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Abstract Determination of the sequence of the human
genome and knowledge of the genetic code have allowed
rapid progress in the identification of mammalian proteins.
However, far less is known about the molecular mecha-
nisms that control expression of human genes and about the
variations in gene expression that underlie many patholog-
ical states, including cancer. This is caused in part by lack
of information about the binding specificities of DNA-
binding proteins and particularly regulative important
molecules such as transcription factors. It is consequently
crucial to develop new technologies or improve existing
ones for the analysis of DNA–protein interaction in order to
identify and characterise DNA response elements and the
related transcription factors or other DNA-binding proteins.
The techniques that are currently available vary with
respect to the type of result that can be expected from the
assay: a mere qualitative demonstration of binding; the
identification of response element sequences at high
throughput; or a quantitative characterisation of affinities.
This article gives an overview of early and recent
methodologies applied to such ends.
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Introduction

DNA–protein interactions mediate a wide range of cellular
processes ranging from cell cycle, via cellular differentiation
and developmental time courses, to the maintenance of an
intracellular metabolic and physiological balance [1–3]. In
eukaryotes, a large number of diverse proteins are crucially
involved in the regulation of transcription, which is a
primary level of cellular regulation. Apart from the RNA
polymerases themselves, there are histones, chromatin
remodelling proteins, general transcription factors, several
co-factors, and a host of sequence-specific transcription
factors that direct transcription initiation to specific pro-
moters [4]. Numerous diseases arise as a result of a
breakdown of this part of the regulatory system. Transcrip-
tion factors, for example, are over-represented among
oncogenes [5]. For this reason, transcription factors have
been studied extensively for decades. At the level of DNA
analysis, many sequence elements were revealed that may be
involved in regulating gene expression. Comparison of
genome sequences of related organisms has identified
thousands of evolutionarily conserved sequence motifs [6–
8]. Furthermore, comparison of the sequences adjacent to co-
regulated sets of genes frequently revealed shared sequence
motifs [9–11]. Despite these studies, however, the exact
nature of DNA–protein interaction still remains uncharac-
terised for the majority of human transcription factors [12].

For many years, biochemical assays were used to
characterise DNA–protein interactions. However, such
approaches are generally laborious and slow. Recent decades
have witnessed the development of technologies that permit
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analyses on a larger scale and in a more unbiased manner.
These approaches are often either gene-centred or protein-
centred [13]. In gene-centred approaches, an individual
protein is used to identify DNA target sequences. Inversely,
an individual DNA sequence is used to identify and study
the relevant DNA-binding proteins in a protein-centred
assay. Recently, microarray and sequencing technology were
employed toward genome-wide analyses in both formats. As
a result of these developments, more and more regulatory
elements and factors are uncovered. In consequence, there is
a continuously growing understanding of many basic
regulatory processes that involve DNA–protein interaction.
In this review, we describe the different technologies used for
the acquisition and elucidation of this information and
discuss their merits and disadvantages. For a quick overview,
the technical basis, advantages and disadvantages as well as
appropriate literature are summarised in Table 1.

Nitrocellulose filter binding assay

This assay was developed in the early stages of molecular
biology in the 1970s. The manipulations are rapid enough
to allow kinetic studies as well as equilibrium measure-
ments [14–16]. The process is based on the fact that
proteins bind to nitrocellulose without losing their DNA-
binding capacity, while double-stranded DNA alone is not
retained. For analysis, DNA and proteins are mixed and
incubated under appropriate conditions. The mixture is then
separated by electrophoresis and subsequently blotted onto
nitrocellulose. Since only proteins bind, DNA remains on
the membrane only if in complex with a protein. The exact
amount of DNA that is retained on the nitrocellulose can be
quantified by measuring a label that is introduced to the
DNA prior to incubation with the protein.

The amount of information obtained from this kind of
assay is limited, however. Only the mere retention of
labelled nucleic acid is detected and not the identity of the
proteins involved, or the proportion of binding activity
attributable to an individual protein if more than one protein
in the mixture exhibits DNA-binding capacity [17]. Also,
the actual DNA binding site cannot be localised with this
assay unless defined DNA fragments are used in the
analysis. Moreover, as a technical complication, single-
stranded nucleic acids are retained at nitrocellulose filters
under particular conditions, resulting in background that
can obscure the measurement [18].

Footprinting assays

Footprinting assays exploit the fact that a protein, which is
bound to a specific nucleic acid, will interfere with a

chemical or enzymatic modification of that DNA fragment.
Thus, the modification can be used to localise the contact
area between protein and DNA [19].

For the DNase I footprinting assay [20, 21], a particular
DNA fragment is labelled at one end and mixed with the
protein of interest. Following binding, the DNA is treated with
the enzyme deoxyribonuclease I (DNase I), which digests
DNA that is not in close contact with a protein and thus not
protected from digestion (Fig. 1). Performing a partial
cleavage without protein produces labelled DNA fragments
that—because of the random nature of cleavage—cover the
entire size range of the original DNA. In the presence of a
binding protein, however, protection occurs in a particular
region and labelled DNA fragments of the respective length
are not produced, while all longer or shorter ones are still
present. Resolving the two samples on a polyacrylamide gel
side by side, the differences in the resulting ladders of DNA
bands is visualised via the incorporated label. Gaps in the
band ladder of the sample, in which protein had been present,
indicate binding sites. Comparison of the patterns with
sequencing reactions allows the identification of protected
sequences with single-nucleotide resolution.

Dimethyl sulphate protection footprinting is a chemical
variant of the enzymatic DNase I footprinting and relies on
the ability of dimethyl sulphate to methylate specifically
guanine residues in DNA. The methylated G residues are
cleaved by exposure to piperidine, whereas no cleavage
occurs at unmethylated bases [22]. A protein bound to a
DNA will protect the G residues from methylation and
hence from cleavage by piperidine.

DNase I footprinting is still a standard method to identify
the nucleic acid sequences within or near the binding site,
although ChIP-on-chip (see below) and other approaches
provide higher throughput. The footprint signal can be
obtained under equilibrium conditions. On the other hand,
incomplete or unspecific binding, which occurs relatively
frequently, could result in an unclear footprint [21].

Methylation interference assay

This procedure is also based on the ability of dimethyl
sulphate (DMS) to methylate G residues, which in turn are
cleaved by piperidine [22], and the fact that methylation of
purine residues in a DNA sequence inhibits formation of a
DNA–protein complex [23, 24]. For the assay, an end-
labelled DNA probe is partially methylated with DMS and
incubated with a nuclear protein extract. The protein–DNA
complexes formed during the incubation are then separated
from the free DNA using electrophoretic mobility shift
assay (EMSA). Both the protein-bound DNA and the free
DNA are eluted from the gel, cleaved with piperidine and
again resolved by denaturing polyacrylamide gel electro-
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phoresis. If methylation had occurred at a particular
guanine residue that is critical for the DNA–protein
interaction, the binding of the protein to that DNA was
inhibited, resulting in the recovery of the DNA only from
the free DNA fraction. The presence of particular DNA
fragments in the free DNA fraction and their concomitant
absence from the DNA–protein fraction indicates that those
nucleotides are contact points of proteins.

While this approach also permits the study of the influence
of methylation on protein binding, which is of particular
relevance with respect to epigenetic regulation, the overall
workflow is far too complex. In consequence, this method has
rarely been applied and disappeared from recent literature.

Electrophoretic mobility shift assay (EMSA)

In comparison to the assays described above, EMSA is a
relatively rapid and technically simple method to detect
particular DNA–protein interactions [25, 26]. It relies on
the fact that the electrophoretic mobility of a complex of
nucleic acid and protein is less than that of the free nucleic
acid (Fig. 2). Mobility shift assays are often used for
qualitative purposes. However, under appropriate condi-
tions, they can even provide quantitative data for the
determination of binding stoichiometries, affinities and
kinetics. The exact methodological details differ for each
purpose as reviewed elsewhere [27, 28].

Table 1 Summary of the most commonly used techniques for analysis of DNA–protein interactions

Assay Advantage(s) Limitation(s) References

Nitrocellulose filter
binding assay

Relatively simple handling No localisation of binding site;
unspecific binding of single-stranded
DNA obscures analysis

[14–18]

Footprinting assays Technical simplicity; single-base
resolution

Incomplete binding frequently
results in unclear footprint

[19–22]

Methylation interference Combined analysis of binding
site and effect of epigenetic
variations

Very complex workflow [22–24]

Electrophoretic mobility
shift assay (EMSA)

Technically simple assay that
permits semi-quantitative studies

In complex analyses, no immediate
information on binding sites or
proteins involved

[25–29]

Chromatin
immunoprecipitation
(ChIP)

Applicable also for in vivo
analyses; permits high throughput

Relies very strongly on antibody
specificity

[30–34]

DNA adenine
methyltransferase
identification
(DamID)

In vivo detection; no dependence
on antibodies; no cross-linking
thus lower risk of artefacts;
higher sensitivity

Requirement of exogenous fusion
proteins; not suitable for detecting
rapid changes

[35, 36]

Surface plasmon
resonance (SPR)

Real-time recording of association
and dissociation; no label
required; currently the gold
standard

No high throughput [37–39]

Systematic evolution
of ligands by
exponential enrichment
(SELEX)

Enables in vitro selection of
optimal binding partners

Only selection of best
binding events

[40, 41]

Yeast one-hybrid
system

In vivo assay Very complex system [42–44]

DNA microarrays High throughput; detection of
binding sites; semi-quantitative
analysis

Analysis process for
individual proteins

[45–55]

Protein microarrays High throughput; detection of
binding sites; semi-quantitative
analysis

Monomer-specificity; very
complex system

[56–60]

Proximity ligation Highly specific and sensitive
down to single-molecule detection

Complex sample preparation;
dependence on good binders;
analysis only of known
combinations

[61]

Atomic force microscopy,
X-ray crystallography,
nuclear magnetic
resonance

High-resolution structural information No use for definition of interaction
pairs or identification of
genomic locations

[63–66]
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Despite the fact that the technique is widely used to
detect DNA–protein interactions, it has several limitations.
Rapid dissociation during electrophoresis can prevent
detection of complexes. Also, many complexes are signif-

icantly more stable in a gel than they are in free solutions
[29]. In addition, EMSA is not informative about the
sequences of the nucleic acids that are bound by the
proteins. Another limitation is the fact that the observed
mobility shift does not provide a direct measure of the
molecular weight or identity of the proteins responsible.
However, modifications such as an electrophoretic super-
shift assay and procedures that combine EMSA with
Western blotting or mass spectrometry have been designed
to identify the DNA-binding proteins [28].

Chromatin immunoprecipitation (ChIP)

ChIP is a method to identify DNA–protein complexes that
occur in vivo and currently the standard method for the
identification of histone modification locations and tran-
scription factor binding sites [30]. Cells are initially treated
with a cross-linking agent to link covalently any DNA-
binding protein to the chromatin. Then, the cells are lysed
and the genomic DNA is isolated and sonicated to produce
sheared chromatin. An antibody specific to the protein of
interest is added to the sonicated material and used to
isolate the protein with all attached DNA via immunopre-
cipitation. The DNA is released by reversing the cross-
linking and is subsequently purified. Classically, the DNA
obtained from ChIP reactions was assessed by polymerase
chain reaction (PCR), details of which are reviewed
elsewhere [31]. In combination with microarrays that
represent the genome (ChIP-on-chip), the assay became
much more powerful, identifying the binding sequence and
its location in the genome by hybridisation to a particular

Fig. 2 Comparison of results from a protein array measurement and a
related EMSA experiment (unpublished data from our own studies).
Transcription factors were used to produce a protein microarray. a
Signal intensities obtained upon an incubation with a 30-mer double-
stranded oligonucleotide, whose sequence had been selected from the
promoter region of NFKB1. Results at four transcription factors and a
BSA negative control are shown, clearly illustrating the fact that
particular sequences may be shared between transcription factors,
especially if members of a family. b Corresponding results of an
EMSA experiment. In the lane labelled with DNA, no protein had been
added. The extent of the band shifts corresponds with the array data

Fig. 1 Schematic representation
of DNase I footprinting. Further
details on the process are given
in the text
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microarray feature [32]. ChIP-seq is a more recent
alternative, using second-generation DNA sequencing
instead of microarray technology for sequence identifica-
tion and thereby genomic localisation of the isolated DNA
fragments [33].

The method is currently the state-of-the-art procedure
for identification of interactions. ChIP has inherent fea-
tures, however, that can make the identification of a DNA
binding sites difficult. In particular, lacking specificity for
the DNA-binding protein or the antibody used for
precipitation can result in an experiment with insufficient
enrichment [34]. In addition, the process does not allow for
quantitative analysis of the affinity of the interaction
partners.

DNA adenine methyltransferase identification (DamID)

Like ChIP, DamID is an assay to detect DNA–protein
interactions in vivo. The target protein is expressed as a
fusion molecule with DNA adenine methyltransferase
(Dam) originally expressed in Escherichia coli. Dam
methylates the adenine of a GATC site. Therefore, when
the fusion protein binds to DNA, the Dam portion will
methylate GATC sites that are located in the vicinity of the
binding sites. The methylated sites in the target DNA and a
control sample (expression of Dam alone) are detected by
digestion with methyl-specific restriction enzymes, fol-
lowed by amplification, labelling and hybridisation to a
microarray as for a ChIP-on-chip assay [35]. DamID has
been used to identify binding sites of proteins in different
organisms and targeted the binding sites for sequence-
specific transcripton factors, DNA methyltransferase and
chromatin-associated proteins using PCR amplicon arrays
or 60-mer oligonucleotide tiling arrays.

DamID has some advantages compared to ChIP. For
example, DamID is not dependent on the availability of
high-quality antibodies. Moreover, there is no need to use
cross-linking reagents, eliminating the risk of cross-linking
artefacts. Third, DamID can be performed on about
106 cells, which is 10- to 100-fold less material than
typically used in ChIP experiments [36]. However, DamID
has also limitations. It requires an exogenous fusion
protein, whereas ChIP can be performed with the endoge-
nous protein; some proteins lose their genomic binding
specificity when fused to Dam. DamID is also less suitable
for the detection of rapid changes in protein binding (e.g.
during the cell cycle), because the methylation patterns
obtained in a typical DamID experiment represent the
average of a time period of about 24 h or more. Last,
DamID cannot be used to map post-translational modifica-
tions such as histone modifications; for such applications,
ChIP-on-chip is more suitable.

Surface plasmon resonance (SPR)

Surface plasmon resonance measurement [37, 38] is an
optical technique that allows the study of the interaction
between an immobilised molecule and an analyte that is in
solution. No labelling is required. The method relies on the
change in the refractive index of solutions adjacent to a
surface upon an increase in mass, which is caused by
analyte binding. In studies aimed at DNA–protein inter-
actions, either the DNA molecule is attached, for instance
biotinylated DNA on streptavidin-covered surface, or a
protein is immobilised, either by tags such as poly-histidine
or glutathione S-transferase or directly via free amino
groups.

The system offers real-time recording of the association
and dissociation of the analyte at the immobilised ligand,
thus permitting rapid and accurate stoichiometric kinetic,
affinity and thermodynamic measurements [39]. With
regard to quantitative measurements, this procedure is
currently the gold standard for protein interaction analysis.

Systematic evolution of ligands by exponential
enrichment (SELEX)

SELEX has been used to identify high-affinity nucleic acid
ligands for a large number of proteins. It exploits the power
of genetic selection and the advantages of in vitro
biochemistry. The assay is done by selecting a subset of
oligonucleotides from a complex mixture of nucleic acid
sequences. This is achieved by incubation of the DNA with
the investigated protein, separation of bound molecules
from the unbound fraction, release and amplification. This
process is repeated iteratively until the nucleic acid
sequences that bind to the protein with high affinity are
enriched significantly [40]. The SELEX method enabled in
vitro selection of the optimal binding sites of several
transcription factors [41], for example.

A limitation is the fact that the system does not allow
one to define the exact in vivo selectivity of proteins but is
aimed at the identification of the best binding DNA targets.
This fact also limits its ability for even semi-quantitative
analysis.

Yeast one-hybrid system

The yeast one-hybrid system [42] is conceptually similarly
designed to the yeast two-hybrid system that is used for the
detection of protein–protein interactions. A DNA sequence
of interest (the DNA bait) is cloned upstream of a reporter
gene and integrated into the yeast genome by site-specific
recombination. At the protein side, a hybrid protein is
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generated by fusion of the prey protein to a transcription
activation domain. When the prey protein and the DNA bait
physically interact with each other, the reporter gene
expression is activated. By generating libraries of DNA
fragments and fusion proteins, complex analyses can be
performed. With this system, 283 interactions between 72
C. elegans digestive tract gene promoters and 117 proteins
could be identified [43], for example. A similar system but
based on bacteria rather than yeast has also been described
[44].

A big disadvantage of the system is its experimental
complexity. Appropriate libraries need to be generated.
Also, since the analysis occurs in vivo, chances of false
results are substantial, since other processes may trigger or
inhibit the transcriptional activity that is utilised for
detection.

Microarray-based assays

For the achievement of high throughput, microarray
technology was an obvious candidate, since it permits
parallel analyses. Both DNA and protein microarrays were
utilised to this end.

DNA microarrays

As reported above, ChIP-on-chip and microarray-based
DamID improved the throughput of the basic methods
considerably and are currently still the most widely used
array-based methods for the identification of transcription
factor binding sites. However, DNA microarrays can also
be used for a direct analysis of DNA–protein interactions.
Yet, since most sequence-specific DNA-binding proteins
bind to double-stranded DNA, processes had to be
developed to create double-stranded DNA molecules on
chip surfaces. DNA microarrays used for other purposes are
usually made of single-stranded DNA.

In some studies, PCR products were printed on micro-
arrays [45]. As an alternative, and superior in terms of
investigating the specificity of binding, analyses were
performed on oligonucleotide arrays. Double-strand forma-
tion can be achieved by synthesising long oligonucleotides,
which consist of self-complementary sequences, therefore
forming hairpin structures (Fig. 3). Alternatively, the second
DNA strand can be produced enzymatically by means of a
sequence that is common to the 3′-end of all single-stranded
oligonucleotides on the array. Upon addition of a comple-
mentary primer molecule and an appropriate polymerase,
the initially single-stranded oligonucleotides are converted
to DNA duplexes [46]. Also, a mixture of both methods can
be applied, with an individual hairpin that occurs at the 3′-
terminus of each oligonucleotide probe acting as an

intramolecular primer for second strand synthesis. Critical
to this is an attachment of the oligonucleotides via their 5′-
end, which requires a special chemistry for in situ micro-
array synthesis, e.g. [47].

For monitoring protein binding, first the protein of
interest is expressed. Frequently, an expression system has
been used that adds an epitope tag. Such a tag has two
functions: first, it is used to isolate the protein by affinity
purification and, second, it permits detection by means of
an epitope-specific reporter, such as an antibody. Alterna-
tively, directly labelled proteins can be used in the assay.
The protein is incubated on the microarray and the signal
intensities obtained at the various array features are
measured (e.g. Fig. 4). The method was applied success-
fully in several studies for an analysis of proteins that had
been uncharacterised before [48, 49].

In terms of coverage, microarrays were used that
contained PCR products, which covered entire genomes
[48, 50]. Microarrays made of long PCR products have the
advantage that they cover much sequence space with
relatively few microarray features. At the same time,
however, they have the disadvantage that the probability
of calling a binding event correctly is less for a single
binding site, which is embedded in a long rather than a
short sequence. Moreover, depending on the number and
types of binding sites within a single region, interaction
may occur once or several times by one or several proteins
at various degrees of affinity [51]. From the blend of
information gained from such measurements, it may well be
impossible to extract how many interactions are involved,
let alone any accurate information about strength and
specificity. For such ends, arrays that consist of short
synthetic double-stranded oligonucleotides exhibit superior
performance [52, 53]. While coverage of all binding sites in
a genome is unlikely to be achieved with oligonucleotide
arrays—and unnecessary because of the advent of sequenc-
ing techniques that are better suited for this purpose—
arrays have been produced that are comprehensive with
respect to the binding sequences, presenting all 10-bp
sequences possible, for example [54, 55].

Protein microarrays

While analyses on DNA microarrays promise a rather
comprehensive identification of the target sequences of a
specific transcription factor or other DNA-binding protein,
they are not able to identify the various proteins, which
recognize a particular sequence of interest. This is made
possible, however, by reversing the assay format. Studies
on protein arrays that represented 282 potential yeast
transcription factors [56], 802 Arabidopsis transcription
factors [57] or 4,191 non-redundant human DNA-binding
proteins [13], for example, demonstrated the potential of
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this approach. The arrays were created using epitope-tagged
proteins, mostly by fusion to glutathione S-transferase.
Subsequent to purification by affinity chromatography, the
proteins were attached to the chip surface and incubated
with double-stranded oligonucleotides. Each oligomer was
made of three or four repeats of the relevant sequence
motif. In humans, for example, a total of 17,718 DNA–
protein interactions between 460 DNA motifs and 4,191
human proteins were identified [13]. Among them were a
large number of interactions of transcription factors with
DNA sequences, which had not been anticipated before.
Also, the binding characteristics of transcription factors
were identified this way.

Recent developments toward the production of compre-
hensive protein arrays [58–60] should permit an extension
of the format. However, the structural integrity of the
proteins or at least of their DNA-binding domains is of
critical importance for a successful application and is
unlikely to be conserved on a microarray surface for all
molecules. In addition, problems could occur with proteins
that need to form multimers or complexes with other
proteins in order to exhibit their binding activity.

Proximity ligation

A technique that permits an analysis even at single-
molecule level is proximity ligation [61]. It is a method
for very sensitive solution-phase detection of interaction
partners. While mostly useful for studying protein–protein
interactions, the DNA binding of proteins can also be
investigated. To this end, three probe molecules are
required; one is an antibody against the investigated
protein, the second is the DNA recognition sequence in
the form of a double-stranded DNA. Both molecules have
attached a single-stranded DNA tag segment. The third
molecule needed is an oligonucleotide that is complemen-
tary to the ends of both DNA segments. The target protein
binds to the DNA probe and is subsequently detected by the
antibody. In consequence, the two DNA segments attached
to antibody and DNA fragment will come in close
proximity. Only then they can hybridise to the oligonucle-
otide, which acts as a connector (Fig. 5). In the resulting
double-stranded sequence, the DNA segments of antibody
and recognition sequence can be joined by an enzymatic
ligation. The resulting sequence can be specifically ampli-

Fig. 3 Schematic presentation of different processes for producing
microarrays with double-stranded DNA fragments. Either double-
stranded DNA is spotted under conditions that do not denature the
DNA on the chip surface. Alternatively, an oligonucleotide is spotted or
synthesised, which is partly self-complementary and thus forms a

hairpin structure. Duplexes can also be produced by using oligonucleo-
tides, which have a common sequence at their 3′-end, which can be
used for priming a polymerase reaction. Last, a short hairpin structure
that is specific for each oligonucleotide could be utilised for priming

Fig. 4 Binding analysis on a DNA microarray. Analysis of the
binding of transcription factor Gli2 to various DNA sequences was
studies. Double-stranded oligonucleotides synthesised on a micro-
array. Directly fluorescence-labelled protein was incubated on the
array. After washing, the signal intensities were recorded, which are
equivalent to the respective affinity of Gli2. In the top row, particular
sequences were present several times, including the consensus

sequence GACCACCCA, a single-base variation (CACCACCCA)
that exhibited even better binding of Gli2, and a number of random
sequence permutations in one base that resulted in different signal
intensities. At the far right, single-stranded controls are shown. The
spots in rows 2–4 also present permutations of the consensus sequence
(unpublished data from our own studies)
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fied and detected in real time by PCR or rolling circle
amplification [62].

While this technique is powerful in terms of specificity
and sensitivity, it is very dependent on the availability of
specific antibodies. Also, the analysis requires extensive
preparative steps. In principle, the approach permits a
parallel investigation as long as specific sequences are
attached to each pair of probe molecules. Also, the method
is less suited for the identification of new binding sites,
since no connector molecule would be available for their
detection. For in vivo studies of defined protein–DNA
interactions at the level of single-molecule sensitivity,
however, the method could become enormously useful
because of its sensitivity and specificity.

Other technologies

Atomic force microscopy (AFM) detects the nanometric
features of both DNA and proteins. AFM imaging could
therefore be used to locate protein binding sites and provide
detailed structural analysis of binding protein-induced DNA
conformations, such as bending or looping [63, 64].
Unfortunately, the resolution is currently still insufficient

to read directly the DNA sequences or identify the proteins.
However, the technique could be useful for the identifica-
tion of the positioning of protein binding sites in large
genomic areas, and the structural consequences caused by
interaction or its absence.

X-ray crystallography and nuclear magnetic resonance
(NMR) spectrometry [65, 66], on the other hand, are two
techniques, which permit a detailed study the structures of
defined DNA–protein complexes. However, they are of no
use for the definition of interaction pairs or for the
identification of their genomic locations.

Conclusions

Apart from the mere identification of more interaction pairs
of DNA element and binding protein, which is an important
objective for a comprehensive description of regulation at
this level, studies in this area could also contribute more
directly to biomedical applications. Several diseases are
associated with functional single nucleotide polymorphisms
(SNPs) or mutations in promoter regions, which could
create, delete or modify binding sites and consequently
increase or decrease the promoter activity [67–70]. Many

Fig. 5 Schematic presentation of a proximity ligation assay. Upon
incubation of a DNA fragment, an appropriate protein and an antibody
that binds the protein, a complex of the three molecules is formed.
Both the DNA fragment and the antibody are tagged with single-

stranded DNA segments. After addition of an oligonucleotide that is
complementary to both ends of the tag sequences, the DNA molecules
are joined by ligation and can then be amplified by PCR
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more such functionally relevant sequence variations will be
found in future by programmes such as the International
Cancer Genome Consortium [71]. In consequence, the
demand for a functional characterisation of disease-
associated mutations or SNPs in a promoter region will
increase substantially and could add to the aim of accurate
diagnosis and personal therapy. Even quantitative differ-
ences could be studied in a parallel manner [72], thus
adding an analogous level of regulation on top of the digital
information of binding or no binding. Recent developments
could also improve sensitivity down to single-molecule
detection, either by applying relevant signal amplification
schemes [73] or technical developments that permit
detection of individual fluorophore molecules [74], for
example. In addition, the advances in sequencing technol-
ogy will revolutionise studies further toward really genome-
wide identification and analyses of regulative active DNA
elements. In combination, high sensitivity and quantitative
rather than purely qualitative or relative measurements will
add another level of quality to the understanding of the
regulation and functional consequences and may permit the
study of the DNA–protein interactome comprehensively not
only in terms of identification of participating molecules
but also in terms of interaction strength and competition.

Overall, technology for the detection of DNA–protein
interaction has progressed enormously during the last
40 years. From initial qualitative in vitro assays on individual
interaction partners, through to high-throughput, single-
molecule sensitivity, in vivo detection and quantification have
been achieved, although not yet combined in a single system.
Such a system, however, is unlikely to be feasible. More
sensible and applicable will be assays that combine a few of
the above-mentioned factors according to the actual require-
ments of the analyses performed. This combination, possibly
including even the measurement of detailed structural
information on the way, is the challenge of the years to come.
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