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Abstract

Background: In a traditional electrophoresis mobility shift assay (EMSA) a 32P-labeled double-
stranded DNA oligonucleotide or a restriction fragment bound to a protein is separated from the
unbound DNA by polyacrylamide gel electrophoresis (PAGE) in nondenaturing conditions. An
extension of this method uses the large population of fragments derived from long genomic regions
(approximately 600 kb) for the identification of fragments containing protein binding regions. With
this method, genomic DNA is fragmented by restriction enzymes, fragments are amplified by PCR,
radiolabeled, incubated with nuclear proteins and the resulting DNA-protein complexes are
separated by two-dimensional PAGE. Shifted DNA fragments containing protein binding sites are
identified by using additional procedures, i. e. gel elution, PCR amplification, cloning and sequencing.
Although the method allows simultaneous analysis of a large population of fragments, it is relatively
laborious and can be used to detect only high affinity protein binding sites. Here we propose an
alternative and straightforward strategy which is based on a combination of native and denaturing
PAGE. This strategy allows the identification of DNA fragments containing low as well as high
affinity protein binding regions, derived from genomic DNA (<10 kb) of known sequence.

Results: We have combined an EMSA-based selection step with subsequent denaturing PAGE for
the localization of protein binding regions in long (up to10 kb) fragments of genomic DNA. Our
strategy consists of the following steps: digestion of genomic DNA with a 4-cutter restriction
enzyme (Alul, BsuRl, Trul, etc), separation of low and high molecular weight fractions of resultant
DNA fragments, 32P-labeling with Klenow polymerase, traditional EMSA, gel elution and
identification of the shifted bands (or smear) by denaturing PAGE. The identification of DNA
fragments containing protein binding sites is carried out by running the gel-eluted fragments
alongside with the full "spectrum" of initial restriction fragments of known size. Here the strategy
is used for the identification of protein-binding regions in the 5' region of the rat p75 neurotrophin
receptor (p75NTR) gene.

Conclusion: The developed strategy is based on a combination of traditional EMSA and denaturing
PAGE for the identification of protein binding regions in long fragments of genomic DNA. The
identification is straightforward and can be applied to shifted bands corresponding to stable DNA-
protein complexes as well as unstable complexes, which undergo dissociation during
electrophoresis.
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Background

Electrophoretic mobility shift assay (EMSA), developed
by Fried and Crothers [1], and Garner and Revzin [2], is a
popular method used for detection of protein-DNA inter-
actions [3]. Itis highly sensitive and may be used to obtain
qualitative as well as quantitative information in determi-
nation of protein binding parameters of various DNA
molecules [4-6]. In traditional EMSA, a DNA oligonucle-
otide or a restriction fragment, generally within the size
range of 20-400 bp [7], is radiolabeled and complexed
with purified protein or mixture of proteins (nuclear or
whole cell extract). This complex is separated from the
naked DNA by using polyacrylamide gel electrophoresis
(PAGE) under native conditions. Because of the "caging"
effect within the gel matrix [8,9], the DNA-protein inter-
actions can be stabilized and the corresponding shifted
complexes can be detected as discrete bands. Although in
some cases, complexes may dissociate and do not produce
detectable shifted bands.

Previously, two similar high-throughput methods were
developed for the identification of protein binding
regions using a large population of fragments derived
from DNAs (plasmids, bacteriophages, bacterial chromo-
some and human genome fragment) ranging in size from
3 kb to 4,700 kb [10,11]. These methods are relatively
laborious because, in addition to the initial two-dimen-
sional PAGE separation step, they require several addi-
tional steps (linker addition, PCR amplification, cloning
and sequencing) for fragment identification.

Here we describe an alternative and straightforward strat-
egy which is based on a principle of the selection method,
known as SELEX [12,13] and uses a combination of native
(EMSA) and denaturing PAGE for the identifications of
protein binding regions in long (up to 10 kb) fragments
of genomic DNA. With this strategy, unique protein bind-
ing fragments, which give rise to shifted bands, can be
"fished out" and identified. Moreover, DNA fragments
which dissociate from the complexes during electrophore-
sis may be also identifed.

Methods

Cells and nuclear extract preparation

Rat pheochromocytoma PC-12 cells (CRL-1721; ATCC,
Manassas, VA, USA) [14] were grown in a humidified 5%
CO2 incubator at 37°C in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 5% fetal bovine
serum, 10% horse serum and 100 U/mL of penicillin and
streptomycin. All cell culture reagents were purchased
from Gibco, Invitrogen, Carlsbad, CA, USA. For nuclear
extract preparation, PC-12 cells were washed with 1 x PBS
(10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4, 137 mM NaCl
and 2.7 mM KClI) and lysed in ice-cold buffer containing
10 mM Tris-HCI (pH 8.0), 10 mM NaCl, 1 mM EDTA, 10
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mM DTT, 10% glycerol 0.5% NP-40 supplemented with 1
mM PMSF and 1x protease inhibitor cocktail (10 mM
Benzamidine, 10 pg/ml Antipain, 2 ug/ml Aprotinin, 10
pg/ml Leupeptin) (Sigma-Aldrich, Bellefonte, PA, USA).
Nuclei were pelleted by low speed centrifugation at 350
RCF for 3 min and proteins were extracted with the high
salt buffer as described in [15].

Digestion of genomic DNA and size selection of fragments
A 9.3 kb BamHI fragment of rat genomic DNA derived
from the 5' region of neurotrophin receptor (p75NTR)
gene was cloned into Bluescript KS vector (Stratagene, La
Jolla, CA, USA) and digested with restriction enzyme
BsuRI or Alul (Fermentas, Vilnius, Lithuania). The frag-
ments obtained were separated on a 1% low gelling tem-
perature agarose (SeaPlaque; FMC, BioProducts Rockland,
ME, USA) together with the DNA molecular weight
marker (1 kb ladder, Stratagene) run in parallel lane. Two
fractions, with approximate sizes of fragments 30-300 bp
and 300-700 bp, named low (L) and (H) molecular
weight fractions, respectively, were cut out and allowed to
diffuse into TE (10 mM Tris-HCl, pH 7.5, 1 mM EDTA; 3
volumes per gel-slice) at 37°C for 8-12 h. These fractions
were further concentrated by precipitation with ethanol
(2.5 volumes) in the presence of 0.15 M NaOAc (pH 5.5)
at room temperature. After centrifugation, the DNA pel-
lets were dissolved in TE at concentration of 100 ng/pl.

Labeling of DNA fragments

Fragments (400 ng of each fraction) were 3' end-labeled
with 20 pCi of [a-32P]dCTP (GE Healthcare, Amersham,
Buckinghamshire, England) using 1 unit of Klenow
polymerase (Fermentas, Vilnius, Lithuania) in a 10 pl
reaction volume containing 50 mM Tris-HCI (pH 8.0), 5
mM MgCl, and 10 mM DTT. To favor 3'end-labeling of
blunt-ended fragments by 3'-5' exonuclease and 5'-3'
polymerase activities of Klenow fragment, the reaction
was first incubated in the presence of [a-32P]dCTP at 37°C
for 10 min. Then all unlabelled dNTPs were added to a
final concentration of 0.1 mM for each and the reaction
was continued for 25 min. Finally, the reaction was termi-
nated by phenol extraction, 32P-labeled fragments were
precipitated with 2.5 volumes of ethanol in the presence
of 1.5 M NH,OAc and dissolved in TE at a concentration
of 40 ng/pl.

EMSA

32p-labeled fractions of fragments (80 ng of each) were
incubated with PC-12 nuclear extract (1 pg total protein
per reaction) in 3 mM Hepes-KOH at pH 7.9, 60 mM KCl,
0.15 mM EDTA, 1.5 mM DTT, 1.5% glycerol, poly (dI-dC)
(final concentration 200 ng/ul for low and 400 ng/ul for
high molecular fractions, respectively) at room tempera-
ture for 20 min. After addition of 20% glycerol (1/5 vol-
ume), samples were subjected to electrophoresis on a 3%
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polyacrylamide gels run with 50 mM Tris-borate buffer,
pH 8.3, 1 mM EDTA at room temperature for 2 h. The fol-
lowing electrophoresis reagents were used Tris (ultrapure,
Duchefa, Haarlem, The Netherlands), boric acid (ACS
grade, AMRESCO, Solon, OH, USA), acrylamide (>99%),
N,N'-methylene bisacrylamide (>98%) and EDTA (ACS
reagent) from Sigma, St. Louis, MO, USA

Labeled fragments and their shifted complexes with pro-
teins were visualized in wet (preparative) or dried gels by
phosphoimaging using Personal Molecular Imager FX sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA). Shifted
bands or zones were located, cut out from the preparative
gels and the corresponding labeled fragments were
allowed to diffuse into TE as described above. Fragments
were concentrated by ethanol precipitation, dissolved in
sample buffer containing 90% formamide and 10 mM
EDTA and treated at 95°C for 2 min.

Denaturing PAGE

EMSA-positive shifted fragments, together with 32P-
labeled L and H molecular weight fractions of fragments
and appropriate DNA marker were subjected to electro-
phoresis on a 40 cm-long 6% denaturing polyacrylamide
gel containing 50 mM Tris-borate buffer, pH 8.3, 1 mM
EDTA and 7 M urea. After electrophoresis, gel was trans-
ferred to the Whatman 3 MM paper, dried and radioactive
fragments were visulized by phosphoimaging.

Sequence analysis and fragment identification

Sequence of the 9.3 kb BamH1 fragment derived from the
rat p75NTR 5' region was obtained from the Genbank®
(accession numbers AABR03076992.1 and
AABRO03076383.1) [16]. Restriction mapping with BsuRI
and Alul, and identification of shifted fragments corre-
sponding to protein-DNA complexes were carried out
using DNAMAN software package (Restriction analysis)
version 4.0 (Lynnon Biosoft, Quebec, Canada).

Results and Discussion

A Strategy for the detection of protein binding regions in
genomic DNA

Based on a traditional EMSA and selection of DNA frag-
ments containing protein binding regions from the popu-
lation of restriction fragments (similar to the SELEX
methodology [13]), we have developed a strategy for the
detection of protein binding regions in long (<10 kb) frag-
ments of genomic DNA (Fig. 1). This strategy consists of
the following steps: fragmentation of genomic DNA with
a frequent-cutter restriction enzyme recognizing a 4 bp
sequence, isolation of the L. and H molecular weight frac-
tions of fragments, 32P-labeling with Klenow fragment,
EMSA, elution of the shifted fragments and their identifi-
cation by denaturing PAGE (for details see Methods). The
main difference from the traditional EMSA is that instead
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of using a single labeled oligonucleotide or restriction
fragment, a large number of fragments (from 10-50) are
used in a single experiment. However, because smaller
fragments may give rise to complexes which may be
masked by longer fragments, a prior separation of Land H
molecular weight fractions of fragments is necessary. After
localization and elution of the shifted bands (or smear)
from the preparative EMSA-gel, identification of the corre-
sponding protein-bound fragments is carried out by high
resolution PAGE. Generally, each shifted DNA fragment
can be identified when running it in gel in parallel with
the initial pool of labeled fragments of known size (Fig.
1). However, if two fragments of the same size are present
among the shifted fragments, their identity may be
revealed by the presence or absence of a diagnostic restric-
tion enzyme site, determined from a separate experiment.

Determination of the protein binding regions in the 5'
region of rat neurotrophin receptor (p75NTR) gene

To test the strategy, based on a combination of native and
denaturing PAGE, we used a 9372 bp fragment corre-
sponding to the nucleotide positions -9,645 to -274 of the
upstream (promoter) region of the rat p75NTR gene (Fig.
2). Fig. 3A shows the preparation of L and H molecular
fragment fractions (30-300 bp and 300-700 bp, respec-
tively). As determined by in silico restriction analysis,
BsuRI generated 41 fragments in L and 11 in H molecular
range. Similarly, Alul generated 43 and 12 fragments in L
and H molecular fractions, respectively (Fig. 3B; see also
Fig. 2). Representative fractions (L for BsuRI with about
40% coverage and H for Alul with about 70% coverage)
were selected for further analysis. Fig. 4 shows the results
obtained by using these fractions in EMSA and denaturing
PAGE experiments. In the case of BsuRI L fraction, a band
with reduced mobilty was identifed as a 200 bp fragment
derived from a region -6417 to -6617 bp relative to the
transcriptional start site (+1) of the p75NTR gene (Fig. 4;
see also Fig. 2). However, in the case of Alul H fraction, a
smear was observed in EMSA gel (Fig. 4A). A zone cover-
ing most of this smear was cut out and analyzed on a
denaturing gel (Fig. 4B). This zone contained fragments
from 359 to 737 bp in length (Fig. 4B; see also Fig. 2).
Comparison of the band intensities between lanes + and -
, corresponding to the incubations with and without
nuclear proteins, revealed enrichment of two fragments
359 and 737 bp (derived from -1.7 kb and -6.5 kb regions
of p75NTR; see Fig. 2) suggesting that these fragments
contain binding sites for nuclear proteins.

Therefore, this result shows that DNA fragments which
dissociate from the complexes during electrophoresis and
produce a smear can be identified by denaturing PAGE.

It is important to note that fragments with sizes greater

than 500 bp tend to have nonspecific interactions with
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Genomic DNA fragment <10 kb

Digestion with 4-cutter restriction
enzyme (Alul, BsuRI, Trul, etc.)

Agarose gel electrophoresis and elution
of low (L) and high (H) molecular
weight fractions containing fragments
30-300 bp and 300-700 bp, respectively

bu
I

32P—labeling with Klenow polymerase,
incubation with whole cell or nuclear
extracts and EMSA

L H

A
a2

Gel-elution and identification of shifted
fragmets (*) by denaturing PAGE

A

Figure |
A strategy for the detection of protein binding regions in genomic DNA fragments.
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BsuRI digestion:

11, 16, 18, 18, 23, 25, 28, 31, 38, 38, 39, 41, 42, 45, 48, 51, 55, 56, 56, 58, 73,
79, 80, 82, 83, 101, 101, 102, 103, 113, 134, 135, 142, 145, 155, 156, 168, 174, 180, 185, -
219, 232, 243, 249, 267, 293, 293, 321, 434, 458, 485, 488, 563, 576, 593, 605, 650, 949, 984

Alul digestion:

7, 8 9, 12, 14, 16, 16, 21, 21, 22, 25, 32, 33, 33, 39, 42, 46, 46, 54, 57, 63, 64,
71, 72, 80, 81, 89, 90, 95, 96, 100, 104, 108, 109, 118, 121, 123, 133, 138, 147, 200, 218,
218, 226, 237, 254, 255, 257, 257, 257, 263, 281, 297, 298, 310, 359, 416, 449, 515, 521, 540,
563, 595, 623, 629, 737

Individual fragments used in EMSA:

F202, a 202 bp BglII-Ndel fragment derived from positions —1653 to —1855
F395, a 395 bp Pst1 fragment derived from positions from —5958 to —6353
F514, a 514 bp PstI fragment derived from positions —6353 to —66867

9,372 bp BamHI fragment cloned in pBS SK+

1 GGATCCTGCC AGCTTCCTGC CACACCAGCC CATTAGCAAA ACCACTGTGG CTGCACACCA AACCCTTGCC CATAGCCTCA CCCACCTGCC TAGCAGGGCC CCCCTCCCAG GCACCTGCCT TTCCCACACA TCTTAAATCT
141 CCTGAGGGTT GCTGCCTCCT GCTGCTTCCC CGGACATTGT CTGTACACAG CATCCTGGGC CACCCCTGTG CTTGTGGGGA GTTAGTCATC CACTTTCTTT ACAGTCAGTC AGTCTCTGIC AGTCTCCAGT GTCTGGTCCT
281 CTTCCCCACA CTGGCAGTTC CTCAGTACTG CAGGTCTGTC AGCTCTTTCC CACAGCAGCT CACACCAGTT CCAGAGTGIG CATGCCAGTG CCTCAGCCCA GCGGCCTCCA GGCTGGACCC TGGGCAGGGC CTGTGGACAC
421 ACGACAGCTG TGGGCTAGTC CCCTGACCCT CGTGACCCTG AAGGCCAACC TCAGGCACCT GACTCTTTTT CCTTCACGIT TCAGCCCGGC GGCCTTCGGG GAGCTGCTCC TTCGCTCCTT GTCTCCAGCT TCCTCAGAAC
561 CGAGAGCACA TTTTTAATTA AAGTGGARAA AGAGCTGAAA ATCTGCTCGC ATTTAATCAT CTTGACGACC TTTTTGCTTA AGAGTTTCCA GCTGAGGGGG GAGCTCAGGG GATGGGTTGT GAAGGCATTT CTGAGCTGAG
701 CCTGGGTCTG GAGGGGAGGG TGAGGGATGA ATAAACTTAC CCAGCCAGGT GGCTGGGCTA AAAGTGTCAA GTCAGCACTT CCTCATGGGC TGGCTCCTCC AGGGGCCCTC CCTCCCATCT TCTCTCCACC CCCACCCTCC
841 GCACCCA GCACACTGGA Ci °T GCTACATGGC GGAGCAA GGACAGTGTG AGGAGGGGTC TTTCCTTTTG TCACAAGTTG AAAAGTAGAC CCTGGAGGGG CCAGTGTCCT CCTAGGAACT GGGCAAGGCC
981 TCCTTGAATA CTATTGAAAC CTCTCTCTAT CACTCCTTTT CTCTCACCAT CCCACGGAAA GGTTTGAACC TGTCACCAGG CCTCAACTCC CCCAGTAACT TCTGGGTAAC TTTTCACATC CCTGARATCT GCCTACCACT
1121 ATCCCAGGTA TACACTGATT GGGGGAAACC CCTAAGATGA GAAGATCACC AAGGCTACAG CTATGGCCCT GTCCAGTAGA GGGGGACAAC AGCAGCAGAG GAAGICCCTC
1261 AGGACCCGAG ACTTAGAATA AGRATAAGAG ATGGCGGGCT GGAGAGATGG CTCAGTGGTT AAGAGCATGG ATTGCTCTTC CAGAGGTCCT GAGTTCAAAT CCCAGCAACC
1401 TTCTGATGCC CTCTTCTGGT GTGTCTGAAG ACAGCTACAG TGTACTTATA TATARATARA TARATCTTTA TGGGAGAATC
1541 GCTGGTACAT GCAGAGACAG ACTCTGTAGG AAGATCTGGT GCCTCTGGIC TTCTGTCCCC CABRAGCCCCT CTCTCTTCAT TTCTGCTTGG GACTTGTGCA TTTGAACAGA
1681 CAATCCTACA GCGATGCTTG CTTTTCTGGC CATCAGAGGG AGTCCTCTCT CTGTAAGGGA CAGGCACAGG GAATATGACT TTGTCCAGAC TCTGCATCGG TGCCCTTTGC
1821 CCCACTTCCC AGACATGGGG GGGTGGTGGG TGGCAGAGCG GAGTGGAGAT AAGCTTGGGC CTGGGTACGG CTCCTCCTCC ACTCATTCCC GTGGGAATTT
1961 ACAGCAGGAA GGACCCTGGG CCCAGTCCCC AGTGTTGAGA TGTCATCTTA CCCCTCATCC GGTTTCTIGC TAGAAGCCAC CATCAATGGC AGCATCAAAC
2101 AAGCGCACTG ACCCACACTC TTTTCTTGAC TGCTCATTCT GIGAGGCTCT CTCTCATCTT ATGCCTATGT TAGGGAGAAA GACACTGAGG CTCAGAGCAA
2241 GGCACCTGGG CCTCAGACAG TTCATTTTCT CTTCCTCTAC ACTGACTTCA TGATGTTCTG GCCATGGAAT AGGTTAACCT CATTTTTCTT TTTTCTTICT
2381 5 CCTTGCGCTT GCTAGGCCAG CGCTCTACCA CTGAGCTAAA TCCCCAACCC CTCATTTTTC TTTAAAACAT GITGCATGCC CTTGGACATA GGCTGGGAAG
2521  AGAGGACTGA ATCTAGCTGG ACATGGCGGT AATTTCTGIC TGTGGAGTCA AAGTAAGARA ATCAGTTCAG GATCATCCTT GGCTGGCTAC ACCGGATGCC CAAGTCTAAC CCCATTTCAA ATARATGAGC
2661  RAAAACATAAG AATCAGGTCA GAGCTGGAGA G TTGATAAAGT GITTACCCAG CATGCCCCAA GCCCCAGATT CATCCCCCAG TATCCCGTAA ACTGTCCACG ATGCTGCAGG TCTTGGTACT TGGGAGGTAG
2801 GCTA TARAGTTCAG G G _AGATTCCGCA TGTATCG C; AAGGCTAGAG AGATGGCTCA GTGGTAAAGA GTATTTIGCTG GCTTTGCAGC
2941  GGGCTAAAGG TTCCGITTCT AGCACCCACA TGCCAGTTCA CAGCGGTCTI TAACTCCAGI TCCATGAACT CCTCCATACC

3081

3221 CTAGACCTAC ACTGGAAACG ACCICAACCT AGAAGCCTTG GCCCAATGCT ACTGACCCTG CAGAGGAGGA GCAAGCAGTG CTTGIGGGGC ATGCGCTGIG TCCGGCTCAC AGGGCCGGGG

3361  GGGGAAAGGG CTGGTGGGGT TACATGGGCT TCTACAGAGC AGCGGAGTGG AGGCAGGGAG GCGGCAGTGG CTGCCATATT TGGGCAGGCA GTTGGGGGAG GGCACTGCCA ARAGTGCCCA TTTTGATGCT TGAGTTAATC
3501  TAACTGGACT CCAAAGTTGC TAATCCTTCC CATCCCCCIC ACTACCGATT CAGCTCCAGA ATGAAAGCTC AAGAACCCCA ARCCAATTTC TGGCCTCCAC CGTCCATCTG CCATCCCCCT ATGGAACAGG CTCCGCCTTC
3641  ATTTCTCAGA GGTGTCAGTT TAGAGGCAAC CAGGACGTCG TGCTGCAGCA ARGCCGCCAA GCCAGCTCCT GAAGGGGAGG GGTGGGTTTC ACTTACCTTG CCTGGCTGCC TGACCCCGGG GGCAGATGGG ATTCAGCTGG
3781  AAAGGGCTAA CACTTCCTCT TTCCTCGCCT CTGGTCT TGCTGACACC CTGCCTCTGG TTAGACATGG AACTGGAGAA ATGGATGAAA CTGTCATAGG GCAAGAAAGG TGGGCGCTAG CAGAGTTCAC CCCTCCTTTC
3921  TGACACAGIG TGCCTATCTG AGCAGCCCAC TTAGCCTCTA AGCCTGTATT TTGCCTTGGA CACCAAGAGG GAGCAGCCAG GGACCTGGAG ACAGGACTGA GCCCCTCTCA GGTGGAGATC CTTCCT
4061  CTGGGGAGIT GGGCTGGAAC AGGGGAGTAC CTTGGATCAG GTGTTAGTGG GGAGAGGTGT GAGCGTTTGT GCTTTGTGCA GAGCAGAACC ATTGGTAATG GGTGCCACAA TTTGCTTCTG AGCCAAGAGG CTTCACCTCT
4201  TCAAGTCCCA GACACCTCAC CTACGAAGTG GTTACAAGCA CGGCCTTCCT GGGGTGGAAA TGGGAATGTG GGAGACTTTC CTGGCCTGTG GGTGATGGTA GCGTGCATCT CCAGCCTATA GARAGGCTCT GGCAGTGAGC
4341  TTTCTCACTG TCTGCACGGA AGGGGTTTAC AGCTTCAGGC TGGTTCACAG TTGTAGCCAG GAATATTGGC ACATGGCTCT GTCAGCCTTG GAGGTGATGA GTCCTTTGAA GGCCCTGGGA GAGGTCCAGG TGGGGTGACA
4481  AATGGAATGG GAAGAGAAGG AGAGGACATT AGGGGACATC TTCCTGGAGG GTGAGGTAGG GAGGTGAATG GTGTGGGGAG GAGGGCTTGC CCCGCCTATA TGGACTCCTG ATAATGCATC TTCCCAACGA GCCCCCACTC
4621  CCGCCAGCTIC ATGCTGAACT AAGCCTATAT TATCCAATCC TTTTGCCTTG AAGTCACTGT AGTCTAGGAA TCTGTGT GTGTGTGTGT GTGTGTGTGT GTGIGTGTGT GTGTGTGTGT TTACAGAGAG GGGAAGAGGG
4761 GAGAGATCCT CTCTAAGTGC TGCTTTATCA CGGGAGACAG TTCTAAAATC CCTTCAGGAA TAACTATTGC CACCTTGGIG
4901  CTGCCAAGCT GGICATTTTT CAGICTTCCC CCCTTGTCCC ATCTCTCAAT GGTTAGGCTG AGAAGAAGGT GTCTIGTGGA GTCTGGGGTA GGACCACTTA TTGCTTGGTT TGGGGCCAGG AGTCACTGTC GGGCAGCAGT
5041  GGTTCTAAGG GATGAGTAGA GGTAGGTAAG TCACGATTGC TTTAGGGTTT TTTTGGTGAT GGTCATGGTG AGGGTGGGTG GTGGTGGTCG TGCAGTACTG GACTTGGTAA ATCGTCTGTG ACAGAAAATG
5181  GTGGCAATGG TTTATTAGTT ACTTTTCTTT TGGATATTTT TTATTTACAT TTCAAATGTT ATCCCCTTTC CTGATTTCCT GTCCATAAAC CCCCTATCCC ACCCCCTCTC CCTCTTTTTC TATGAGGGTG
5321  CTCCCCCCAC ACCCACCCAC CCCTTCCCAC GACATTCCCC TACACTGGGG CATCGAGCCT TGGCAGGACT CAAGGGCTTC TCCTCCCATT GATGCCCAAC TTCTGCTACA TATGCAAGCT GGAGCCATGG
5461  TCTGTCCATG TGTAACTCTT TGGTGG CTTAGTCCCT GGGGGTCTGT TGGTTGGTAT TGTTGTTCTT ATGGAGTTGC ARATCCCTTC AGCTCCTTCA ATCCTTTCTC TAGCTCCTCC ACTGGGGACC CCATTCTCAG
5601  TTCAATCAGT TACTTTTCTA ATTGCTATGA CAAAGTACCC AATAAAGCAA ATTAATAAGG AAGGTTTAGG GGGCTGGAGA GATGGCTCAG CGGTTAAGAG CACTGACTGC TCTTCCAGAG GTCCTGAGTT CAATTCCTTG
5741  TAACCACATG GGTGACTCAC AACCATCTGT AACCGGTAAT CTGGTGCCCC TTTTTCGGGG TGTGTTCTGA AGAGAGGTGG ACAGTGGTAT TCATATGAAT TA ARTCTTAGAA GGGAGGATTA
5881  TTTTACCTCC CTATTCAAAC ATGCAATGAA TCTGGAAGGC ACATGICTCA GTTACTTTTC TATTGCTGTG GTTAGACACC ATGGCCAGGG CAACAAGATT TTTTGGGGGC TTTCAGGTCA GAGGGATAGG GGTCTATCAC
6021  CATCTCCATG GGGAGAATGG CAGCAGACAG CAGGCAG CAGCAGGCA GCAGGCAGCA GGC c GG Ci 3GCAG CAGGCAG. 5 GCCGGCAGC 3GC
6161  AGCAGTAGCT GAGAGCTCAC ATTTCAGACC CTCAAGCTGG AGGCTGAGAA ACCACACCTC TAGGGTTGGT GAGAGGCTTC TGAAGCCCTT AGACCACCCC TAGTGACACA CCTTCTCTAT CAAGGCCAGA CCTCCTAACC
6301  CTTCCCAAAC AAGCACCAAC TGAGGTCCAA GTATTAAAAT TTCARACCAC CACAGCATGG AAACATGAGG GATCTTGGAC ACATTGTATC AGCAGCCTGG AAGCAGAGAG
6441  GGAGARACGC TGGTACTTGC CATCCTGCCC TTTGACTT GTGTGCT GGTGGCTTTC TICCTGICTG TTAAAAACTT CTGCAAAAAC CCTCATAGAA ACACCCAGAG
6581  TTGTGCTTCC TGGGTGACTC TARATCCAGG CAAGCTGACA ATGAGAGTTA ATGATACCCA CACGATGATT TGGGAGGTAT GGGGGGTGGG TAGAGARACT GCAGTCTAGG ATTCGCCATC GTGGTGTGAA
6721  TTGAGGCGGT GATGGAGATG GTGGTGGTCA CAGTGGTGTG TGCGGGTTTG GAGGTAGGTG TGGTGACACG GGCAACTCGA CAGAGGACTA TTTGGATCAC AGCTGTGCCA GCTATAGTGT GGTTAAGCTA
6861  RGGCGTCACA TTACAAAGTA ACCTGCATAT GAAATAACTA ATACTCTATC TAGACCAGTG TTCCTATGTT GTGGTGACCA TAAAATCATT TTTGTTGCTA CGTAATAACT GTAATTTGCT ACTGTTATGA
7001  ATCATAACAT GAATATCTGA TCTTTCCCAT GGTCTTAGGT GACCCCTGTG AGAAGGTTTT CCCCAAAGGG CCATATGCAC AGGTTGAGAA CTGCTGATCA ATACTGTCAG CTACACCGTT AGTCTGTTAA
7141  TACTGTTAGT CTACTGTTGA ATCCCCAATA GCAGTATGTG TGGCCTGTAG CAGGGGCTCC CCGAGTGCAC AAGAGAAGCT GAGTCGCTTT GCGATGAACA CTTCTT CTCTTTTGAT CCTTGCTACC
7281  TTCCTTTABA GCCCCATCTT ATAGATATGA AACAAGGCCA GGAAGATGGT CGTGGCCTCC AAGGRAGAGG CAATGGGCAG GGACGAGCAT TCGCACTCAG GCCTGCCTCC CCATAATGCA ACACTCCTTIC
7421  TTCTGCACCC TTTGCAGCCA CACTCCCCGC CAGCACC CAATGCATCT CAGGCCCGCG TCATAGABAT CCTGCTAATA ATAGTAGCAA TCGCTGTITG TAATTGTTGG GGTAAGGCTT AAATGATCAA
5 ATAACCTTGG CAATAATAGT AACTGGGATC ATARATTAAT AACGGGAGTA TTTAAATTAA TGCCACACTG

ATTCAGCAGA GAGTAAGGCA GATCTGTAAA AGCTTTG( A T CTTAGAAGTA ATCTCCATCC
GCTCATGAAC GTIGAATTCTC AAAGCCACAG TGATGTCTAC CCATCCTTCC TGGGGGCTGT CTGCTGGACT
AGGARATCAC CTACTTGTGA GCAGGCCTTC TTAATCAATA CTCTTGGICT GICCCTTGIT TCTATTACTIC
CACACTGTTC TGTACCAGGG CCTTGGCTCT CTGAGGACCA GARAAGGGCG GGGCGATGTG ATGTTTCTCC
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7561  GACCATGGAA ATTATTAATA ACCCAGGCCC AGCCATGGIG GTGTGGGTCA TTTAAATTGT
7701  TCCGTAGTCT GGTAGTAAGC AGCTCAATGC TTCTGGAAGT ACTAATGCTT CTCCTTCCTG
7841  AGGAGGAAGG ACTCCCCAGG GACTTCCGAG GTCCTGCTTG CTGCTTAGAC TCTTACATCC

CAGCAAAT G T

T
8681  GATGGTACGA GCAGATGTCA GTACATGAGC ACAGGCGTGC TTGAGAGTGT GTTTGTGTAT ATGTGCACAC CTGGGAGTCC TTCAAGCTCA GGARAGGCTG GAGATGTAGC CCCATGATAC GATGCTTGCT
8821  TGGCATTTGT AAGGTCCTAG GTTCTATCCT CGTGTGTGTG TGTGIGTGIG TGTGTGTGTG TGTGTGTGTG TGTTAGAGAG AGAG G
G GA GACAGAGACA GAGAGACAGA GGCAGAG CAAG! GACAGGGA GAGACAGAGA G GA GTCAGGG
9101  GAAAGACAGA GACAGGGATC TCAAATAGTG ATATTGGGAT AGATTTCACT TTGAATGCCC CAAGGAACAT ATCCCTCCAC AAGTGGGAAG GAGCAGCCGA GAGAAGATGG AATAAAGTGT ATACCCAACC GTAAAAGGAA
9241  GGCAGCCTCA TTTTCGGAAT AAGGGCTAGG TAGGGAACTA GGAATCAACC GAGAGATTGA AGAAGGCGTT TAAGAGAGTG AACCCCGAGG CAGGCCTCAT CAGTAGGAGA GCAGTGGCCC CCTGCTGGAT CCactagttc
t tggagcteca at tattacaatt cactggccgt cgttttacaa cgtcgtgact gggaaaacce tggegttace caacttaatc gecttgeage acatcccoct
9521  ttcgccaget ggcgtaatag cgaagaggcc cgcaccgatc geccttccca acagttgege tgtagcggeg cattaagege ggcgggtgty gtggttacge geagegtgac
9661  cgctacactt gecagegecc tagegeccge tocttteget ttettccctt cotttctege cacgttcgec ggetttccoo gtcaagetct aaatcggggg ctecctttag ggttccgatt tagtgettta cggcaccteg
9801  accccaaaaa acttgattag ggtgatggtt cacgtagtgg gocatcgece tgatagacgg tttttcgoce tttgacgttg gagtccacgt tetttaatag tggactcttg ttccaaactg gaacaacact caaccctatc
9941  tcggtctatt cttttgattt ataagggatt ttgccgattt cggectattg gttaaaaaat gagctgattt aacaaaaatt taacgcgaat tttaacaaaa tattaacgtt tacaatttcc caggtggeac ttttcgggga
10081 aatgtgcgeg gaacccctat ttgtttattt ttctaaatac attcaaatat gtatccgetc atgagacaat aaccctgata aatgettcaa taatattgaa aaaggaagag tatgagtatt caacatttce gtgtegeect
10221 tattcccttt tttgeggeat tttgocttce tgtttttget cacccagaaa cgetggtgaa agtaaaagat getgaagatc agttgggtge acgagtgggt tacatcgaac tggatctcaa cageggtaag atccttgaga

10361 gttttegece cgaagaacgt tttccaatga tgageacttt taaagttctg ctatgtggeg cggtattate cegtattgac gecgggeaag ageaactcgg teg: € tattctc agaatgactt ggttgagt

10501 ¢ t tcttacggat ggcatgacag taagagaatt atgcagtget gocataacca tgagtgataa cactgeggec aacttacttc tgacaacgat cggaggaccg aaggagetaa ccgotttttt
10641 g tg ggggatcatg taactcgect tgatcgttgg tgaatgaage cat g tgt at. cgttgcgeaa actattaact gaact

10781 ttactct ttcccggcaa caattaatag > tgataaatct tcgeggtate
10921 tggta © tcccgtateg tagttatct t taggtgc ctcactgatt aagea a 2
11061 ccaagtttac tcatatatac tttagattga tttaaaactt catttttaat ttaaaaggat ctaggtgaag atcctttttg ataatctcat gaccaaaatc ccttaacgtg agttttcgtt ccactgageg tcagacceog
11201 tagaaaagat caaaggatct tcttgagatc ctttttttct gegegtaatc tgctgcttge a tttgtttgce ggatcaagag ctaccaactc tttttccgaa ggtaactgge
11341 ttcagcagag cgcagatacc aaatactgtc cttctagtgt agccgtagtt aggccaccac ttcaagaact ctgtagcacc goctacatac ctcgetctge taatcotgtt accagtgget gotgecagtg gegataagtc
11481 gtgtcttacc gggttggact a gttaccggat ggtcgggety aacggggggt tegtgcacac ageccagett ggagegaacy acctacaccg aactgagata cctacagegt gagetatgag
11621 gctteccgaa a tccggtaage ggoagggtcg gaacaggaga gogeacgagg gagettccag ggggaaacge ctggtatctt tatagtcctg tcgggtttcg ccacctetga
11761 cttgagcgte gatttttgtg atgetcgtca gectatggaa ttttacggtt cctggecttt tgetggectt ttgetcacat gttctttect gegttatcee ctgattctgt
11901 ggataaccgt attaccgect ttgagtgage tgataceget tcagtgageg at. cgeetetece cgegegttgg ccgatteatt
12041 aatgeaget tttecegact cagtgagcge aacgeaatta atgtgagtta getcactcat taggeaccce aggetttaca ctttatgett ccggetcgta tgttgtgtgg aattgtgage
12181 ggat € tt getat tgatt ggaatt teact getgggtace gggeccccce tegaggtcga cggtatcgat aagcttgata tegaattoct

12321 gcagecegag

Figure 2

Fragmentation of the rat p75NTR genomic DNA. A 9,372 bp BamHI fragment derived from 5' region of p75NTR (posi-
tions from -9,645 to -274) cloned in pBS KS+ (sequence with lower case letters) was digested with BsuRI and Alul. Sequence
derived from UCSC Genome Browser on Rat Nov. 2004 Assembly (contigs AABR03076992.1 and AABR03076383.1). Protein
binding was detected for fragments marked with green (BsuRl digest) and yellow highlight or underlined (Alul digest). Frag-
ments marked with grey highlight were derived from pBS KS+.
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Figure 3

Digestion of a 9372 bp genomic DNA fragment of the
rat p75NTR gene (cloned in pBS KS vector) with
BsuRI and Alul restriction enzymes. (A) Agarose gel
electrophoresis of total digests (T) and gel-isolated fractions
30-300 bp (L) and 300-700 bp (H). M, | kb ladder (Strata-
gene). (B) The expected digestion pattern generated by
sequence analysis with DNAMAN software.

proteins and thus may be shifted more frequently than
smaller fragments (see also below, Fig. 6). Despite this
fact, enrichment of certain fragments in the shifted zone
clearly suggests that these may contain regions involved in
sequence specific DNA-protein interactions. Consistent
with this conclusion, the 737 bp Alul fragment overlapped
with the EMSA-positive (or shifted) BsuRI 200 bp frag-
ment detected earlier (Fig. 2). To confirm that the frag-
ments identified here contain binding sites for nuclear
proteins, an EMSA was carried out using individual frag-
ments that overlapped with the identified ones (Fig. 5).
This experiment showed that all three fragments produced
specific shifted products.

Practical considerations

Previously, two highly similar methods have been devel-
oped for the detection of protein binding sites in different
DNAs derived from plasmid, bacteriophages (Mu and
Lambda), E. coli chromosome or human genome [10,11].
These methods are based on two-dimensional PAGE and
allow simultaneous analysis of a large collection of frag-

http://www.biomedcentral.com/1471-2164/9/272

ments (about 2000). However, some DNA-protein inter-
actions may remain undetected because of low affinity or
the low concentration of an individual fragment in a large
population of fragments [11].

The strategy developed in this study may be suitable for
the initial analysis of genomic (promoter) regions extend-
ing up to 10 kb in length, revealing protein binding
regions that can be further analysed using DNase foot-
printing [17,18] and promoter activity tests. It is impor-
tant to note that nonspecific interactions can frequently
occur between proteins and longer (>200 bp) DNA frag-
ments used in EMSA. Nonspecific binding may be
reduced if higher concentrations of competitor poly (dI-
dC) are used (Fig. 6). Therefore, for fragments >200 bp,
higher concentrations (up to 1 mg/ml) of competitor
must be used. It is recommended that the sufficient con-
centration of competitor is determined experimentally for
each fraction of fragments or individual fragment and
nuclear extract.

One of the limitations of traditional EMSA is that some
complexes do not withstand the conditions and may pro-
duce a smear during electrophoresis. However, as shown
here, if the area of the smear is cut out from the gel and
the fragments are analyzed, it is possible to identify the
fragments undergoing dissociation from the "fragile"
complexes (Fig. 4). Alternatively, if the EMSA gel is run at
low temperature (+4°C) or at low voltage, it may be pos-
sible to stabilize protein DNA interactions and increase
the chance of getting shifted fragile complexes [3].

The strategy described here has several advantages over
traditional EMSA. It can be performed with a mixture of
fragments, thus increasing the length of the DNA frag-
ment that can be analysed in a single experiment. It is
based on a simple identification of fragments on a dena-
turing gel and may be used for the detection of labile
interactions (complexes that dissociate during electro-
phoresis). In principle, the method described by Chernov
et al [11] may be also applied to smaller fragments (<10
kb) with an additional improvement, i.e without the need
of ligation and PCR. However, it is uncertain whether
DNA fragments dissociating from the complexes during
electrophoresis can be detected with their method.

Nevertheless, our strategy has also some limitations.
Firstly, the 3'-end labeling with 3'-5' exonuclease and
polymerase activities of Klenow fragment, is relatively
inefficient and produces labeled fragments with different
specific activities [19]. Also, fragments with G-C-rich
structures at their termini are somewhat resistant to 3'-5-
exonuclease of Klenow fragment and thus are difficult to
label in some cases. Secondly, some protein binding sites
may be digested with the selected restriction enzymes.
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Figure 4

Identification of the protein binding regions in DNA fragments by a combination of EMSA and denaturing
PAGE. (A) L and H molecular fractions of corresponding BsuRI and Alul fragments were incubated with (lane +) and without
(lane -) PCI2 nuclear extract (NE) and analysed by EMSA. Direct phosphoimaging of the wet | mm-thick gel is shown. (B)
Denaturing PAGE of the shifted fragments. Lanes - and + show the pool of fragments used in EMSA and shifted bands (smear),

respectively. Connecting lines indicate the bands or smear analyzed on two different gels. M, 32P-labeled 100 bp ladder (Gibco-
BRL).
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Figure 5

Confirmation of the protein binding regions with
individual DNA fragments. F202, a 202 bp Bglll-Ndel frag-
ment derived from -1.8 kb region partially overlapping with a
359 bp Alul fragment; F395, a 395 bp Pstl fragment derived
from -6.3 kb region partially overlapping with a 737 bp Alul
fragment; F514, a 514 bp Pstl fragment derived from -6.8 kb
region overlapping with a 200 bp BsuRI fragment (for exact
nucleotide positions see Fig. 2). NE, PCI2 nuclear extract. A
ten-fold excess of the same, but unlabeled fragment was used
as a competitor. Arrowheads point at bands resulting from
sequence-specific protein-DNA interactions. Note the
smearing in case of F514, which suggests dissociation of com-
plex(es) during electrophoresis. The asterisk indicates a
weak band, corresponding to a putative specific complex.

Thirdly, gel-elution of fragments based on diffusion alone
is time consuming. These limitations, however, can be
overcome by end-labeling fragments with bacteriophage
T4 DNA polymerase, using restriction enzymes with dif-
ferent recognition specificities (e.g., A/T or G/C rich palin-
dromes) and applying quick gel-elution methods [19]. It
is worth to mention that our previous experience with two
commercial gel extraction kits [QIAquick® Gel Extraction
Kit (QIAGEN, Hilden, Germany) and Invisorb Spin DNA
Extraction Kit (InViTek, Berlin, Germany)] has shown that
certain purified restriction fragments do not produce
mobility shifts if isolated at high temperature (50°C), i. e.

http://www.biomedcentral.com/1471-2164/9/272
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Figure 6

The effect of the poly (dI-dC) concentration on the
mobility shift of restriction fragments. A poly (dI-dC)
concentration range from 100 to 800 ng/ml was tested with
2-fold differences. At each concentration, the incubation of
labeled restriction fragment with PC12 nuclear extract (NE)
was performed using two different poly (dI-dC) preparations
with the average sizes 250 and 500 bp. C, a 202 bp Bglll-Ndel
fragment and C,, a 384 bp Ndel-Mphl fragment derived from
-1.8 kb and -1.6 kb regions of the rat p75NTR promoter,
respectively. Arrowheads point at the major specific DNA-
protein complexes. M, 32P-labeled 100 bp ladder (Gibco-
BRL).

using a step necessary for dissolving the gel slice (Fig. 7).
This is apparently because of the changes in fragment con-
formation/kinking introduced at high temperature (K.
Kaer and M. Speek, unpublished results). Therefore, the
diffusion of fragments may be preferred at least for some
DNA fragments.

In summary, the strategy developed here may be easily
applied to any genomic fragment with known sequence
for which protein binding regions are searched. Finally,
selection of restriction enzymes with different recognition
sequences may be used to expand the fragment coverage
and to narrow down the location of protein binding sites.

Conclusion

We have described a strategy for the detection of protein
binding regions in long fragments of genomic DNA. Con-
trary to the previously described high throughput detec-
tion methods [10,11], which can be used to detect high
affinity protein binding from the large population of DNA
fragments, our strategy uses intermediate (<50) number
of fragments and detects low as well as high affinity bind-
ing regions. Moreover, as shown here, DNA fragments
undergoing dissociation from the DNA-protein com-
plexes during electrophoresis can be identified by this
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Figure 7

EMSA experiments with different preparations of
DNA fragments. A 275 bp fragment (F275), derived from
LI antisense promoter [20], was gel isolated by using
QIAquick® Gel Extraction Kit (panel A) or gel-diffusion
method described here (panel B), radiolabeled and incubated
with (+) or without (-) nuclear extract. The presence (+) or
absence (-) of competitor, a 10-fold excess of the unlabeled
fragment, is shown. Note that specific mobility shift, shown
by arrowhead, is visible only in panel B.

strategy. Our results also stress the importance of testing
different poly (dI-dC) concentrations to reduce nonspe-
cific interactions between longer restriction fragments and
proteins. We believe that the strategy described here is
suitable for the initial analysis of genomic regions (e.g.,
for searching transcription factor binding sites in pro-
moter regions of genes) and can be complemented by
DNase footprinting and promoter activity tests in the later
stages of study.
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