-catenins (16). Thus
regulation of PS1 level may play a critical role in
mammalian development via Notch receptor signaling and
in the pathogenesis of Alzheimer’s disease.

Double-stranded oligonucleotides containing the
binding sites for Sp1, mutant Sp1, AP2, Ets, and GATA
were purchased from Santa Cruz Biotechnology Inc. Santa
Cruz, CA. All other oligonucleotides were synthesized by
IDT (Corelville, IA).
3.3. Cell culture and transfection
Human neuroblastoma SK-N-SH cell line was
obtained from ATCC and cultured as recommended. Cells
were transfected using the calcium phosphate precipitation
method (23). pSV-βGal plasmid (6 µg) was cotransfected
with each PS1 construct (6 µg) as an internal control. A
12.5% glycerol shock was performed for 90 sec for SK-NSH cells 5 h after adding the DNA to the cells. CAT and βgalactosidase activity were assayed as described previously
(24).

We have analyzed the transcriptional control of
the human PS1 gene, and we have previously identified a
promoter fragment (-118/+178) that promotes efficient
transcription in human neuroblastoma SK-N-SH cells (17).
We have shown that a mutation altering two nucleotides of
the consensus motif of an Ets transcription factor binding
site present at – 10 reduces the activity of the PS1 gene
promoter by 80% ( 17, 18). On the contrary mutations at
consensus Ets binding sites at +65, +90, and +129 alone
reduces PS1 transcription by 40% (18). We have now mapped
two crucial downstream positive elements (+114 to +140) and
(+140 to +165) that controls more than 80% promoter activity
of the PS1 gene. In this report we have shown that
transcription factor ADR1 or an ADR1 related protein interacts
with the downstream positive element (+140 to +165) to
activate PS1 transcription in SK-N-SH cell line.

3.4. Preparation of nuclear extracts
The preparation of small scale nuclear extracts is
derived from a protocol described previously (25). Cell
were lysed in 5 volumes of hypotonic buffer A (10 mM
Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, and0.5 mM
DTT) by 20 passages through a 21-gauge needle. Nuclei
were collected by centrifugation at 17,000 × g for 10 min in
a Beckman microcentrifuge and homogenized with an
added equal volume of buffer C (20 mM Hepes, pH 7.9,
600 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
3440
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Table 1. Primer sequences
Primers used to generate 3’ deletion mutants
Gene
5’--3’ Sequence
5’-gatcGGAGCTCTGGGTTCTCCCCG-3’
pSacI
5'-gatctctagaCGGTGCCTTCCTGGCTTGC-3'.
p27
5’-gatctctagaGCTTGCCCGGACTCCCCATC-3’
p41
5’-gatctctagaCGCCGCGGCTCGTAGCTCAG-3’
p42
5’-gatctctagaCATACGCTTCCCCGCCGCCC-3’
p43
5'-gatctctagaGCTCGTAGCTCAGGTTC-3'
p26
Forward primers used to generate point mutations
5’-CCGCGGCGGCAGCGactCGGCGGGGAAGCGTATG-3’
p121mF
5’-CGGCGGCAGCGGGGCGGCGactAAGCGTATGTGCGTGATG-3’
p129mF
5’-GGCGGGGAAGCGTATGTGataGATGGGGAGTCCGGGCAAGCCAGG-3’
p143mF
5’-GGGGCGGCGGGGAAGCGTATGTGCGTGATGtGtAGTCCGGGCAAGCCAGGAAGGCACCG-3’
p150mF
Primers used to generate probes by PCR for electrophoretic mobility shift (EMSA) assay
5’-CTACGAGCCGCGGCGGCAGC-3’
p100F
5’-GCCGCGGCGGCAGCGGGGCG-3’
p106F
5’-GGCAGCGGGGCGGCGGGGAA-3’
p114F
5’-TGCCTTCCTGGCTTGCCCGGACTCCCCATCACGCACATAC-3’
p175R
5’-GCTTGCCCCGGACTCCCCATC-3’
p165R
5’-CATACGCTTCCCCGCCGCCCCGCTGCC-3’
p140R
Double-stranded consensus sequence for the oligonucletides (coding strand) used in EMSA
5’-CCGCGGCGGCAGCGactCGGCGGGGAAGCGTATG-3’
(+107 to +140)m121F
5’-GGCAGCGGGGCGGCGactAAGCGTATG-3’
(+114 to 140)m129F
5’-GTATGTGataGATGGGGAGTCCGGGCAAGCCAGGAAGGCA-3’
(+136 to +175)m143F
5’-GTATGTGCGTGATGtGtAGTCCGGGCAAGCCAGGAAGGCA-3’
(+136 to +175)m150F
5’-GATCTAAAAGTGGGGAGAAAA-3’
(21)
MZF1AF
5’-GATCCGGCTGGTGAGGGGGAATCG-3’
(21)
MZF1BF
5’-GATCGTTCTCCAACTTATAAGTTGGAGATGCCCGG-3’ (22)
ADR1F
5’-GATCGTTCTCCAAC ccgcgg GTTGGAGATGCCCGG-3’
(22)
ADR1mF
5’-ATTCGATCGGGGCGGGGCGAGC-3’
Sp1F
5’-ATTCGATCGG tt CGGGGCGAGC-3’
Sp1mF
5’-GATCTGGAGCAGGAAGTTCGA-3’
EtsF
5’-CGCTTGATGACTCAGCCGGAA-3’
AP1F
5’-CACTTGATAACAGAAAGTGATAACTCT-3’
GATAF

DTT, and 25% glycerol), in order to keep the ionic strength
of the final extract between 280 and 320 mM NaCl. After
40 min at 2-4 °C, the homogenate was centrifuged for 10
min at 17,000 × g. The supernatants were frozen in dry
ice-ethanol and stored at -80 °C.

4.1. Identification of a downstream positive cis-acting
region (+114 to +165) of the PS1 promoter
When inserted into the pKT vector, PS1 sequences
from –118 to +178 (Figure 1) promoted maximum level of
CAT expression into neuroblastoma SK-N-SH cell line, since
the CAT activity produced was about 100% of that observed
by transfecting pSVCAT into SK-N-SH cells (Figure 2, ref.
17). We have shown previously by deletion analysis and in
vitro mutagenesis that Ets binding site at -10 controls 80% of
PS1 transcription (17,18). On the other hand mutations of Ets
site at +65 or +90 or +129 control only 40% of PS1
transcription (18) In this study, deletion of 3’ sequences
between +178 and +165 produced no change in transcription
of the PS1-CAT reporter gene into SK-N-SH cells (Figure 2).
Deletion of 3’ sequences between +165 and +140 decreased
transcription by 50% to the level produced by the fragment
from –118 to +178. Further 3' deletion of sequences between
+165 and +114 reduced transcription by about 10-fold, to 810% of the maximum level observed. Therefore, it appears that
a strong positive element controlling more than 80% promoter
activity is present between +114 and +165. Since mutation of
the +129 Ets site alone accounts for only 40% reduction of PS1
promoter activity (18), it appears that other factor binding
sites present in the promoter region (+114 to +165) may be
involved in the activation of the PS1 gene. Deletion of
sequence from +114 to +107 did not produce any
significant effect on PS1 transcription. The region (+114 to
+140) of the promoter contains sequence motifs similar to

3.5. Electrophoretic mobility shift assay (EMSA)
Labeled probes were generated by kinasing doublestranded oligonucleotides and PCR products with γP32 ATP
(New England Nuclear) and T4 polynucleotide kinase (New
England Biolab). EMSAs were carried out by incubating 0.1
ng of probe with 5 µg of SK-N-SH cell nuclear extracts or
approximately 1 ng of purified yeast mini Adr1 protein (26) in
the presence of 1µg of poly (dI-dC)·poly (dI-dC) in 10 mM
Hepes, pH 7.9, 50 mM NaCl, 0.75 mM MgCl2, 0.1 mM
EDTA, 1 mM DTT, 0.5% NP40, and 10% glycerol for 20 min
at 4 °C (17, 18). Protein-DNA complexes formed were then
analyzed by electrophoresis on nondenaturing
4%
polyacrylamide gels containing 0.1% NP40. The
electrophoresis buffer was 0.25× TBE (89 mM Tris, 89 mM
boric acid, and 1 mM EDTA). The gels were prerun for 30
min, and sample electrophoresis was for 90 min at 10 V/cm at
4 °C.
3.6. Preparation of yeast mini Adr1 protein
Yeast mini Adr1 protein (amino acids 17-160)
contains a DNA binding domain (ADB) fused to a single
activation domain TADII (26). Mini Adr1 protein was
expressed in E. coli and purified in the laboratory of Dr.
E.T. Young, University of Washington, Seattle (26).
4. RESULTS
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for B4 is located outside the positive element (+114 to
+165), B4 may not be involved in the upregulation of the
PS1 gene by the element (+114 to +165) . When (+100 to
+140) fragment was used as a probe in EMSA (Figure
3B, lane 3) band B5 disappeared. This result suggests
that binding sites for nuclear factors corresponding to
B1, B2, and B3 are located between +114 and +140; and
the binding site for nuclear factor corresponding to B5 is
located between +140 and +165. This result also appears
to suggest that the downstream positive element (+114 to
+165) contains two cis-acting sequences (+114 to +140)
and (+140 to +165). The sequences (+114 to +140) and
(+140 to +165) appear to possess positive activity
(Figure 2).
4.3. Transcription factor Sp1 interacts with the
sequences (+114 to +140) and transcription factor
ADR1 interacts with the sequence (+140 to +165)
To further delineate the region, double stranded
oligonucleotides containing the binding sites of different
transcription factors were used as competitors for EMSA.
Radiolabeled DNA fragment from +100 to +165 was
used as a template in this experiment. As shown in
Figure 4A, Sp1 and (+114 to +140) specific unlabeled
probes blocked the formation B1 and B4 complexes
(lanes 3, 4 and 17, 18). Ets-specific unlabeled probe
(Figure 4A, lanes 7 and 8) did not compete with any of
these B1-B5 bands. These data suggest that interaction of
Ets with +129 Ets element may be very weak. Similarly
ADR1 and (+136 to +175) specific unlabeled probes
efficiently competed for the formation of B5 complex
(Figure 4A, lanes 15, 16 and 19, 20). These results
suggest that B1 and B4 complexes are generated by Sp1
or Sp1 family of transcription factor (s) and B5 complex
is formed by zinc finger containing transcription factor
ADR1 or an ADR1 related protein. Competition with
double-stranded
oligonucleotides
suggests
that
complexes B2 and B3 are generated by non-specific
protein-DNA interaction. To confirm that B1 and B4
complexes are generated by Sp1 and B5 complex is
formed by ADR1, competition experiments were carried
out with Sp1 and ADR1 mutant oligonucleotides as well
as PS1mutant (+114 to +140) and (+136 to +175)
oligonucleotides (Figure 4B). Sp1 mutant and mutant
oligonucleotide containing mutation in the Sp1 binding
site (+107 to +140)m121 failed to abolish the formation
of B1 or B4 complex only (Figure 4B, lanes 4, 5 and 12,
13). On the contrary, a mutant oligonucleotide (+114 to
+140)m129 containing mutation in the putative Ets
binding site in the sequence (+114 to +140) (Figure 1)
competed efficiently for B1 or B4 complex ( Figure 4B,
lanes 10 and 11). These results confirm that B1 or B4
complex is generated by Sp1 or Sp1 related proteins.
Similarly ADR1 mutant, and mutants (+136 to
+175)m150 and (+136 to +175)m143 containing
mutations in ADR1 binding site failed to abolish B5
band (Figure 4B, lanes 7, 8 and 15, 16, 17, 18). These
results suggest that zinc finger protein ADR1 or an
ADR1 related protein binds to the sequence (+140 to
+165). Therefore, Sp1 and ADR1 appear to interact with
the PS1 sequences (+114 to +140) and (+140 to +160)
respectively.

Figure 2. Mapping of 3’ sequence determinants required
for activity of the human PS1 promoter by deletion
analysis. The positions of the 5'- and 3'-ends of each
deletion fragment are indicated in the parenthesis. 6 µg of
PS1-CAT reporter plasmid and 6 µg of pSV-β-gal plasmid
were cotransfected in SK-N-SH cells. Promoter activity
was expressed as the ratio of CAT to β-galactosidase
activity for each transfected plate. The mean values for
each construct (n = 3 or 4) are indicated. S.D. values were
10-20% in all cases. All constructs were tested in at least
three different experiments. In all experiments, the relative
activity of different constructs was consistent within
statistical variations. The construct with the highest activity
was expressed as 100%.
consensus for the binding sites of Sp1, Ets, ADR1, and
MZF1 transcription factors (Figure 1). Likewise the region
(+140 to +165) also contains sequence motifs similar to
consensus for the binding sites of ADR1, GATA and MZF1
transcription factors (Figure 1). Hence, this region spanning
between +114 and +165 is likely to be of crucial
importance for the basal as well as the regulated expression
of the PS1 gene.
4.2. Identification of nuclear factor binding sites on the
PS1 promoter region (+114 to + 165) by electrophoretic
mobility shift assay (EMSA)
We sought to visualize the interaction of
nuclear factors with DNA sequences that affect
transcription in transient transfection assays by EMSA.
In these experiments radiolabeled PS1 DNA fragments
extending from +100 to +175, and +100 to +165
generated by PCR were incubated with nuclear extracts
prepared from human neuroblastoma SK-N-SH cell line
(Figure 3A). There were five major bands, designated
B1, B2, B3, B4 and B5 present in the cell extract with
fragments (+100 to +175) and (+100 to +165). This data
suggests that nuclear factor binding sites are located
between +100 to +165. When the probes +106 to +165,
and +114 to +165 were used for EMSA (Figure 3B, lanes
4 and 5), band B4 was abolished. This data suggests that
the binding site for the nuclear factor corresponding to
B4 is located between +100 and +106 and binding sites
for nuclear factors corresponding to B1, B2, B3 and B5
are located between +114 and +165. Since binding site
3442
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118, +178)m129 at +129 reduced PS1 transcription by 40%
which is consistent with our previously published data (18).
These results appear to suggest that ADR1 or an ADR1
related protein binds to the downstream element (+140 to
+165) and activates transcription of the PS1 gene whereas
binding of Sp1 transcription factor to the downstream
promoter element (+114 to +140) has no significant role in
PS1 expression. It also confirms our previously published
data that interaction of Ets factor with the +129Ets binding
site within the (-114 to +140) element is responsible for
transcriptional activity of the positive cis-acting element
(+114 to +140) (18).
4.5. Yeast Adr1 protein and an ADR1 related protein
present in SK-N-SH neuroblastoma cells interact with
the (+140 to +165) promoter element
To demonstrate that ADR1 protein is involved in
the activation of the PS1 promoter, EMSAs were
performed with purified yeast Adr1 miniprotein expressed
in E. coli (26). As shown in Figure 6A, Adr1 miniprotein
interacted strongly with both the wild type ADR1 (lane 1)
and mutated ADR1 probes (lane 2). This result is in
agreement with the previous observation that mutation
(ADR1m) in the central 6 bp (-TTATTA-) sequence
flanking the two inverted repeats has no effect on Adr1
binding (22). Figure 6A also shows that Adr1 miniprotein
bound very strongly to the wild type promoter fragment
(+136, +175) (lane 3). However, in contrast to ADR1m,
mutations at the +150 element (+136, +175)m150 (lane 4)
abolished the binding of Adr1 drastically. These results
suggest that yeast Adr1 protein interacts specifically with the
ADR1 consensus sequence present within the element (+140
to + 165). These results also suggest that yeast Adr1
miniprotein behaves differently in recognizing the ADR1
consensus binding sites present in the yeast ADH2 and the
human PS1 promoters. To identify mammalian ADR1 protein,
EMSAs were performed with SK-N-SH cell nuclear extract
(Figure 6B). Several protein-DNA complexes were formed
both with wild type and mutated probes. However, a specific
protein-DNA complex was formed with both the wild type
ADR1 (Figure 6B, lane 1) and the PS1 promoter fragment
(Figure 6B, lane 3) and this complex was absent with mutated
probes (Figure 6B, lanes 2 and 4, indicated by an arrow).
Another faster moving band present with the wild type probe
(lane 3) was found to be absent with mutated probe (lane 4).
This faster moving band may represent monomer of ADR1 or
an ADR1 related protein. Since the mutation at the +150 site
(+136, +175)m150 reduced PS1 transcription by 50%, the
protein-DNA complex which is abolished by the mutated
probe (+136, +175)m150 must be important for PS1
activation. Therefore, these results suggest that an ADR1
related protein present in SK-N-SH cell nuclear extracts
interacts specifically with the +150 element and its interaction
with the ADR1 binding site requires the presence of the central
6bp sequence (-TTATAA-) (22). Therefore, the ADR1 protein
present in SK-N-SH cells appears to be different from the yeast
Adr1 protein.

Figure 3. Protein factors bind to PS1 downstream positive
cis-acting element.
A, radiolabeled DNA fragments
containing PS1 sequences from +100 to +175 and +100 to
+165 (0.1ng of DNA= 20,000 cpm) were incubated with
nuclear extracts prepared from SK-N-SH cells and
analyzed by EMSA. Lanes 1 and 2 contain 5 µg of SK-NSH cell nuclear protein. F denotes the free (unbound)
fragment and B1-B5 indicate the position of bands
representing protein-DNA complexes. Probes are indicated
at the top of each lane. B, Radiolabeled DNA fragments
containing PS1 sequences from +100 to +175, +100 to
+165, +100 to +140, +106 to +165, and +114 to +165 were
used in EMSA using SK-N-SH cell nuclear extracts. All
others are same as in A.
4.4. Transcription factors Sp1 and ADR1 bind to the
sequences (+114 to +140) and (+140 to +165)
respectively but only ADR1-DNA interaction activates
PS1 gene transcription
To confirm that Sp1 and ADR1 binding sites are
involved in the transcription of the PS1 gene, three
nucleotides at the Sp1 (m121), the putative Ets, ADR1
(m129) sites in the sequence (+114 to +140), as well as the
ADR1 (m143, m150) consensus in the sequence (+140 to
+165) were altered in the (-118, +178) PS1-CAT reporter
gene by PCR. These mutant PS1-CAT reporters were
cotransfected along with β-gal plasmid into SK-N-SH cells
and their respective CAT activities were determined. As
shown in Figure 5, mutations in the ADR1 binding sites (118, +178)m150, (-118, +178)m143 reduced CAT activity
by 50% virtually at the same level produced by the deletion
mutant (-118 , +140). On the contrary, mutations in the Sp1
binding site (-118, +178)m121 had no effect on PS1
transcription. Mutation on the putative Ets binding site (-

5. DISCUSSION
We have examined the transcriptional regulation
of human PS1 expression by linking the promoter
3443
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Figure 4. Competition of specific DNA-protein complexes by various DNA fragments of the PS1 promoter and other DNA
binding site oligonucleotides. A, a radiolabeled DNA fragment containing the PS1 promoter sequence from +100 to +165
(0.1ng of DNA= 20,000 cpm) was incubated with 5 µg of SK-N-SH cell nuclear extracts and protein-DNA complexes were
analyzed by EMSA. Different double stranded oligonucleotides containing binding sites for different transcription factors as well
as PS1 promoter sequences as indicated above each lane was used as specific competitors (see “Experimental Procedures”). Oddnumbered lanes contain a 100-fold molar excess of unlabeled competitors, while even-numbered lanes contain 200 fold molar
excess of specific competitors as indicated. Lanes 1 and 2 contain only 5 µg of SK-N-SH cell nuclear extracts. F denotes the free
(unbound) fragment and B1-B5 indicate the position of bands representing protein-DNA complexes. B, same as in A. Lanes 3,
6, 9 and 14 contain 100 fold molar excess of wild type double stranded oligonucleotide competitors indicated on the top of each
lane. Lanes 4, 7, 10, 12, 15, and 17 contain 100 fold molar excess of mutant double stranded oligonucleotide competitors
indicated on the top of each lane. Lanes 5, 8, 11, 13, 16, and 18 contain 200 fold molar excess of mutant double stranded
oligonucleotide competitors indicated on the top of each lane. Lanes 1 and 2 contain only 5 µg of SK-N-SH cell nuclear extracts.
F denotes the free (unbound) fragment and B1-B5 indicate the position of bands representing protein-DNA complexes.
fragment extending from -118 to +178 (with respect to the
PS1 start site of transcription) to the CAT reporter gene.
When this construct was transfected into human
neuroblastoma SK-N-SH cells, maximal level of expression
was observed (17). We have previously identified a
positive cis-acting element at (-22 to +6). The region (-22
to +6) contains an Ets transcription factor binding motif,
and a 2-base pair alteration within the core sequence
(GGAA to TTAA) of the Ets consensus reduced PS1
transcription by more than 80% (17, 18). We have also
shown that Ets1/2 factors bind specifically to the –10 Ets
element and activate PS1 transcription which is also
modulated by p300 and p53 (27). In the present study, we
have mapped a downstream positive cis-acting element
located in the region (+114 to +165) and have identified at
least one transcription factor ADR1 that interacts with the
sequence (+140 to +165) within the element (+114 to
+165).

binding sites for ADR1, MZF1, and GATA (Figure 1).
DNaseI footprining analysis of the region (+100 to +178)
with SK-N-SH cell nuclear extracts failed to identify any
protected region. This indicates that protein factors
interacting with this region may be present in very small
amount in the nuclear extracts or protein-DNA interaction
is very weak. Therefore, EMSAs were carried out to
identify nuclear factors that interacted with the above two
sequences. Competition with wild type Ets binding site
oligo (Figure 4A, lanes 7 and 8) and with PS1 promoter
specific oligo containing mutation at +129 Ets site (Figure
4B, lanes 10 and 11) indicated that none of the proteinDNA complexes (B1-B4) was generated by Ets
transcription factor. However, transcription factor Sp1
binds to the sequence (+114 to +140) but fails to activate
PS1 expression (Figure 5). We have previously shown that
mutations of the Ets site at +129 alone reduces PS1
transcription by 40% (18) which is consistent with our 3’
deletion analysis (Figure 2) suggesting that deletion of
sequences from +140 to +114 reduces PS1 transcription by
more than 50%. We have also demonstrated that
transcription factor ADR1 binds to the sequence (+140 to
+165) and activates PS1 transcription.

3’ deletion analysis has suggested that
the positive effect of the downstream element is mediated
by two distinct sequences located between +114 and +140;
as well as between +140 and +165. Computer search for the
binding sites of known transcription factors reveals that the
sequence (+114 to +140) has the putative binding sites for
transcription factors Sp1, Ets, ADR1, and MZF1 whereas
the sequence (+ 140 to +165) contains the consensus

The yeast transcriptional activator
protein Adr1 controls the expression of genes required for
ethanol, glycerol, and fatty acid utilization (26). Adr1
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contains two zinc fingers and a region amino terminal to the
fingers, which together are essential for DNA binding (26,
28) and functions through UAS1, a perfect 22-bp repeat in
the ADH2 promoter (29, 30]. The Adr1 binding site has been
identified to be present either 5’ or 3’ to the start of
transcription for several other genes (22, 31). The consensus
binding site within each half of the inverted repeat which are
essential, comprises of four essential base pairs GG (G/A)G
(22). The preferred sequence, TTGG (G/A)GA, is found in
both halves of the inverted repeat (22). Each half of the
inverted repeat is an independent, functional binding site
for one monomer of Adr1. However, both halves of UAS1
must be present in inverted orientation for full
transcriptional activation (22). When the central 6 bp of
the Adr1 binding consensus (22) were deleted, only a
single monomer of yeast Adr1 was able to bind and
activation in vivo was severely reduced (22). Therefore, it
appears that yeast Adr1 does not care about the central 6
bp AT rich sequence. In this report we have shown that
the mammalian homologue of the yeast adr1 protein
requires the presence of the central 6 bp AT rich sequence
for its function (Figure 6B). Therefore, the ADR1 protein
identified in this report is distinct from the yeast Adr1
protein. It has been suggested that Adr1 plays an
important role in mediating chromatin remodeling (26). It
has also been shown that regulated Adr1 binding to the
ADH2 promoter requires Snf1 kinase, a yeast homologue
of AMP-activated protein kinase and is inhibited by Reg1Glc7 protein phosphatase (26). It will be interesting to see
if the function of the mammalian ADR1 protein identified
in this report could also be modulated by protein kinases
and phosphatases, and chromatin remodeling is involved
in PS1gene activation by ADR1 .

Figure 5. Effect of the mutations in the ADR1 binding site on
the transcriptional activity of the PS1 promoter. PS1-CAT
fusion genes containing various fragments of the PS1 promoter
linked to the CAT reporter gene were transfected into SK-NSH cells. The end-points of the promoter fragments used in
each of the constructs are indicated below the graph. Mutations
(m) of three consecutive nucleotides starting at positions +150,
+143, +129, and +121 are also indicated below the graph (see
Figure 1 and “Experimental Procedures”). Promoter activity
was expressed as the ratio of CAT to β-galactosidase activity
for each transfected plate. The mean values for each construct
(n = 3 or 4) are indicated. S.D. values were approximately 10%
in all cases. All constructs were tested in at least three different
experiments. In all experiments, the relative activity of
different constructs was consistent within statistical variations.
The construct with the highest activity was expressed as 100%.

Purified yeast Adr1 protein recognizes
the +150 element (+140 to +165) in the PS1 gene and the
mutation in the core sequence of ADR1 consensus present
in the +150 element (+140 to +165) abolished Adr1-DNA
interaction (Figure 6A). We have also shown that a nuclear
protein present in the SK-N-SH cell nuclear extract
interacts with the ADR1 and the PS1 sequence (+140 to
+175) probes (Figure 6B). This protein-DNA interaction
has been found to be abolished with the ADR1m and
(+140, +175)m150 probes suggesting that mammalian
homologue of the yeast Adr1 is present in SK-N-SH cells.
Identification and characterization of this novel mammalian
ADR1 transcription factor will be useful to understand its
role in the transactivation of the PS1 and other mammalian
genes.

Figure 6. Yeast Adr1 protein and ADR1 or an ADR1
related protein present in SK-N-SH cells bind specifically
to the PS1 promoter sequence (+140 to +175). A,
radiolabeled double-stranded oligonucleotides containing
the binding sites for yeast Adr1 and the human PS1
sequence (+140 to +175) (see “Materials and Methods”)
(0.1ng of DNA= 20,000 cpm) as indicated above each lane,
were incubated with approximately 1 ng of pure yeast mini
Adr1 protein. Lanes 1 and 2 contain wild type ADR1 and
mutated ADR1m probes, lanes 3 and 4 contain wild type
(+140 to +175) and mutated (+140 to +175)m150 PS1
probes. Arrows indicate the specific protein-DNA
complexes. F denotes the free (unbound) probes. B, same
as in A. 5 µg of nuclear extracts prepared from SK-N-SH
cells were analyzed by EMSAs.
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