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ABSTRACT
Human A1 adenosine receptor gene expression is controlled by
two independent promoters. The upstream promoter, promoter
A, is subject to tissue specific regulation because not all cells
express the mRNA associated with this promoter. One potential
regulatory sequence located downstream of the TATA box is an
AGG element appearing in a tandem repeat. In a previous
study, transient transfection assays showed that mutations
made in those AGG elements substantially reduced promoter
activity. In the current study, DNase I footprinting indicated
nuclear protein binding to this sequence between the TATA box
and transcriptional start site. Electrophoretic mobility shift as-

say confirmed further the presence of an AGG element binding
protein (AGBP) in human brain nuclear protein extracts. This
binding protein has much higher affinity for single-stranded
than for double-stranded DNA, and the binding is sequence
specific. A series of assays also showed that AGBP is not
related to the nuclear factor SP1 and the binding does not
require metal cofactors. Therefore, AGBP is likely to be a spe-
cific single-stranded DNA binding protein that is required for
the full expression of A1 adenosine receptor gene and particu-
larly abundant in brain tissue.

Adenosine is present in all mammalian cells and can in-
duce a wide variety of physiological responses in the heart,
brain, and vascular system. Extracellular adenosine pro-
duces these actions via a group of membrane bound recep-
tors; namely, the adenosine receptors, which belong to the
super family of G protein-coupled receptors. These adenosine
receptors share the common structural motif of other seven-
transmembrane domain receptor molecules and are coupled
to effector systems through the heterotrimeric G proteins.

At present, four adenosine receptors (A1, A2a, A2b, and A3)
have been cloned from a variety of different species (Libert et
al., 1991, 1992; Olah et al., 1992; Ren and Stiles, 1994a;
Reppert et al., 1991; Tucker et al., 1992; Zhou et al., 1992).
Recently, the gene structures (or partial structures) of all
four adenosine receptors have been reported (Aguilar et al.,
1995; Bhattacharya et al., 1993; Chu et al., 1996; Jacobson et
al., 1995; Le et al., 1996; Murrison et al., 1996; Ren and
Stiles, 1995), and all have only one intron interrupting the
coding sequence and forming two unequal parts. The last
exon of all these genes contains part of the coding sequence
and the entire 39-untranslated sequence. There are, however,
differences in the 59-untranslated region. For the human A1

receptor, the 59-untranslated region of the gene contains two

exons interrupted by an intron. These exons are expressed in
a mutually exclusive fashion depending on which one of the
two promoters is used for transcription (Ren and Stiles,
1995). In contrast, no intron has been reported in the 59-
untranslated region of human A3 receptor gene (Murrison et
al., 1996) or rat A2a receptor gene (Chu et al., 1996). Human
A1 receptor and rat A2a receptor gene expressions are con-
trolled by two independent promoters (Chu et al., 1996; Ren
and Stiles, 1995). In the human A3 receptor and rat A2a

receptor promoters, no TATA box has been found (Chu et al.,
1996; Murrison et al., 1996). Many of these gene motifs are
shared with other G protein-coupled receptors (Lee et al.,
1996; Li et al., 1996).

Both promoters A and B in the human A1 adenosine recep-
tor gene have nonclassic TATA boxes, although the TATA box
in promoter B is more transcriptionally active than that in
promoter A (Ren and Stiles, 1995). The A1 receptor tran-
scripts derived from each promoter are similar in size. The
transcript derived from promoter B has multiple AUG codons
in the 59-untranslated region corresponding to exon 1B,
whereas the transcript from promoter A does not have an
upstream AUG codon in the corresponding exon 1A. The
upstream AUG codons in exon 1B hinder the expression of
receptor protein at the post-transcriptional level (Ren and
Stiles, 1994b). Transient transfection of a plasmid containing

G.L.S. was supported by a National Heart, Lung and Blood Institute SCOR
Grant (5P50HL54314) in Ischemic Disease.

ABBREVIATIONS: AGBP, AGG element binding protein; EMSA, electrophoretic mobility shift assay; -F, coding sequence; -R, noncoding
sequence; EGTA, ethylene glycol bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
EGF-r, epidermal growth factor receptor; DTT, dithiothreitol; WT, wild-type.

0026-895X/98/010043-09$3.00/0
Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 53:43–51 (1998).

43



promoter A linked to the luciferase gene as a reporter showed
that a series of AGG elements immediately downstream of
TATA box are responsible for a major part of the transcrip-
tional activity of this promoter (Ren and Stiles, 1995).

To explore the mechanism of transcriptional regulation, we
analyzed the binding activities of nuclear proteins derived
from human tissues or various nonhuman mammalian cells
to the AGG elements in promoter A. Interestingly, the pro-
tein or proteins in nuclear extracts were found to bind single-
stranded DNA (AGG elements) much better than to double-
stranded DNA of the same sequence. These binding proteins
are particularly abundant in brain tissue.

Methods
Oligonucleotide DNA probes used in EMSA. The oligonucle-

otide DNA fragments used as probes in EMSA were synthesized by
GIBCO BRL (Gaithersburg, MD). Their sequences are: AGG-F (cod-
ing strand), 59-GGGAGGAGACGGAGGATGAGGAGGGAGGGG-39;
AGG-R (noncoding strand), 59-CCCCTCCCTCCTCATCCTCCGTCTC-
CTCCC-39; WT, double-stranded probe made by annealing AGG-F and
AGG-R; MUT, 59-GGGTTTACTCGGGTTA-TGTCAACCGCTTGG-39
(the mutated bases are underlined); MUT-1, 59-GGGTTTACT-CGGAG-
GATGAGGAGGGAGGGG-39; MUT-2, 59-GGGAGGAGACGGGTTAT-
GAGGAGGG-AGGGG-39; MUT-3, 59-GGGAGGAGACGGAGGATG-
TCAACCGCTTGG-39; MUT-4, 59-GGGAGGAGACGGTACGATCTG-
CCGACTCGGTCAGGATGAGGAGGGAGGGG-39 (a 20-base randomly
selected sequence was inserted between the first AGG element and the
second AGG element); AGGE-1, 59-GATCGGGAGGAGACGGACGT-39;
AGGE-3, 59-GATCAG-GATGAGGAGGGAGGGGTAGC-39; and SP1,
59-GATCAGCTGGGGCGGGGCTAAC-39. The mutant sequences used
in this study were the same as those used in our previous study (Ren
and Stiles, 1995).

Nuclear protein extract from cultured cells and frozen hu-
man tissues. The frozen human brain tissue was obtained from the
Human Brain Bank of the Bryan Neurosciences Program (Duke
University Medical Center, Durham, NC). Other frozen human tis-
sues were obtained from the laboratory of Dr. Robert J. Lefkowitz
(Duke University Medical Center). Nuclear proteins were extracted
from various cultured mammalian cells according to Dignam et al.
(1983).

Human tissue was frozen at 270o. The frozen solid human brain
tissue (;10 g) was homogenized in 40 ml of homogenization buffer
(Fei et al., 1995) with the use of a motor-driven Teflon pestle and
glass homogenizer. The homogenate was layered over a 3-ml cushion
of the same buffer and centrifuged at 38,000 rpm in a Sorvall TH-641
rotor for 30 min. The pellet (nuclei) was resuspended in the nuclei
extraction buffer (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 0.1
mM EGTA, 0.5 mM DTT, 5% glycerol, 400 mM NaCl, 0.5 mM phenyl-
methylsulfonyl fluoride) and slowly swirled at 4o for 30 min. The
final dialysis solution contains 20 mM HEPES-KOH, pH 7.9, 75 mM

NaCl, 0.1 mM EDTA, 0.5 mM DTT, and 20% glycerol. The protein
concentration of the nuclear extract was determined according to
Bradford (1986) using bovine serum albumin as standard.

EMSA. The experimental method was that of Scott et al. (1994)
with slight modification. The single-stranded DNA oligonucleotide
(20 pmol) was labeled radioactively in a 25-ml reaction containing 50
mCi of g-32P-ATP, kinase buffer, and 10 units of T4 kinase. The
reaction was incubated at 37o for 10 min and stopped by heating at
70o for 10 min. The labeled DNA probe was purified on a spin column
(Boehringer-Mannheim Biochemicals, Indianapolis, IN). To make a
double-stranded probe, a portion of the labeled single-stranded probe
was mixed with 1.5 molar excess of unlabeled complementary oligo-
nucleotide plus 1 ml of 203 oligo annealing buffer (200 mM TriszHCl,
pH 7.9, 40 mM MgCl2, 1 M NaCl, 20 mM EDTA) and water to a final
volume of 20 ml. The mixture was heated to 90o for 5 min in water
bath and allowed to cool slowly to room temperature. The probe was

purified by 10% nondenaturing polyacrylamide gel electrophoresis,
eluted into 200 ml of extraction buffer (2.5 M ammonium acetate and
1 mM EDTA) at 37o for 2 hr with shaking, and ethanol precipitated.

The EMSA reaction mixture contains 10 mM TriszHCl, pH 7.6, 50
mM KCl, 1 mM EDTA, 5% glycerol, 1 mM DTT, 1 mg of poly(dI/
dC)zpoly(dI/dC), 1 ml of 32P-labeled DNA probe (500,000 cpm), and 0.5
mg (or as otherwise indicated in the figure legends) of nuclear protein
extract in a final volume of 15 ml. In each experiment, a master
reaction mix containing all common components were prepared to
ensure sample uniformity. The above components except the labeled
DNA probe were incubated at room temperature for 15 min. Then,
the DNA probe was added, and incubation was continued for an
additional 30 min. For the experiments using single-stranded la-
beled DNA as a probe, 5 pmol of another unlabeled single-stranded
DNA (Luc-7, 59-ACGACGATTCTGTGATTTGTATTCAGC-39 from
luciferase gene coding sequence) was included as a nonspecific com-
petitor. Samples were directly loaded onto an 8% acrylamide gel in
0.53 TBE buffer (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA).
Substitution of poly(dI/dC)zpoly(dI/dC) with poly(dA/dT)zpoly(dA/dT)
made little difference in band shift patterns. All experiments were
repeated at least three times to ensure reproducibility.

For the effects of EGTA and zinc on the binding complex formation
with single-stranded probes, 4 mM EGTA alone or EGTA plus 100 mM

ZnCl2 was included in the reaction mixture and preincubated with
the nuclear protein extract before the addition of radiolabeled
probes.

DNase I footprinting. For labeling of a DNA fragment, the
plasmid nif/PmtA was digested with restriction enzymes EcoRI and
NheI. A 1-kb fragment was isolated after agarose gel electrophoresis
separation. The DNA fragment was purified by Qiaex DNA purifi-
cation kit (Qiagen, Studio City, CA). Approximately 3.5 mg of this
DNA fragment was used in a 50-ml Klenow fill-in reaction, contain-
ing 50 mCi each of [a-32P]dATP and [a-32P]dTTP, reaction buffer, and
1 ml of Klenow fragment (GIBCO BRL, Gaithersburg, MD). The
labeling reaction was carried out at room temperature for 25 min; 2
ml of 2.5 mM concentration of each dNTP mix was added. The incu-
bation continued for an additional 5 min and the labeled fragment
was purified through a spin column. The DNA fragment was then
digested with the restriction enzyme BsrBI and the larger fragment
was isolated and purified as described above. This single-end labeled
DNA fragment was used for DNase I footprinting experiments.

In a 100-ml volume, ;10–15 mg of human brain nuclear protein
extract was mixed with reaction buffer containing 10 mM HEPES,
pH 7.9, 10% glycerol, 50 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 3 mg
of poly(dI/dC) and incubated at room temperature for 20 min. Ap-
proximately 10,000 cpm labeled DNA fragment was added, and the
binding reaction was incubated on ice for 40 min. After the mixture
was allowed to warm to room temperature for 2 min, 5 ml of a
solution containing 100 mM MgCl2 and 50 mM CaCl2 was added. An
empirically adjusted amount of freshly diluted DNase I was then
added, and the digestion proceeded at room temperature for 1 min.
The reaction was stopped by the addition of 100 ml of a solution
containing 100 mM TriszHCl, pH 8.0, 0.6 M sodium acetate, 1%
sodium dodecyl sulfate, 10 mM EDTA, and 50 mg/ml tRNA. The
mixture was phenol/chloroform extracted, and DNA was recovered
by ethanol precipitation. The partially digested DNA was fraction-
ated on an 6% acrylamide/7 M urea gel alongside DNA sequencing
ladders as the molecular standard.

Results
EMSA showing specific binding of nuclear proteins

to AGG elements. In our previous report, we indicated that
the AGG repeat sequence near the TATA box and the tran-
scriptional start site is responsible for a major portion of the
transcriptional activity of promoter A in the human A1 aden-
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osine receptor gene when transfected transiently into Chi-
nese hamster ovary cells (Ren and Stiles, 1995). To show
whether any transcription factor or factors are bound to the
sequence containing the AGG repeat, we conducted EMSAs.
Fig. 1 shows that the nuclear protein extract from human
brain tissue contains protein or proteins that bind to the
DNA fragment containing the AGG elements and AGG re-
peat. This binding is sequence specific because the nonspe-
cific competitor DNA, poly(dI/dC), which was included in all
EMSA samples, did not compete for the binding. In contrast,
the binding is effectively blocked by the addition of excess
unlabeled oligonucleotide of the same sequence. When the
AGG elements were mutated (probe MUT), the oligonucleo-
tide lost its ability to block the binding (Fig. 1).

Specific mutations in the individual AGG elements and/or
AGG repeats reduced or totally eliminated the ability of
nuclear proteins to bind to their cognate sequences. Fig. 2
shows that when the first AGG element in the fragment was
mutated (MUT-1), the binding was reduced, but mutation of
the second AGG element alone in the fragment (MUT-2) did
not result in any major change in binding.

The mutation of the AGG repeat (MUT-3) also reduced
binding. The insertion of a 20-base random sequence between

the first and second AGG elements (MUT-4) changed the
natural sequence context of the fragment, but the binding
complex was still observed along with some additional minor
bands. The specificity of these minor bands remains un-
known. A minor band also appears close to the bottom of the
gel in WT, MUT-1, MUT-2, and MUT-3 (Figs. 1 and 2), which
may represent nonspecific complex formation because it was
not competed out by excess unlabeled probe (Fig. 1). When
the sequence containing the first AGG element was sepa-
rated from the remainder of the fragment (AGGE-1), there
was no binding complex formation corresponding to the band
in WT, but a band that migrates faster than the free probe is
visible. The separation of the AGG repeat from the first AGG
element (AGGE-3) resulted in somewhat enhanced binding.

Fig. 1. EMSA of nuclear proteins from human brain binding to double-
stranded WT probe. The 32P-labeled oligonucleotide AGG-F was annealed
with the complementary strand AGG-R and used as the WT probe for
EMSA. The nonlabeled competitor is the unlabeled double-stranded WT,
double-stranded MUT, or single-stranded oligonucleotide AGG-F. Top,
quantity of specific competitors used in the reaction mixture. Assay
conditions are described in Materials and Methods.

Fig. 2. EMSA of WT and mutant double-stranded oligonucleotide
probes. The DNA sequences of the probes are shown. Underlined, bases
targeted for mutations in WT and mutated bases in mutants. The reac-
tion conditions are described in Materials and Methods. The “free” un-
bound probes migrate (bottom), and their positions vary according to the
size of the probe.
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Mutation of all of the AGG elements (MUT) totally abolished
protein binding to this fragment.

These results indicate that the protein or proteins binding
to this DNA fragment are sequence specific and related to
individual AGG elements and their repeat sequence. Al-
though the first AGG element by itself does not seem to form
the binding complex seen with the WT probe, its presence is
likely important to formation of the complex, as indicated in
Fig. 2. However, the insertion of a 20-base unrelated se-
quence between the first and second AGG elements had only
a minor effect on the formation of the major binding complex.
The results in Fig. 2 suggest that the first AGG element and
AGG repeats may play a major role in the binding complex
formation.

The nuclear protein has higher affinity for single-
stranded probe than for double-stranded probe. Al-
though most of the reported transcription factors bind to
specific sequence motifs in double-stranded DNA, a number
of nuclear binding proteins have been described that prefer
single-stranded DNA. These function as regulatory factors in
the transcription process of protooncogenes such as c-myc
(Duncan et al., 1994; Michelotti et al., 1995; Takai et al.,
1994). In the c-myc gene promoter, there is an upstream
regulatory sequence that binds a protein factor only on the
noncoding strand. This protein factor is known to be required
for c-myc expression (Duncan et al., 1994). However, this
factor does not function as a traditional enhancer and is
active only when working in concert with other myc promoter
elements. Some single-stranded DNA binding proteins also
bind to RNA, linking translation regulation with transcrip-
tional regulation.

We next examined whether protein binding occurred to the
single-stranded oligonucleotides containing AGG element
and AGG repeats. Fig. 3A demonstrates that both the coding
strand (AGG-F) and noncoding strand (AGG-R) of the WT
probe bind to proteins in human brain nuclear extract. The
binding complex containing AGG-F migrates at the same
position as the binding complex containing double-stranded
WT (Fig. 3B). Single-stranded oligonucleotide AGG-F com-
petes effectively with the binding of proteins to the WT probe
(Fig. 1), indicating that the same or very similar proteins
bind both single- and double-stranded probes. There is a
minor band migrating faster than the free probe of AGG-F
(Fig. 3A), and it seems to be strengthened by the presence of
excess unlabeled probe, indicating the possibility of nonspe-
cific binding. Two distinct complexes form with the AGG-R
probe and display distinct mobilities. The complex formed
that has slower mobility and lower abundance may contain
the same protein as that which is present in the major band
but with a different conformation, or it could represent the
binding of a different binding protein. The single-stranded
binding is also specific because an unrelated single-stranded
oligonucleotide (Luc-7) did not compete with the binding,
whereas the same amount of unlabeled AGG-F completely
blocked the binding (Fig. 3A). When samples of single- and
double-stranded binding are run on the same gel, the double-
stranded binding is almost negligible (Fig. 3B), indicating
that under the exact reaction conditions and with the same
amount of labeled probe, nuclear proteins bind the single-
stranded probe much more effectively than the double-
stranded probe.

The interaction of nuclear proteins with single-stranded

probes and its mutations produced quite different results
from those seen with double-stranded probes and its muta-
tions (Fig. 3C). Unlike the results seen with mutations in the

Fig. 3. EMSA of coding (AGG-F) and noncoding (AGG-R) single-
stranded oligonucleotide probes. A, Lanes 1–3, coding (AGG-F). Lanes
4–6, noncoding (AGG-R). Lanes 1 and 4, no competitor. Lanes 2 and 5, an
unrelated single-stranded oligonucleotide (Luc-7, 10 pmol) was preincu-
bated with the human brain nuclear extract. Lanes 3 and 6, the unlabeled
AGG-F or AGG-R (10 pmol) was preincubated with the nuclear proteins.
B, Comparison of single- and double-stranded oligonucleotides: left, dou-
ble-stranded WT; right, single-stranded AGG-F. Specific conditions are
described in Materials and Methods. C, Single-stranded (WT and mutant)
oligonucleotides. Lanes 1–8, coding strand (F). Lanes 9–14, noncoding
strand (R). Lanes 1 and 9, WT. Lanes 2 and 10, MUT-1. Lanes 3 and 11,
MUT-2. Lanes 4 and 12, MUT-3. Lanes 5 and 13, MUT-4. Lane 6,
AGGE-1. Lane 7, AGGE-3. Lanes 8 and 14, MUT.
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double-stranded experiments, protein binding to single-
stranded sense mutants, such as MUT-1F, MUT-2F, and
MUT-3F, did not seem to lead to any substantial loss of
binding complex, but the amount of free probe remaining at
the bottom of the gel indicates the change of binding affinity
to the probes. For MUT-4F, the binding complex correspond-
ing to that of WT was greatly reduced, and additional bands
appear at the bottom of the gel. The probe AGGE-1F (Fig 3,
lane 6) did not form the AGBP binding complex, and the
small free probe migrated off the bottom of the gel. The probe
AGGE-3F formed an enhanced binding complex (lane 7),
whereas the total mutant probe MUT showed a barely visible
band on coding strand (lane 8) and no band on noncoding
strand (lane 14). Protein binding to the noncoding strand
mutants MUT-1R, MUT-2R, and MUT-3R was similar to that
was seen with the double-stranded binding in Fig. 2 (i.e., a
reduction in MUT-1R binding and loss of binding in MUT-
3R).

In the competition analysis using single-stranded DNA,
the nuclear protein or proteins binding to the AGG-F motif
were blocked by 3 pmol of the unlabeled AGG-F (Fig. 4) and
was slightly reduced by unlabeled MUT-F, suggesting that

the sequence around AGG elements may also play a role in
binding. The same protein or proteins bound to AGG-F and
mutant probes in that competition occurred when cold probes
were included (Fig. 4). As one would expect, the mutation in
AGG repeat makes the cold mutant probe MUT-3F a less
effective competitor (Fig. 4, lane 6).

Tissue-specific expression of nuclear binding pro-
teins. Because the nuclear protein extract from human brain
exhibited strong binding to the single-stranded AGG ele-
ments in promoter A, we tested nuclear proteins from other
human tissues, such as testis, prostate, and tongue muscle.
The EMSA of nuclear proteins from those tissues are shown
in Fig. 5A. Compared with the binding with proteins from
brain, the nuclear proteins from those other tissues showed
much less binding activity even though 3 mg of nuclear pro-
teins from other tissues was used in the reaction compared
with 0.5 mg of brain nuclear proteins. The use of 0.5 mg
nuclear proteins from other tissues did not produce any bind-
ing complex (data not shown). The proteins from testis dem-
onstrated detectable binding activity to the noncoding strand
(AGG-R), although mobility differs compared with human
brain proteins. In contrast, nuclear proteins from tongue
muscle showed little binding to the coding strand and none to
the noncoding strand. The nuclear proteins of prostate did
not show any specific binding to the noncoding strand, and a
faint, diffuse band appeared slightly below the AGBP band
for the coding strand, which may or may not be the same
binding complex as AGBP.

Nuclear proteins from various mammalian cell lines also
were tested in EMSAs with single-stranded probes (Fig. 5B).
When 0.5 mg of nuclear proteins was used in the reactions, no
visible complexes were formed with the AGG-F probe,
whereas complexes are detectable with the noncoding strand
(AGG-R). The above results indicate that among all the tis-
sues and cells tested, the nuclear proteins from human brain
tissue are the most abundant source of binding proteins for
the coding strand.

DNase I footprinting documents nuclear protein
binding to the 5* flanking sequence of human A1 recep-
tor promoter region. To demonstrate more directly the
location of nuclear protein binding, a DNA fragment containing
the sequence of 2513/1107 relative to the transcriptional start
site (11) was radioactively labeled at the 39 end of the coding
strand. This probe was incubated with human brain nuclear
protein extract, and after partial DNase I digestion, the DNA
fragments were separated on the sequencing gel. The footprint-
ing gel (Fig. 6) clearly shows that the sequence between TATA
box (TTAAGA) and the AGG elements are protected by the
DNA binding protein or proteins from the human brain nuclear
extract (lane 2). When an excess amount of the competitor
containing AGG elements (WT) was included in the reaction
mixture, the protection was removed (lane 3). This result indi-
cates the presence of binding protein or proteins in the human
brain nuclear extract that specifically bind to the sequence
immediately following the TATA box.

The AGBP is not related to SP1, and binding is not
affected by EGTA and zinc. Recently, Handy and Gavras
(1996) reported that in the rat a2A-adrenergic receptor gene
promoter, there are two variant GC boxes that bind the SP1
nuclear factor. The sequence of the variant GC box is very
similar to the AGG repeat in the human A1 receptor pro-
moter; therefore, we tested the possibility that the AGG

Fig. 4. EMSA of single-stranded oligonucleotides with various competi-
tors. For the samples with competitors, 3 pmol of unlabeled oligonucleo-
tide was mixed with 0.5 mg of human brain nuclear protein extract before
the addition of the labeled probes: lanes 1–6, AGG-F. Lane 7, MUT-1F.
Lane 8, MUT-2F. Lane 9, MUT-3F. Nonlabeled (“Cold”) competitors: lane
1, no competitor. Lane 2, AGG-F. Lane 3, MUT-F. Lane 4, MUT-1F. Lane
5, MUT-2F. Lane 6, MUT-3F. Lanes 7–9, AGG-F. Lane 10, labeled AGG-F
only without nuclear protein extract. The minor band below the AGBP
resulted from an artifact of the labeled probe as seen in lane 10 (no
competitor; no protein).
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binding protein from human brain nuclear extract is related
to SP1. Fig. 7 shows that the oligonucleotide with SP1 con-
sensus sequence did not compete with the binding to WT
sequence, which indicates it is unlikely that the proteins that
bind to the SP1 site are related to those binding to the AGG
elements.

In another report, Michelotti et al. (1995) described a sin-
gle-stranded binding protein present in HeLa cell extract
that binds to the noncoding strand of the CT element of the
human c-myc gene promoter. After purification and sequenc-
ing, this protein was identified as the cellular nucleic acid
binding protein, a zinc finger protein previously shown to
bind the purine-rich single-stranded of the sterol response
element. Although the sequence of the purine-rich strand of
CT element is somewhat different from the AGG repeat in A1

receptor promoter, the effects were analyzed of EGTA and
zinc on the binding of human brain nuclear proteins to the
coding (AGG-F) and noncoding (AGG-R) strands of AGG-rich
fragment. EGTA blocked the binding of the cellular nucleic
acid binding protein to the purine-rich strand of the CT
element and zinc restored the binding (Michelotti et al.,
1995), but both EGTA and zinc had no effect on the AGG
binding protein (Fig. 8).

Discussion
Human A1 adenosine receptor gene expression is under the

control of two separate promoters, and specific AGG elements
are important in transcriptional activity. We have identified
specific regulatory sequences flanking the promoter and nu-
clear protein factors that are responsible for the control of
transcription.

DNase I footprinting is a commonly used method to locate
where specific nuclear proteins bind to DNA sequences. The

footprinting of a DNA fragment containing promoter A of the
A1AR and its flanking sequence showed that the sequence
between TATA box and the transcriptional start was par-
tially protected from DNase digestion by the inclusion of
nuclear binding proteins from human brain. Protection was
eliminated by the inclusion of an oligonucleotide containing
these AGG elements in the reaction. This result indicates the
presence of a specific AGG binding protein in the human
brain nuclear extract. The results obtained from EMSA help
explain why there was only partial protection; this is likely
the case because there is only low affinity binding or incom-
plete binding to the double-stranded DNA by the AGBP.

EMSA with human brain nuclear extracts clearly show
that the binding is specific because there is no competition
from nonspecific DNA but binding is blocked by unlabeled
DNA of the same sequence. Furthermore, specific mutations
made in the AGG elements reduced or abolished the binding.
A 20-base random sequence inserted between the first and
second AGG elements and the AGG repeat (probe MUT-4)
changed the natural sequence context, but the major binding
complex is still present, although at a slightly reduced level
with a few new minor bands appearing. The EMSA results
are consistent with our previous findings showing that those
AGG elements that bind to AGBP account for .80% of the
promoter activity (Ren and Stiles, 1995).

Investigation of the AGBP produced some surprising re-
sults. The AGBP actually had much higher binding affinity
for the single-stranded than the double-stranded DNA
probes, as shown in Fig. 3B. The AGBP bound much more
effectively to AGG-F than to WT under the same reaction
conditions. Effective mutual competition in binding between
AGG-F and mutant probes shown in Fig. 4 suggests that the
same protein or similar proteins bind to these probes. The
proteins that bind to coding and noncoding strands seem to

Fig. 5. EMSA of single-stranded
oligonucleotides incubated with
nuclear extracts from a variety of
tissues and cell lines. A, Nuclear
extracts from human tissues.
Lanes 1–4, AGG-F. Lanes 5–8,
AGG-R. Lanes 1 and 5, brain (0.5
mg). Lanes 2 and 6, prostate (3.0
mg). Lanes 3 and 7, testis (3.0 mg).
Lanes 4 and 8, tongue muscle (3.0
mg). B, Nuclear extracts from hu-
man brain and cultured mamma-
lian cells (0.5 mg of protein for each
sample). Lanes 1–6, AGG-F. Lanes
7–12, AGG-R. Lanes 1 and 7, hu-
man brain. Lanes 2 and 8, SK-
N-MC cells. Lanes 3 and 9, HeLa
cells. Lanes 4 and 10, 293 cells.
Lanes 5 and 11, CHO cells. Lanes 6
and 12, COS-7 cells.
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be different, or the protein/DNA complex has a different
conformation. Proteins binding to the double-stranded DNA
probes (especially MUT-1 and MUT-3) may be influenced by
the presence of noncoding strand (Figs. 2 and 3C).

Compared with the nuclear protein extract from human
brain, the nuclear proteins from other human tissues and
mammalian cell lines have much less, if any, AGBP, indicat-
ing the possible tissue-specific expression of AGBP. However,
we cannot rule out that AGBP inhibitors are present in or
that certain cofactors required for AGBP binding are missing
from the other tissues and cell lines. Because the noncoding

strand is CT rich, the protein binding to this strand should be
named CT element binding protein. The binding to CT ele-
ments is also specific because it is sensitive to mutations in
the sequence and not competed for by the unrelated single-
stranded DNA.

In our previous study, we showed that among a number of
tissues or organs, human brain has the highest level of tran-
script A and its production is under the control of AGG
elements (Ren and Stiles, 1994a) and that brain tissue is a
good source of A1 adenosine receptors for ligand binding
studies. In this report, we showed that human brain is an
especially good source of AGBP, suggesting that it may func-
tion to increase transcription.

A search of the literature for similar DNA sequences and
binding proteins revealed several interesting reports. The rat
c-neu oncogene promoter, described by Suen and Hung
(1991), has two closely connected AGG repeats downstream
of a CCAAT box and a GC box. This sequence resembles a
reversely oriented nuclear factor binding domain in the
EGF-r promoter. SP1 and another specific TC factor can bind

Fig. 6. DNase I footprinting. The DNA fragment labeling and DNase I
footprint procedures are described in Materials and Methods. Lane 1,
labeled DNA fragment without added human brain nuclear extract. Lane
2, DNA with human brain nuclear extract. Lane 3, the same as lane 2
except the nuclear extract was preincubated with competitor oligonucle-
otide. Lanes 4–7, DNA sequencing ladder used as molecular standard to
count the bases. Sequence between arrows, protected by the human brain
nuclear protein extract; this protection included the sequence between
the TATA box and the transcriptional start site.

Fig. 7. Competition of SP1 consensus sequence oligonucleotide probe.
The 32P-labeled double-stranded WT and human brain nuclear extracts
were used in all samples. Lane 1, no competitor. Lane 2, nonlabeled WT
(15 pmol). Lane 3, nonlabeled SP1 consensus sequence oligonucleotide
(15 pmol).
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to this domain and stimulate the transcription of EGF-r.
However, both a DNA fragment from EGF-r promoter and
SV40 promoter containing AGG repeat and six GC boxes
failed to compete for protein binding on the c-neu promoter.
In a related study, Johnson et al. (1988) showed that the
human EGF-r promoter has four TCCTCCTCC repeats, a
reversal of the AGG elements, and that those regions are
sensitive to S1 nuclease, indicating they are single-stranded
under certain conditions. They also showed that this part of
promoter sequence is required for optimal transcriptional
activity and a nuclear factor TCF was bound to it. However,
they did not use single-stranded DNA probes for EMSA. A
single-stranded DNA binding protein has been identified to
bind to the thyrotropin receptor gene promoter (Shimura et

al., 1995) and is required for full expression of the receptor
gene. Recently, Li et al. (1996) reported the gene structure
and promoter activity of human thrombin receptor, which is
another G protein-coupled receptor, and the most active pro-
moter sequence in their report includes a string of AGG
repeat. In addition, there are more recent reports about spe-
cific single-stranded DNA binding proteins involving in gene
expression regulations of c-myc (Duncan et al., 1994; Takai et
al., 1994), human granulocyte-macrophage colony-stimulat-
ing factor (Coles et al., 1996), and catalase (Ito et al., 1994).

We tested the possibility that AGBP is related to SP1 or
requires a metal cofactor. The results in Figs. 7 and 8 show
that the DNA probe containing the SP1 consensus sequence
failed to compete for the binding to AGG elements in A1

receptor promoter and that EGTA and zinc did not affect any
binding activity. Therefore, those possibilities seem to be
ruled out.

From all the data we have collected thus far concerning the
AGBP, it is clear that AGBP is a specific single-stranded
DNA binding protein that is particularly abundant in human
brain tissue and that its cognate AGG sequence in the A1

receptor promoter is necessary for the full expression of the
gene. The regulation of human A1 adenosine receptor gene is
probably more complex, and multiple regulatory binding pro-
teins are likely involved, as our previous study of promoter
activity suggested. We will continue to explore the mecha-
nism of human A1 adenosine receptor gene expression.
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