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Abstract Binding of proteins to specific DNA sequences
is essential for a variety of cellular processes such as DNA
replication, transcription and responses to external stimuli.
Chromatin immunoprecipitation is widely used for deter-
mining intracellular DNA fragments bound by a specific
protein. However, the subsequent specific or accurate
DNA-protein-binding sequence is usually determined by
DNA footprinting. Here, we report an alternative method
for identifying specific sites of DNA-protein-binding
(designated SSDP) in vitro. This technique is mainly
dependent on antibody-antigen immunity, simple and
convenient, while radioactive isotope labeling and opti-
mization of partial degradation by deoxyribonuclease
(DNase) are avoided. As an example, the specific binding
sequence of a target promoter by DdrO (a DNA damage
response protein from Deinococcus radiodurans) in vitro
was determined by the developed method. The central
sequence of the binding site could be easily located using
this technique.
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Abbreviations

ChIP Chromatin immunoprecipitation

SSDP Specific sites of DNA-protein-binding

DdrO A DNA damage response protein from
Deinococcus radiodurans

EMSA Electrophoretic mobility shift assay

SPR Surface plasmon resonance analyses

PBM Protein-binding microarray

ChIA-PET Chromatin interaction analysis by paired-end
tag sequencing

DHS DNase I hypersensitive sites

ENCODE Encyclopedia of DNA elements

DDR DNA damage response

recA Recombinant A

MBP Maltose-binding protein

TEV Tobacco etch virus

IPTG Isopropyl B-p-1-thiogalactopyranoside

BPB Bromophenol blue

RDRM Radiation and desiccation response motif

Introduction

DNA and proteins often interact to participate in a variety
of biological processes, such as DNA replication, tran-
scription and repair. For example, transcription factors
always bind to particular sets of DNA sequences, activating
or inhibiting the transcription of their downstream genes
[1-4]. Consequently, alterations in the activity of any
transcription factor can affect an array of target genes.
Thus, the transcription factors could control diverse signal
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transduction processes, responding to cellular differentia-
tion, development and environmental changes. For dec-
ades, numerous approaches were developed for
determining specific DNA-protein-binding in vivo or
in vitro, including affinity chromatography [5], chromatin
immunoprecipitation (ChIP) [6], electrophoretic mobility
shift assays (EMSA) [7, 8], southwestern blotting [9],
surface plasmon resonance analyses (SPR) [10] and pro-
tein-binding microarray (PBM) [11]. Among them, ChIP
is widely used to determine the particular DNA fragments
bound by a target protein of interest in vivo. In this
method, DNA-protein complexes are cross-linked, sheared
into ~500 bp DNA fragments by sonication and then
immunoprecipitated with antibodies raised against the
target protein. As a result, the associated DNA fragments
in cellular context are enriched and their sequences could
be determined [5, 6]. Afterward, chromatin interaction
analysis by paired-end tag sequencing (ChIA-PET) tech-
nology that incorporates chromatin immunoprecipitation
(ChIP)-based enrichment, chromatin proximity ligation,
paired-end tags and high-throughput sequencing was
developed to identify unique and functional chromatin
interactions between distal and proximal regulatory tran-
scription factor-binding sites and the promoters of the
genes [12].

Though ChIP has been an efficient way to determine
in vivo specific protein-associated DNA fragments, accu-
rate detection of protein-protected DNA sequence is usu-
ally dependent on the classical in vitro footprinting
method. Currently, the DNase I footprinting assay has been
extensively utilized for both identification and characteri-
zation of specific DNA-protein-binding site because of its
simplicity and efficiency [13]. Binding of proteins to
specific regions of the genome often leads to looseness of
condensed chromatin, so as to produce DNase I hyper-
sensitive sites (DHSs) which are sensitive to cleavage by
the DNase I enzyme. The famous encyclopedia of DNA
elements (ENCODE) project was aimed to map all of the
DHSs in the human or other genomes to identify all reg-
ulatory DNA elements [14]. DNase I footprinting assay
employs DNase I to partially digest the radioactively end-
labeled DNA, generating a ladder of DNA fragments,
followed by the use of denaturing acrylamide gel elec-
trophoresis to detect the resulting cleavage pattern. Posi-
tions in a subsequent autoradiograph will represent the
distance from the end label to the points of cleavage, which
makes it possible to locate a protein-binding site on a
particular DNA molecule. To acquire a clear “footprint”,
both the quantity of DNase I and the minimum concen-
tration of the DNA-binding protein should be optimized.

Recently, the product of an orphan gene in Deinococcus,
DdrO, has been shown to play an important role in DNA
damage response in Deinococcus radiodurans [15, 16].
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Our previous results demonstrated that DdrO could directly
bind to the promoter regions of the DNA damage response
genes (DDR) including recombinant A (recA) in vitro.
Here, we report a simple, convenient and radioactive iso-
tope-free method for identifying specific DNA-protein-
binding sites, designated SSDP (specific sites of DNA-
protein-binding), which incorporate the superiority of both
CHIP and DNA footprinting. As an example, the specific
DNA-binding sequence of the target recA promoter by
DdrO is tested, and the central DNA sequence of the
binding site is readily located.

Materials and Methods
Protein Expression and Purification

The DdrO protein expression and purification were per-
formed as previously described [16]. Briefly, the ddro gene
was cloned into the pET28-HMT vector with a hexahis-
tidine tag and a maltose-binding protein (MBP) tag sepa-
rated by the tobacco etch virus (TEV) protease site. The
recombinant product was then introduced into Escherichia
coli (E. coli) BL21 (DE3) for subsequent expression. Cells
were induced by isopropyl B-p-1-thiogalactopyranoside
(IPTG) for 4h, Tharvested by centrifugation
(12,000x g) and disrupted in lysis buffer [250 mM NaCl,
20 mM Tris-HCI pH 8.0, 1 mg/ml lysozyme, 1000 U/ml
DNase I, 1 mM phenylmethanesulfonylfluoride (PMSF)].
The supernatant was loaded onto a Ni-NTA Superflow
column using the AKTA Purifier System (GE Healthcare,
Pittsburgh, USA). Protein was then separated on an amy-
lose column, eluted and subsequently cleaved by TEV
protease. The sample was further purified by Ni-NTA and
MBP column chromatography to discard the 6 x His-MBP
tag. To obtain highly pure protein, sequential HiTrap
Heparin HP and gel filtration chromatography (Superdex
75) were used.

Affinity Purification of Polyclonal Antibody

Affinity purification of antibody was performed as previ-
ously described with some modifications [17]. Following
purification of IgG using protein A/G agarose (Life
Technologies, Carlsbad, California, USA), the antigen-
specific antibody purification was performed. To fill the
gravity column, 10 ml of activated amino-coupled agarose
resin was taken out. Then, 8 ml of DdrO protein (0.5 mg/
ml) and 125 ul of 5 M CH3;BNNa (dissolved in 1 M
NaOH) were loaded onto the 1x PBS-washed column and
incubated for 6 h at room temperature while rotating. The
un-cross-linked activated group was packaged by 1 M
Tris-HCI (pH 7.4) and removed. Thus, the DdrO affinity
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chromatography column was prepared. Afterward, DdrO
antibodies (rabbit IgG, laboratory stock) were applied to
the above-prepared resin and incubated for 2 h at room
temperature. The specific antibodies were eluted with
0.1 M glycine-HC1 (pH 2.5) and neutralized with 1 M
Tris-HC1 (pH 9.0). The quantity of the antibody was
measured by the Coomassie brilliant blue method [18].
Samples were finally dialyzed in the storage buffer
[200 mM NaCl, 20 mM Tris-HC1 pH 8.0, 0.2 mM
dithiothreitol (DTT)], concentrated and stored in small
packages in liquid nitrogen.

Formaldehyde Chemical Cross-linking

Protein-protein chemical cross-linking for DdrO-DdrO was
performed as previously described with some modifications
[19]. Purified proteins were diluted to 1.7 mg/ml in 50 mM
HEPES buffer (pH 8.2) with 0.1 mM EDTA. A final
concentration of 25 mM formaldehyde solution was added
to the 120 pl reaction and incubated at 30 °C for 30 min.
Equal volume of SDS buffer was then added to stop the
reaction. Protein interactions were visualized by SDS-
PAGE electrophoresis.

Preparation of Protein-Protective Oligonucleotide

After optimizing the ratio of the DNA fragment to pro-
tein, the promoter of recA gene (PCR products with pri-
mers PrecA-F: 5-AGAAACACCAGCATGATCGC-3'
and PrecA-R: 5'-CGTGCCCACACTGATGAT-3', 187 bp)
was incubated with DdrO in 250 pl of binding buffer
(150 mM NaCl, 20 mM Tris-HCI, 5 mM MgCl,) for 1 h
at 30 °C. Five microliters of binding buffer was mixed
with 5x electrophoretic mobility shift assay (EMSA)
loading buffer (150 mM NaCl, 20 mM Tris-HCI, 5 mM
MgCl,, 0.2% (w/v) bromophenol blue (BPB), 37% glyc-
erol) to detect DNA-protein-binding using the EMSA
method. The remaining buffer was incubated with DNase
I (100 U) and CaCl, (1 mM final concentration) for
40 min to digest the unbound DNA sequence. Then,
100 pl of protein A/G agarose resin (Life Technologies)
containing purified DdrO antibody was added and incu-
bated for 3 h while rotating. Nonspecific anti-rabbit anti-
body was used as the negative control. Following being
washed by binding buffer (150 mM NaCl, 20 mM Tris-
HCI, 5 mM MgCl,) for several times, the antibody-DdrO-
DNA complex was eluted by elution buffer (1% SDS in
0.1 M NaHCOs;). After the unbound DNA was digested
by DNase I, a final concentration of 0.5 M EDTA and
200 pg/ml proteinase K was added to eliminate binding
protein. The specific binding DNA fragments were finally
extracted by the MinElute Gel Extraction Kit (Qiagen,
Valencia, CA, USA).

Sequencing of the Specific Oligonucleotide

Both ends of oligonucleotide were filled and blunted with
T4 DNA polymerase (NEB, Ipswich, MA, England), armed
with the adapters (Adapter 1: 5-AGCGAATAAGA
GCTTGTTCTCCAGGTACGCTAGCAATGCTCTCGAA
CCTTAGCTGGTA-3' dsDNA; Adapter 2: 5'-AGGCGA
GAGAATCATTATCAAGGAGGTCTGGGACAAGCCA
TCCTAGAATCCGACTATGT-3’' dsDNA) and then liga-
ted to the pMD 18-T simple vector (TaKaRa, Dalian,
China). The resultant recombinant vector was finally
sequenced to determine the accurate sequence of inserted,
specific DNA fragments with the sequencing primers of the
pMD 18-T simple vector.

Results

Scheme for Detecting the Specific DNA-Protein-
Binding Site

To eliminate the introduction of radioactive isotope and
shorten the experimental period, we developed a relatively
convenient and rapid method called SSDP to identify
specific or accurate DNA-protein-binding sites in vitro.
The essential steps of this procedure are shown in Fig. 1.
Initially, this approach was based on highly specific bio-
logical interactions between antibody and antigen, so
specific antibody with high purity was required. Mean-
while, extended promoter DNA fragments having been
proved to be bound by the natural specific protein were
amplified and purified. Next, the optimal binding system
was established by adjusting the ratio of protein to DNA
fragment so that maximum DNA-protein complexes were
obtained. After the flanking DNA fragments were digested
by DNase I, protein-protected DNA sequences were co-
purified with the antibody mediated by the protein. Then,
the collected specific DNA fragments were stripped from
the binding proteins, sequentially ligated to specifically
designed adapters and the T-vector, and finally sequenced.

Refinement of DdrO Antibody for Efficient Binding

Recently, we have verified that the product of an orphan
gene ddrO in D. radiodurans could specifically bind to the
recA promoter in vitro [16]. Here, we would like to reveal
the specific or accurate recA promoter-DdrO-binding site
with this improved method. The purity of antibody is of
great importance for this method, so a two-step affinity
purification process (protein A/G affinity followed by
DdrO affinity) for refining polyclonal DdrO antibody was
used. As shown in Fig. 2a, the purified antibodies dis-
played a more specific and reactive binding pattern, with
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Fig. 1 Schematic diagram for the newly developed method of detecting specific DNA-protein-binding sites

more than twice the specificity relative to the original
polyclonal antibodies (Fig. 2b). The highly purified poly-
clonals increased the yield of specific DdrO-binding DNA
fragments, which is critical for this improved method.

Detection of DdrO Active Form for Binding System
Optimization

DdrO is regarded as an essential transcription repressor in
D. radiodurans, governing a series of DNA damage
response genes [16]. To further elucidate its functional
mechanism, the homopolymeric form of purified protein
was determined by gel filtration and cross-linking method,
respectively, in vitro. As shown in Fig. 2c, d, the results of
both gel filtration assay and chemical cross-linking assay
demonstrated that DdrO functions as a dimer. Because
accurate quantities of protein and oligonucleotide are
essential for the specific DNA-protein-binding system, this
information will help us to confirm the activity of DdrO
and determine the optimal ratio of DdrO binding to the
promoter DNA fragment.

Determination of Specific Binding Site of DdrO-recA
Promoter

To probe the accurate DNA-binding sequence of the target
protein, current established method was utilized. The opti-
mum ratio of DdrO to recA promoter (PrecA) in certain
length was achieved through several trials using different
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concentrations of DdrO and recA promoter. As indicated,
when the concentration of PrecA was 0.8 pM, the optimum
concentration of DdrO was approximately 8 uM (Fig. 3a). It
is of importance to optimize the reaction system, assuring
that all DNA fragments are fully associated with the protein,
whereas the least amount of free protein is left. After free
DNA was completely digested by DNase I, oligonucleotides
protected by protein were isolated and purified. Then, the
adapters (see “Materials and Methods™) were fused to both
ends of oligonucleotides, respectively, followed by PCR
confirmation. As shown in Fig. 3b, oligonucleotides armed
with adapters at both ends displayed an expected band,
while incomplete ligation resulted in nonspecific bands. The
authentic target band was finally purified, amplified and
ligated to the T-vector. Totally, ten individual plasmids are
selected for sequencing. The results showed that all the
sequences are “TTGTTATGCTGCTAGCAGAAATC”
(Fig. 3c), about 3 base pairs (bp) longer than the predicted
radiation and desiccation response motif (RDRM) site [16]
at both ends. Combined with the previous EMSA result [16],
the “3 bp” could be steric exclusion of the digestion enzyme
by the bound protein.

Discussion
Identification of accurate or specific DNA-protein-binding

sites in vitro has been an area of interest for gene tran-
scription and other biological processes [20, 21]. As one
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Fig. 2 Quality determination of DdrO polyclonal antibody. a Detec-
tion of DdrO with polyclonal antibody before and after affinity
purification. Lane I Antibody serum before purification; Lane 2
antibody serum flow-through after purification; Lane 3 antibody
serum toward DdrO after purification; Lane 4 protein markers.
b Detection of DdrO polyclonal antibody with the secondary
antibody. Lane 1 Antibody serum before purification; Lane 2
antibody serum after purification; Lane 3 protein markers. ¢ Detection
of the molecular weight (MW) of native DdrO by gel filtration
in vitro. Calibration of gel filtration column (Superdex 75, GE) was

important and believable method, DNA footprinting has
been extensively used, though potentially toxic and costly
radioisotope is introduced.

In this study, we conceived an improved method based on
specific antigen-antibody detection, using the specific DNA
binding of the recA promoter by inhibitory transcription
factor DdrO as a test system. Compared with other existing
methods, this developed technology possesses several
advantages. First, isotope labeling was eliminated to avoid
health issues and reduce experimental cost. Second, DNA
sequencing technology was used to analyze DNA-binding
sites occupied by protein, providing more accurate results.
Third, unlike DNA footprinting, DNase I digestion was
complete, while no strict concentration of enzyme is needed;
thus, the entire process was simple and easy to perform.

However, the current method is required to prepare
polyclonal antibody with high purity. From the view of

based on proteins of known MW (BSA, MW 67,000; ovalbumin, MW
43,000; ribonuclease, MW 13,700; aprotinin, MW 6512; vitamin,
MW 1355). The standard curve in the inserted figure was established
by plotting retention volume date against the logarithm of the
molecular weights of the known proteins. The molecular weight of
DdrO dimer is approximately 31.4 kD. d Detection of the polymer
form of DdrO using formaldehyde chemical cross-linking in vitro. CK
indicates uncross-linked control samples; S/ and S2 both indicate
cross-linked samples; M indicates protein markers

purity, monoclonals are ideal choice, avoiding polyclonals
purification via antigens. Nevertheless, polyclonals often
bind much more antigens than equivalent monoclonals,
while sufficient DNA fragments are beneficial for this
method. So we still recommend to employ polyclonals with
high purity. A successive two-step affinity purification
process (protein A/G affinity and antigen affinity) could
often meet the requirements. Alternatively, some universal
tag antibodies such as anti-FLAG-M2 antibody may be
used for detecting tagged protein. Meanwhile, undesirable
recovery of protein-protective DNA fragments following
DNase I digestion could lead to nonspecific background
which might interfere with the subsequent results. And
also, adapters are not always efficiently attached to the
recycled DNA fragments, due to the presence of blunt ends
and nondirectional adapters. Even so, adequate oligonu-
cleotides in high quality could be easily obtained for
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Fig. 3 Optimization of the protein-DNA-binding system and anal-
ysis of oligonucleotide adapter ligation. a The optimal ratio of DdrO
to DNA fragments. The concentration of recA promoter (PrecA) was
0.8 uM, while the concentration of DdrO was 0, 3, 4, 6 and 8§ puM,
respectively. b Confirmation of oligonucleotides ligated to the
adapters. Lane I Negative control containing only purified DNA
fragments; Lane 2 negative control containing only adapters; Lane 3
PCR products from adapters and oligonucleotide ligation reaction;

subsequent processing through optimization of reaction
systems. Hence, this method provides a feasible way to
determine the relatively specific or accurate binding sites of
DNA-protein (or other small molecules as well) complexes
[22].

About a decade ago, the improved protein-binding
microarray (PBM) technology was used to characterize
transcription factors’ sequence specificities in a high-
throughput manner [11]. It has been a true, quick, unbiased
and efficient tool for specific protein-DNA interactions
in vitro. In comparison, the current technique is merely a
relatively cheap, simple and efficient tool for the detection
of individual protein-DNA interactions so far. Neverthe-
less, subsequent efforts could be made to identify DNA-
binding profiles, for instance, determining all one-base
variations in a transcription factor-DNA-binding profile.
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Adapter?

M DNA marker 50 base pairs (MBI). ¢ The specific DdrO-recA
promoter-binding site. The sequence marked with a green line
indicates the DdrO-recA-binding site identified by the current method.
The sequence underlined in red indicates the predicted conserved
sequence of radiation and desiccation response motif (RDRM) site.
The flanking sequences indicate the adapters employed in this
experiment (Color figure online)
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