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Protein-binding DNA sequence elements encode a variety of reg-
ulated functions of genomes. Information about such elements is
currently in a state of rapid growth, but improved methods are
required to characterize the sequence specificity of DNA-binding
proteins. We have established an in vitro method for specific and
sensitive solution-phase analysis of interactions between proteins
and nucleic acids in nuclear extracts, based on the proximity
ligation assay. The reagent consumption is very low, and the
excellent sensitivity of the assay enables analysis of as few as 1–10
cells. We show that our results are highly reproducible, quantita-
tive, and in good agreement with both EMSA and predictions
obtained by using a motif finding software. This assay can be a
valuable tool to characterize in-depth the sequence specificity of
DNA-binding proteins and to evaluate effects of polymorphisms in
known transcription factor binding sites.

ChIP � EMSA � proximity ligation assay

Sequence-specific DNA binding by proteins controls processes
such as replication, recombination, and transcription. Distinct

DNA-binding proteins are also associated with centromers, te-
lomers, and other specialized regions in the genome, where they
regulate chromosome condensation, cohesion, and other aspects of
genome maintenance. Activation of genes by DNA–protein inter-
actions is a fundamental regulatory mechanism involving the
recruitment of chromatin-modifying complexes and transcription
complexes to initiate RNA synthesis (1). Of all human genes, 6%
are estimated to code for DNA-binding transcription factors (2).
Alterations of DNA-binding proteins are frequently involved in
human disease, particularly in cancer, but information about the
sequence specificity of DNA-binding proteins remains limited.

Genome-wide location maps have been generated for binding
sites for most transcription factors in yeast by combining ChIP (3)
with DNA microarray analysis (ChIP-chip) (4–6). Other studies
have focused on chromatin remodeling factors, such as components
of the RCS complex (7) and the DNA replication machinery, e.g.,
ORC and MCMs (8). To identify human transcription factor
binding sites, promoter or CpG island microarrays have been used
(9, 10). Moreover, high-resolution tiling path arrays have been used
for transcription factor binding studies (11). In this regard, the
ENCODE (Encyclopedia of DNA Elements) project was launched
in 2003 to identify all functional elements in the human genome
(12), assisted by the development of PCR-product and oligonucle-
otide tiling path arrays initially covering 1% of the genome. Despite
its power and utility, ChIP-chip analysis has to be considered a
screening technology of moderate resolution.

Several other array-based techniques have been developed
to identify genomic binding sites of transcriptional activators
or other DNA-binding proteins (13–15), but in all cases results
must be confirmed by independent reference methods. EMSA
(16) is frequently used to verify binding specificity in vitro. The
supershift assay is an improvement of the technique (17) that
allows antibody-based identification of DNA-binding proteins
in the gel-retardation assays. EMSA allows resolution of
complexes of different stoichiometry or conformation, and it
can identify DNA-binding proteins and their binding se-

quences within a gene’s regulatory region. EMSA may also be
used for quantitative analysis of thermodynamic and kinetic
parameters. However, the method is associated with several
drawbacks because it is time-consuming, requires large
amounts of input material, and involves the use of both
acrylamide and radioactivity. Furthermore, EMSA is difficult
to adapt to high-throughput analysis.

Here, we present a procedure for measuring DNA–protein
interactions that is based on the proximity ligation assay (PLA)
for ultrasensitive protein analysis (18, 19). In this technique,
specific DNA representations of detected proteins are created
and amplified in place of the proteins themselves, analogously to
the detection of mRNA as cDNAs via reverse-transcription
reactions. Briefly, oligonucleotides are attached to specific pro-
tein-binding reagents, typically mono- or polyclonal antibodies.
When two proximity probes recognize and bind the same target
molecule or a complex of two interacting target molecules, the
ends of their conjugated oligonucleotides come sufficiently close
to allow them to be joined by enzymatic ligation, assisted by the
addition of a connector oligonucleotide. The detected protein
molecules thus promote the ligation reactions by ensuring suf-
ficient proximity between the ends of the proximity probes’
oligonucleotide extensions. As two independent recognition
events are required for detection of the target protein to create
an amplifiable DNA molecule, there is a conceptual similarity to
PCR, ensuring highly specific detection. The ligation products
can then be replicated, detected, and quantified by real-time
PCR, whereas unreacted probes remain silent. In this fashion,
complicated and insensitive detection of protein molecules is
replaced by a straightforward, sensitive, and specific detection
reaction for nucleic acids. The conversion of target molecule
identities to DNA reporter sequences offers the additional
advantage that large sets of proteins could be analyzed in
parallel, e.g., by including distinct tag sequences in the amplified
segments and subsequent readout by hybridization to oligonu-
cleotide arrays (20). To use PLA for sensitive and specific
detection of interactions between proteins and nucleic acids, one
of the proximity probes is a partly double-stranded oligonucle-
otide with a single-stranded 3� extension. The other probe is an
antibody directed against the DNA-binding protein, and it has an
attached DNA strand with a free 5� end (Fig. 1). We demonstrate
the benefits of this new assay by characterizing the DNA
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sequence specificity of the proteins p53, HNF-4�, and USF1.

Results
We chose to analyze the transcription factors p53, HNF-4�, and
USF1 because they have been intensely studied and because they
have all been associated with human disease.

p53. The tumor suppressor p53 can mediate several different
functions by activating or repressing a large number of target
genes. TP53 is one of the most commonly mutated genes in
human cancer, and mutations generally affect amino acids within
the DNA-binding domain (21). In addition to its role in tran-
scriptional regulation, p53 is also involved in transcription-
independent regulation of apoptosis, genome integrity, DNA
repair, and DNA recombination (22).

As a proof of principle, proximity ligation was used to analyze
nuclear extracts from the breast carcinoma cell line MCF-7 for
evidence of interactions between the DNA-binding protein p53,
recognized by a p53 antibody-DNA conjugate, and partially double-
stranded DNA probes including putative recognition sequences for
the p53 protein. Three previously described p53-binding DNA
sequences were analyzed together with specificity controls (Fig.
2A). The following sequences were shown to be positive by PLA: (i)
a consensus P53-binding sequence (23), (ii) a focal adhesion kinase
promoter region shown to interact with p53 (24), and (iii) a
polymorphic microsatellite, (TGYCC)15, that mediates induction of
p53-inducible gene 3 by p53 (25). Additionally, we included the
following specificity controls: (i) a modified p53 consensus se-
quence in which four nucleotides within the consensus binding site
were altered, (ii) the above p53 consensus sequence but now
analyzed in the presence of a 1,000-fold excess of consensus probe
without the ligatable sequence extension, (iii) a negative control
sequence shown to bind HNF-4�, and (iv) a control for which no
nuclear lysate was added to the reaction. The nuclear extract was
diluted and analyzed with the consensus probe and the mutated
consensus probe to determine the limit of detection, which was
shown to be 2.5 ng of the MCF-7 nuclear extract (Fig. 2B). The

Fig. 1. Analysis of DNA–protein interactions by proximity ligation. A DNA-
binding protein can be investigated by using two affinity probes, each carry-
ing an oligonucleotide extension. One of the probes would be an antibody
directed against a particular DNA-binding protein, whereas the other would
consist of a partially double-stranded DNA sequence potentially recognized
by the same DNA-binding protein. If the protein were simultaneously bound
by both affinity probes (A and B), the ends of their appended oligonucleotides
would be brought sufficiently close so that they could hybridize together to
a subsequently added connector oligonucleotide, allowing them to be joined
by enzymatic ligation (C). The ligated DNA sequence, which would serve as a
specific DNA representation of the binding event between the protein and the
investigated recognition sequence, would be subsequently amplified and
detected by real-time PCR (D).

Fig. 2. Analysis of the DNA binding specificity of p53. (A) Three sequences
previously reported to bind p53 were analyzed by PLA along with specificity
controls in nuclear lysates prepared from MCF-7 cells. Positive controls: Pos I
was a p53 consensus sequence published by Kastan et al. (23), Pos II (24) was
a focal adhesion kinase promoter region shown to interact with p53, and Pos
III was a polymorphic microsatellite that mediates induction of p53-inducible
gene 3 by p53 (25). Negative controls: Pos I mut was a probe in which four
nucleotides within the consensus binding site had been altered, and Pos I inhib
control, a 1,000-fold excess of the consensus p53 DNA probe without the
proximity probe extension, was added to the reaction together with the
full-length consensus probe. The negative control was a probe positive for
HNF-4� binding but with no known affinity for p53, and in the no lysate
control, no nuclear lysate was added to the reaction. The S/N is shown on the
y axis. (B) Dilutions of MCF-7 nuclear lysate were analyzed with the Pos I (filled
bar) and the Pos I Mut probe (open bar) to determine the limit of detection of
p53 in the extract.
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experiments were additionally performed with recombinant P53
protein (Active Motif, Rixensart, Belgium) instead of the MCF-7
nuclear extract (results not shown).

HNF-4�. Hepatocyte differentiation and metabolism are controlled
both by ubiquitous and liver-specific transcription factors. HNF-4�
belongs to the nuclear receptor family and is considered the major
regulator of the hepatocyte phenotype (26). Mutations in HNF-4�
resulting in an early stop codon or amino acid substitutions have
been associated with an autosomal dominant form of diabetes,
MODY1 (27), and polymorphisms in the HNF-4� promoter have
been linked to the common form of type 2 diabetes (28).

Three sequences identified by ChIP-chip analysis in HepG2 cells
(29) and containing tentative HNF-4� binding sites predicted by the
BioProspector software (30) were analyzed by PLA in HepG2
nuclear extracts, along with a probe containing the consensus
sequence for p53-binding, serving as a negative control. The nuclear
extract was diluted to find the amount that resulted in the highest
signal-to-noise ratio (S/N) and to identify the highest detectable
dilution (Fig. 3A). The optimal total protein mass in the nuclear
extract for a maximal S/N was 20 ng, and the limit of detection was
�1 ng, corresponding to extracts from 1 to 10 cells. Larger amounts
of protein resulted in a decrease of signal, most probably because
of a ‘‘high-dose hook effect,’’ known to occur when the amount of
analyte exceeds the amount of affinity probes in an assay (31). By
analyzing each consensus sequence with two or three different
lysate dilutions, accurate measurements were obtained.

The PLA measurements were verified by supershift EMSA
analysis of the three HNF-4�-positive sequences (Fig. 3B),
showing good agreement between the two methods. The signal
generated by the DNA fragment stSG30984 was barely positive
in EMSA (with �4 �g of nuclear lysate per lane), but a signal
significantly higher than background was observed with the PLA,
demonstrating that this assay is more sensitive than EMSA and has
a wider dynamic range.

An additional 50 tentative HNF-4� binding sequences were
randomly selected from the same ChIP-chip study and analyzed by
PLA in HepG2 nuclear extracts. The S/N for the proximity ligation
analysis of each of the probes was compared with the previously
calculated prediction score that indicates the estimated likelihood
that HNF-4� would bind to the actual sequence motifs in each of
the probes [supporting information (SI) Fig. 6]. The correlation was
good in that probes with the highest prediction score gave rise to
high S/N, whereas probes with lower prediction score, from 4 to 7,
with few exceptions demonstrated specific binding to the protein
but at lower S/N.

The different probe sequences were divided in groups based on
their S/N values. The S/N defining the respective groups were
selected so that a similar and sufficiently high number of sequences
was assigned to each of them. Subsequently, each of the groups of
sequences was analyzed with the motif-finding program BioPros-
pector (30). The consensus motif found for each of the groups
together with the previously known binding consensus motif for
HNF-4� from the TRANSFAC database (32) are presented (Fig.
4) as a consensus logo created with WebLogo (33). The sequences
that gave rise to the highest S/N were also those most similar to the

Fig. 3. PLA analysis and EMSA of tentative HNF-4�-binding sequences. (A)
Three sequences identified by ChIP-chip analysis were analyzed by PLA for
interactions with HNF-4� in HepG2 nuclear extracts together with a negative
control (a p53 consensus oligonucleotide). The nuclear extract was diluted as
indicated along the x axis to investigate the lowest dilution with detectable
amounts of binding protein. S/N values are shown on the y axis. (B) EMSAs of
sequences identified by ChIP- chip (Pos) along with negative control sequences
(Neg), competitor oligonucleotides having the same (Self Comp) or an unre-
lated sequence (Unr.comp), and supershift reactions with HNF-4� antibodies
(�-HNF-4� and with irrelevant AP2� antibodies (�-AP2�.

Fig. 4. HNF-4� consensus motives as identified by PLA and TRANSFAC. The
50 sequences shown in Fig. 4 were divided in groups based on their S/N values.
The values defining each group were selected so that similar numbers of
sequences were assigned to each of them. Subsequently, each of the group of
sequences was analyzed by using the motif-finding program BioProspector
(30), which identifies the most common motifs found among such sequences.
The consensus motif found for each of the groups is illustrated with the
program WebLogo (33). The consensus for each of the sequence groups
represents the overall results obtained when BioProspector was run several
times for each of the group, and very similar results were obtained in all cases.
The previously known binding consensus sequence for HNF-4� as found in
TRANSFAC (32) is indicated at the bottom.
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TRANSFAC database consensus motif. As the S/N decreases, the
similarity to the TRANSFAC motif decreases as well, but the most
important nucleotide positions within the binding site are con-
served (positions 1, 2, 5, 8, and 9).

These data indicate that the binding site predictions as previously
calculated (29) are very accurate and of higher quality than ones
previously reported (46–60), where in vitro methods such as EMSA
and DNA footprinting were used to map the binding sites. The 50
sequences analyzed in this study contain sequences that were
commonly identified as tentative HNF-4� binding sites by Rada-
Iglesias et al. (29) and in other previous studies (46–50) and that
generally performed well in the PLA (red sequences in SI Table 1,
e.g., APOA4/C3 intergenic and F10 promoter). The present study
also includes sequences for which there is a discrepancy between
previous reports (47, 50) and the predictions by Rada-Iglesias et al.
(29) but for which the PLA results support the Rada-Iglesias et al.
prediction calculations (green and blue sequences, SI Table 1). The
APOA1 promoter includes three previously identified binding
sequences (50) not identified by Rada-Iglesias et al. (29). A putative
binding site in the promoter was identified by Rada-Iglesias et al.
and performed better in PLA than did the three previously reported
sequences (50). Similarly, the APOA4 promoter includes sequences
for which there is a discrepancy between binding predictions by
Rada-Iglesias et al. and sites and previously reports (47). Again, the
PLA supported these findings (SI Table 1).

USF1. The ubiquitous transcription factor USF1 was recently im-
plicated in familial combined hyperlipidemia, characterized by
elevated levels of total serum cholesterol or triglycerides or both
(34), type 2 diabetes, and elevated risk of cardiovascular disease.
This was done by identification of SNP haplotypes associated with
this form of hyperlipidemia. Genomic binding sites for USF1 and
derived consensus binding sequences have been previously de-
scribed (29). Four potential USF1 binding sequences identified by
ChIP-chip analysis, as well as a HNF-4� consensus sequence used
as a negative control, were analyzed by PLA for interactions with
USF1 in 20 ng HepG2 nuclear extracts (Fig. 5). The positive control
sequence and sequence 1 (both show high similarity with USF1
consensus E-box sequence) yielded high S/N by PLA, whereas
sequences 2 and 3 and the negative control failed to generate signals
significantly different from background. These results were con-
firmed by EMSAs (with �4 �g nuclear lysate per lane) along with
specificity controls, introduction of competitive probes, competitive
probes with an unrelated binding sequence, and supershift reactions
with USF1 and Sp1 antibodies for sequences 1, 2, and 3. There is
a good agreement between the two methods; only sequence 1 was
observed to undergo bandshift in EMSA (Fig. 5).

Discussion
Much remains to be learned about the interplay between specific
DNA-binding proteins and their target sequences to functionally
annotate the genome. Parallel projects are underway to describe
common genetic variation caused by SNPs and copy number
variation and other mechanisms. Most protein-coding genes have
now been identified, but many alternative promoters have recently
been detected, and it is anticipated that more remain to be
identified. Conserved regions in the human genome that are not
known to be protein-coding (1.5%) may nonetheless be undetected
coding sequences, or they may have structural importance or be
involved in gene regulation. High-throughput techniques for anal-
ysis of DNA–protein interactions are therefore important for the
functional annotation of the genome. Technologies for analysis of
DNA–protein interactions like ChIP-chip or with sequence readout
[ChIP-PET (pair end-tag sequencing) or ChIP-STAGE (sequence
tag analysis of genomic enrichment)] (51–54) are powerful means
to screen genomes for sites of DNA–protein interaction in vivo. The
resolution of these techniques is in the hundreds of base pairs, i.e.,
the size of standard enhancers or promoters. The same is true for

other array-based methods, such as DIP-chip (15) or DamID (14).
Verification of binding is typically done by real-time PCR, which
has a similar window size. However, individual proteins typically
bind sequence elements of 10 bp or less, so other techniques are
needed to more precisely identify sites for DNA–protein interaction
at base-pair resolution.

A considerable number of methods exist for the investigation of
DNA–protein interactions, addressing single pairs of interacting
biomolecules at a time. Traditional methods for DNA–protein
interaction analysis include Southwestern blotting (35), gel-
retardation techniques, nitrocellulose-binding assays (36), and re-
porter constructs in yeast (37). Biochemical assays, such as DNase
I footprinting, methylation protection, ethylation interference, or
hydroxylradical footprinting, can be valuable tools to locate DNA-
binding sites of proteins. They do not, however, generate informa-
tion concerning the strength of the interactions. Biophysical ap-
proaches, such as fluorescence anisotropy (38), fluorescence
correlation spectroscopy (39), and single-molecule force spectros-
copy (40), can be powerful means to analyze DNA–protein inter-
actions, but they require expert knowledge as well as nonstandard
equipment and are therefore less applicable for routine laboratory
use. Other drawbacks of many of the above mentioned techniques
are high sample consumption and the need for protein purification
before analysis. Additionally, these methods are poorly suited for
multiplexing.

Protein-binding microarrays (13, 41) allow analysis of transcrip-
tion factor binding patterns in vitro. The DNA-binding protein to be
analyzed is expressed with an epitope tag and bound to double-

Fig. 5. DNA sequence specificity of USF1. (A) Four potential USF1 binding
sequences identified by ChIP-chip analysis (Pos, positive control; Seq 1, se-
quence 1; Seq 2, sequence 2; and Seq 3, sequence 3), as well as a negative
control (Neg; an HNF-4� consensus oligonucleotide) were analyzed with PLA
for interactions with USF1 in 10-ng HepG2 nuclear extracts. S/N values are
shown on the y axis. (B) EMSAs of three of the positive sequences as identified
by ChIP-chip along with negative controls, competitive probes with the same
(SelfComp) or an unrelated (Unr.comp) binding sequence, and supershift
reactions with USF1 (�-USF1) and Sp1 (�-Sp1) antibodies.
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stranded DNA microarrays. After removing nonbound proteins by
washes, the array is labeled with a fluorophore-conjugated antibody
specific for the epitope tag on the expressed DNA-binding protein.
The method offers high-throughput characterization of DNA–
protein binding with a very high resolution, but tagged proteins may
exhibit altered binding properties compared with the endogenous
proteins, and exact quantification of the interactions is difficult.

In vitro selection has been successfully used to generate highly
accurate descriptions of protein binding sites (42). However,
SELEX will, by design of the assay, only yield ‘‘optimal’’ binding
sequences, which might be different from those found in vivo. In
that regard, PLA offers the advantage of allowing comparison of
protein affinities for any known or natural binding sites.

The PLA technique has important advantages over existing
methods for in vitro analysis of protein–DNA interactions. This
assay is nonradioactive and has a very low reagent and sample
consumption rate and extremely high sensitivity through the use
of nucleic acid reporters that enable analysis of a few nanograms
of nuclear extracts, corresponding to between 1 and 10 cells.
Accordingly, the method is several orders of magnitude more
sensitive than techniques like EMSA for investigating DNA
binding of proteins, and it yields quantitative results, allowing
affinities to be calculated. The assay procedure takes less than
4 h, including the PCR step. The PLA assay can be performed
in a homogenous format as shown herein or on a solid support
with the protein-binding DNA probe immobilized to a surface
prior to interaction analysis, allowing nonspecifically bound
reagents to be removed by washes (data not shown). The
homogeneous assay format requires no washes or phase sepa-
rations and the hands-on time is very limited, with only three
additions of reagents, which makes it suitable for automation.

The required instrumentation, including the real-time PCR
instrument, is standard laboratory equipment. Reagents for these
assays are inexpensive and/or easy to prepare. The technique should
also be suitable for multiplexing, i.e., allowing the simultaneous
analysis of many different proteins and/or different DNA probe
molecules. For that purpose, unique tag sequences are included in
the DNA or antibody probes (Fig. 1), permitting individual ampli-
fication products to be identified on DNA tag arrays (20). Libraries
of potential binding sites can be identified either by using bioin-
formatic approaches or by mining results from high-throughput
techniques, as shown in this manuscript. As prices for oligonucle-
otide synthesis continue to fall, costs for synthesis of such libraries
will be comparable to those charged for commercial microarray
probe collections.

Proximity ligation of transiently interacting molecules may per-
mit the analysis of interactions with affinities lower than those
detectable by physical capture, and the mechanism has furthermore
been shown to allow detection of complexes involving more than
two components (43). The proximity ligation mechanism can also
be adapted to allow in situ analysis of DNA–protein interactions for
localized detection (O. Söderberg, personal communication), ren-
dering the technique promising for studies of tissue heterogeneity
in terms of promoter occupancy.

Cantor and coworkers (55) have developed an alternative ap-
proach for in vitro analysis of protein–DNA interactions. Double-
stranded oligonucleotides bound by transcription factors were
physically isolated and amplified, and the identities and amounts of
bound sequences were identified by mass spectrometric quantifi-
cation of DNA mass tags. The authors report successful multiplex-
ing, which is limited only by the resolution defined by the length of
the mass tags. We conclude that DNA molecules bound by specific
proteins can be captured either by physical isolation or proximity-
dependent ligation, and amplified representations of captured
sequences can be identified via real-time PCR or mass spectropho-
tometric tags, and read-out on tag arrays could allow even greater
numbers of sequences to be evaluated.

In summary, the PLA-based technique described here is
suitable for highly sensitive, quantitative analyses of interactions
between transcription factors and regulatory sequence elements
with single-base-pair resolution. It should thus be useful for
characterization of transcription factor levels across different
tissues and cell types in various normal and disease states.

Materials and Methods
Antibody Biotinylation and Conjugation. Biotinylated affinity-purified
polyclonal antibody against p53 was purchased from R&D Systems
(Abingdon, U.K.). The HNF-4� antibodies were purchased from
Active Motif and from Santa Cruz Biotechnology (Santa Cruz, CA)
(catalog no. C19). The polyclonal antibody against USF1 (H86) was
purchased from Santa Cruz Biotechnology.

HNF-4� and USF1 antibodies were biotinylated with D-biotin-
N-hydroxysuccinimide (Nordic Biosite, Taby, Sweden) accord-
ing to the recommendations of the manufacturer.

Streptavidin–oligonucleotide conjugates were prepared by cou-
pling a 5� free thiol-modified oligonucleotide to maleimide-
derivatized streptavidin, as previously described (19). The sequence
of the 5�STV is 5�-P-TCGTGTCTAAAGTCCGTTACCTTGAT-
TCCC CTAACCCTCT TGAAAAATTCGGCATCGGTGA-3�.
The biotinylated antibodies were coupled with the STV-
oligonucleotide conjugates as follows. The biotinylated antibodies
were diluted in PBS with 1% (wt/vol) BSA (Sigma, St Louis, MO)
to a final concentration of 30 nM. The antibodies were then
combined with the streptavidin–oligonucleotide conjugations in a
1:1 ratio in a volume of 5 �l at room temperature for 1 h. Thereafter,
the antibody-oligonucleotide probes were further diluted to a
concentration of 1.2 nM in a probe-dilution buffer [1� PBS/1%
(wt/vol) BSA/16 �g/ml sheared polyA bulk nucleic acid (Sigma–
Aldrich, Stockholm, Sweden)/1 mM D-biotin (Molecular Probes,
Eugene, OR)] and stored at 4°C until use.

DNA Probes. All DNA probes for this study were designed by using
the software framework ProbeMaker (44). HPLC-purified oligo-
nucleotide probes were purchased from Biomers.net (Ulm, Ger-
many). The common sequence, i.e., primer 2, the sequence tag, and
the real-time PCR tag, as well as 12 nucleotides complementary to
one half of the connector oligonucleotide (Fig. 1), is CATCGC-
CCTTGGACTACGACTGACGAACCGCTTTGCCTGAC-
TGATCGCT AAATCGTG.

The variable sequences contain the predicted binding sites
(10–12 bp) that have been extended by 5 bp on both 5� and 3� ends.

The p53 variable sequences were as follows: p53 consensus
oligonucleotide (23), TAGAGAACATGTCTAAGCATGCT-
GGGGACT; p53 consensus oligonucleotide (mutated binding
site), TACAGAATCGCTCTAAGCATGCTGGGGACT; ‘‘FAK-
promoter region’’, AGGCACCTCCGCAAGCCCCACGCAGC;
and polymorphic microsatellite, (TGYCC)15 (where Y is C/T).

The HNF-4� variable sequences were as follows: stSG634982,
AACTCAGGGCAAAGTTCAGCTGCTG; stSG628368,
CCTCTCTGAACCTTGGATTCCTCAC; and stSG30984, CT-
GGAAGGCCAAAGACCCTAGTCAA.

The 50 additional HNF-4� binding sequences are shown in SI
Table 1.

The USF1 variable sequences were as follows: positive control
(stSG627950), CCTGCCCACGTGACCCGGCCT; sequence 1
(stSG627950), TGCACGGTCACGTGCTCGAGC; sequence 2
(stSG609339), TGGATAGTCACTTAATGCTTA; sequence 3
(stSG628088), CATACGGTTGCGTGGATGCTC; and nega-
tive control (HNF-4� consensus), AACTCAGGGCAAAGT-
TCAGCTGCTG.

The probes were made partially double-stranded by hybridizing
an equimolar amount of a 20-mer oligonucleotide complementary
to the variable part of the probe in 0.3� standard saline citrate (1�
SSC � 0.15 M sodium chloride/0.015 M sodium citrate, pH 7).
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Nuclear Lysates and EMSA. Nuclear lysate from peroxide-treated
MCF-7 cells was purchased from Active Motif. HepG2 nuclear
extracts were prepared as previously described (45). EMSAs
were performed as described by Rada-Iglesias et al. (29).

Proximity Ligation Reaction. Incubation of samples with proximity probes
p53 and HNF-4�/USF1. For p53, DNA probes (25 pM) were incu-
bated with 1 �l of the nuclear extract in 10 mM Tris buffer (pH
7.5) with 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 5% (vol/vol)
glycerol, and 1 �g of poly(dI-dC) in optical PCR tubes (Applied
Biosystems, Foster City, CA) in a total volume of 3 �l for 30 min
at room temperature. Two microliters of 5� free anti-p53-DNA
conjugate was added to the mixture at a concentration of 20 pM,
and the incubation was continued for 2 h at room temperature.
The reaction conditions were adapted from a protocol provided
by Santa Cruz Biotechnology.

For HNF-4�/USF1, DNA probes (25 pM) were incubated with
1 �l of the nuclear extract in 10 mM Hepes-KOH buffer (pH 9.7),
10% (vol/vol) glycerol, 50 mM KCl, 5 mM MgCl2, and 0.6 mM
DTT in optical PCR tubes (Applied Biosystems) in a total
volume of 3 �l for 60 min on ice. Two microliters of the 5� free
anti-HNF-4�/USF1 conjugate was added to the mixture in a
concentration of 20 pM, and the incubation was continued for at
least 4 h at 4°C. Reaction conditions were adapted from the
EMSA protocol published by Rada-Iglesias et al. (29).
Ligation and quantitative real-time PCR. After the initial incubations,
45 �l of a combined mixture for ligation and amplification was
added to the 5-�l incubations [final concentrations: 50 mM KCl,

20 mM Tris-HCl (pH 8.4), 3.15 mM MgCl2, 0.4 Weiss units of T4
DNA ligase (Fermentas, St. Leon-Rot, Germany), 400 nM
connector oligonucleotide (TACTTAGACACGACACGATT-
TAGTTT; biomers.net), 80 �M ATP, 200 �M dNTP mixed with
dUTP, 100 nM primers (forward, CATCGCCCTTGGAC-
TACGA; reverse, GGGAATCAAGGTAACGGACTTTAG;
biomers.net), 100 nM TaqMan probe (FAM-TGACGAAC-
CGCTTTGCCTGA-MGBNFQ; Applied Biosystems), and 1.5
units of Platinum TaqDNA polymerase (Invitrogen)]. After the
addition of the combined ligation and amplification mix, the
tubes were sealed with optical PCR lids (Applied Biosystems)
and transferred to a real-time PCR instrument (Mx3000P quan-
titative PCR system; Stratagene, Amsterdam, The Netherlands)
or a PRISM 7000 sequence detection system (Applied Biosys-
tems). Thermal cycling conditions comprised an initial activation
step of 2 min at 95°C, then 45 cycles of 15-s denaturation at 95°C,
and 60 s annealing/extension at 60°C.
Analysis of the results. The samples were analyzed in duplicates or
triplicates. The results presented in the figures are mean values of
the S/N, where the number of ligations of proximity probe pairs in
the sample are divided by the number of ligations in a negative
control.
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