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cific DNA sequences.

Abstract

The interaction of proteins with DNA is a central theme of molecular biology. In this article, we review
some of the principal techniques currently used for the identification and characterization of DNA binding
proteins, and for investigation of the molecular interactions that are responsible for the recognition of spe-

Index Entries: DNA-binding proteins; transcription factors; DNA modification; DNA footprinting.

1. Introduction

Increased understanding of DNA-protein inter-
actions has become a major goal for biologists
because it is clear that these interactions play a
central role in a wide range of cellular processes.
Examples include transcription regulation, DNA
replication, genetic recombination, DNA repair,
and the restriction and modification of DNA. The
types of investigation carried out on DNA~pro-
tein interactions fall into two main categories.
In the first type, a DNA sequence has been shown
to have function, for example, by deletion of a
promoter region of a gene, and information is
needed about the protein and its interaction with
this sequence in order to understand its role in
transcription control. In the second type, the
protein is already well-characterized and the
investigation concentrates on the precise molecu-
lar nature of the contacts between the protein and
DNA, and the possible conformational changes in
either component that might result, often as a pre-
lude to fuller structural studies of the complex.

In this article, we review both of these types of
investigation, which have substantial areas of over-
lap. The techniques described permit the identifi-
cation of DNA-binding proteins in cell extracts,
and give information on the size of the protein(s)
involved, the location of the DNA-binding site, the
strength and specificity of binding, the identities of

individual groups or specific bases involved in
binding, and the effects of protein binding on
gross conformation or local structure of DNA.
The recognition of DNA sequences by proteins
is a complex phenomenon, involving specific
hydrogen bonding contacts to the DNA bases
and/or interactions with the sugar—phosphate
backbone. The latter interactions can also be
highly specific because of the sequence-depen-
dent structural polymorphism of DNA. In addi-
tion, intercalation of planar aromatic amino acid
side chains between the DNA bases can occur,
most notably with single-stranded DNA binding
proteins. Furthermore, when bound, many DNA-
binding proteins induce drastic structural changes
in the DNA that are essential to their function. The
advantages of using complementary methods to
investigate the complexities of protein-DNA
interactions will be clear, as each has advantages
and disadvantages for specific tasks. For this rea-
son, it is unwise to rely on a single technique when
interpreting the results of such investigations.

2. ldentification and Preliminary
Characterization of DNA-Binding Proteins
2.1. The Electrophoretic Mobility Shift
Assay (EMSA) in Crude Protein Extracts

If initial studies (perhaps from functional or
genetic analysis) have suggested that a particular
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DNA sequence is recognized by a protein within
the cell, EMSA is often undertaken using this
DNA sequence as a probe in crude cell extract.
There are a number of reasons for this:

1. To confirm that one or more proteins interact
with this region of DNA specifically;

2. Totest the distribution of this complex between
different cell-types or growth states; and

3. To identify which subcellular compartment the
protein is in.

The EMSA (also known as a gel retardation
assay, or “gel-shift” assay) is relatively straight-
forward (1,2). A radioactively labeled DNA
duplex, either a short restriction fragment (25—
75 bp) or a synthetic oligonucleotide, is incubated
with whole-cell, cytoplasmic or nuclear extract in
the presence of competitors to prevent nonspecific
binding. (Poly[dI.dC], tRNA, and salmon sperm
DNA may all be used.) DNA—protein complexes
are then allowed to form and the free DNA and
complexes are resolved on a low ionic strength,
low percentage polyacrylamide gel. The com-
plexes and free DNA are then visualized by auto-
radiography (Fig. 1). In these assays of crude
extracts, a number of complexes are often formed
with only a subset specific for the DNA sequence
under test. Specificity of binding is assessed by
inclusion of an excess of unlabeled competitor
DNA in the binding reaction. An excess of unla-
beled probe competes for specific complexes, but
point-mutant versions of the probe or unrelated
DNA sequences do not (Fig. 1).

The simplicity of this assay, its high sensitiv-
ity, and the fact that many protein samples may
be assayed simultaneously make it the usual
method of choice for assaying DNA—protein com-
plexes from a number of cell-types; for example,
when testing the tissue distribution of a transcrip-
tion factor or when a time course of binding activ-
ity is needed (3). The small amount of protein
needed for EMSA has also made this the method
of choice for following the subcellular distribu-
tion of DNA-binding proteins (3-5). This is par-
ticularly important when analyzing transcription
factors, many of which are regulated by cytoplasm
to nucleus translocation (reviewed in ref. 6).
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Fig. 1. Electrophoretic mobility shift assay of
Xenopus CBTF. Extract from 0.5 stage 15 Xenopus
embryos were incubated at 4°C with an end-labeled
DNA probe corresponding to nucleotides 66 to —-31
of the Xenopus GATA-2 promoter (3). Where added,
the competitor was at 100-fold molar excess over the
probe and both were added simultaneously. After
15 min the reactions were loaded onto a 4%, 0.25X
TBE polyacrylamide gel. The free DNA and DNA-
protein complexes were separated by electrophoresis
at 200V for 2 h, the gel was dried, and the complexes
visualized by autoradiography.

Although EMSA using crude cell extracts as a
protein source provides very limited information
about the nature of the interaction between the
DNA and protein, it does provide a very useful
assay for the amount of binding activity in any
given sample. It is not possible, however, to be
absolutely quantitative using this assay, when
nonspecific competitors are included; these will
have an affinity for the DNA-binding protein
being assayed and necessarily cause errors in the
estimation of activity present. Nevertheless, EMSA
is an important semi-quantitative assay and is usu-
ally chosen to follow DNA-binding protein activ-
ity during purification (7-9).
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Analysis of DNA-Protein Interactions

Before embarking on the purification or
detailed biochemical characterization of an
unknown DNA-binding protein, it is prudent to
undertake a preliminary analysis. In such a study,
we attempt to discover how many subunits are in
the DNA-binding complex and their size. Two
basic strategies are used to identify the composi-
tion of such complexes from crude cell extracts,
both relying on the bound DNA sequence to detect
the proteins. A variety of techniques can be used
to crosslink proteins covalently to the DNA probe.
Alternatively, a blot of protein from a sodium
dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gel may be incubated with a
radiolabeled double-stranded oligonucleotide-
binding site under conditions where the interac-
tion is specific, and the resulting complex
visualized by autoradiography.

2.2. DNA-Protein Photocrosslinking

Covalent crosslinks between protein and DNA
have been produced by a variety of methods (10).
Although a number of the techniques have relied
on photocrosslinking, for example, ultraviolet
(UV) laser irradiation of unmodified DNA and
UV-irradiation of azido-modified DNA, the tech-
nique most commonly applied to analysis of a
complex in a crude extract relies on substitution
of 5-bromo-2'-deoxyuridine (BrdU) for thymidine
in the oligonucleotide binding site and covalent
crosslinking by UV irradiation. In our experience,
when working with crude or partially purified
preparations of protein, it is necessary to use
preparative EMSA to obtain sufficiently pure
DNA-—protein compiex for clear results. The BrdU-
substituted probe may be produced in two ways.
If the exact nucleotides involved in contact with
the protein component are not known, then a mix-
ture of substituted probes are produced by “filling
in” a partial oligonucleotide duplex with Klenow
fragment and a nucleotide triphosphates (NTP)
mixture containing dTTP and BrdUTP (typically
at a 3:1 molar ratio) and one or more radiola-
beled NTPs. If, however, a T in the binding site
is known to contact the protein, then an oligo-
nucleotide may be synthesized with the BrdU
substitution at this position. The resulting duplex
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is then radiolabeled as usual. Either type of probe
will work, but the “mixed probe” approach is
more likely to reveal proteins in a complex not
directly involved in contact with the DNA. How-
ever, this type of probe may contain more than
one substitution and hence crosslink to two pro-
teins, or more than once to a single polypeptide,
causing anomalous migration in subsequent
SDS-PAGE analysis.

The DNA~protein complexes are then formed
on the substituted probe as usual and separated
from free probe and nonspecific complexes by
EMSA. The resulting gel is exposed to UV on a
transilluminator or crosslinker to link the DNA
and protein covalently. The gel is subsequently
exposed wet for autoradiography, and the spe-
cific complex cut out of the gel and eluted. This
DNA-protein complex is then precipitated prior
to running on SDS-PAGE. After fixing, the gel
is dried and the complex visualized by auto-
radiography.

The attachment of DNA to a protein may cause
it to run anomalously on an SDS gel, although
often it has little effect (see Fig. 2). With internally
labeled probes, it is possible to remove much of
the DNA by gentle treatment of the complex with
DNase I prior to SDS-PAGE, but this often results
in a much reduced signal. Although crosslinking
can be criticized for sometimes giving an inaccu-
rate estimate of the molecular weight of the
protein(s) in a complex with DNA, it does have
the advantage of identifying components of a
complex that are not in immediate contact with
DNA. This type of information is vital when
designing purification strategies for DNA—protein
complexes. A similar crosslinking approach has
been used to determine which nucleotides in a
binding site contact which protein in a multi-
subunit transcription factor. In this case, as well
as BrdU substitution, BrdC and BrdG were used
to replace bases at known DNA-protein contact
points (revealed by interference techniques).
After crosslinking and SDS-PAGE of each singly
substituted oligonucleotide, it was possible to
identify which base substitutions resulted in
crosslinking to which molecular weight species of
the complex (11).
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Fig. 2. (Left) Bromodeoxyuridine crosslinking of Xenopus CBTF. Extract from 10 oocytes was mixed with an
internally labeled, BrdU-substituted DNA probe corresponding to —66 to ~31 of the Xenopus GATA-2 promoter
(3). Specific DNA-protein complexes were separated on a 4%, 0.25X TBE gel and irradiated with UV at 256 nm
for 20 min. The complexes were visualized by autoradiography, cut from the gel, eluted into SDS-PAGE loading
buffer and run on a 10% Laemmli gel. The gel was dried and the protein~DNA conjugate visualized after exposure
on a storage phosphor screen. (Right) South-Western analysis of Xenopus CBTF. Extract from 1, 3, or 10 oocytes
was run in duplicate on the same 10% Laemmli gel as the BrdU crosslinked products and transferred to nitrocellu-
lose overnight in 10 mM CAPS, pH 9.8, 10% methanol. The duplicate filters so prepared were immediately blocked
and probed. The probe was end-labeled DNA corresponding to nucleotides —66 to —31 of the GATA-2 promoter
for the “wild-type” half of the filter and the same sequence but with the core altered from CCAAT to CCGAT for
the “mutant” half. This point mutation inactivates the GATA-2 promoter in vivo and abolishes binding of CBTF in
EMSA. Washing was for four by 15 min, this extended wash removed all nonspecific binding. The DNA—protein

complexes were then visualized by autoradiography.

2.3. South-Western Blotting

A complementary method that gives accurate
information about the molecular weight of the
DNA-binding protein of a DNA-protein complex
(but none on proteins not in direct contact with
the DNA) is South-Western blotting (12). To
obtain reliable results from the technique, it is
necessary to have available as control a point-
mutated version of the oligonucleotide probe that
does not form the specific complex of interest.
This is usually tested by EMSA prior to embark-
ing on a South-Western investigation.

Crude cell protein is first separated by SDS-
PAGE and then transferred electrophoretically to a
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nitrocellulose membrane. During the transfer pro-
cess, a fraction of the protein may re-fold sufficiently
to bind its cognate DNA.. If this does not occur, cor-
rect re-folding may be enhanced by treating the fil-
ter with Guanidinium-HCl to denature the protein
and then re-folding in decreasing concentrations of
this agent (13). Duplicate filters are prepared and
nonspecific DNA-binding sites blocked by incuba-
tion with salmon-sperm DNA, Denhardt’s reagent,
and poly(dL.dC). The filters are then incubated with
radioactively labeled oligonucleotide probes, either
the bona fide binding site or the mutant. Filters are
washed to remove unbound or weakly bound probe
and exposed for autoradiography. Specific com-
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Analysis of DNA-Protein Interactions

plexes will show as differences between the bona
fide and mutant binding sites.

South-Western blotting will fail if a heteromeric
protein complex is necessary for DNA binding.
Also, if multiple, specific bands are observed,
then this technique shows that a family of pro-
teins can recognize a particular DNA sequence.
In the example shown, the complex is seen to
include at least two proteins by BrdU crosslinking
and the smaller of these is demonstrated by a
South-Western blot to be the DNA-binding sub-
unit of this transcription factor (Fig. 2).

2.4. Functional Analysis
of Transcription Factors

Relating a DNA—protein complex visualized by
EMSA or footprinting to a particular biological
function is a difficult but very necessary under-
taking when DNA-protein interactions in less
well-characterized systems are being considered.
If transcription factors are under study, it may be
possible to make use of interference footprinting
data to test whether a complex has function. By
making point mutations in the DNA-binding site
of a complex based on such data, it is possible to
generate and test by EMSA a series of binding
sites with various abilities of complex formation.
The functional analysis of this series of binding
sites is then carried out by transfection.

The mutations are either introduced into the
promoter/enhancer under test or placed upstream
of an heterologous promoter. In either case, these
control a reporter gene. The constructs are trans-
fected into the cell type under study and the effect
of the mutations of the binding site on transcrip-
tion assessed. If the ability of a DNA sequence to
form complex and its transcription-regulation
activity correlate, this is strong evidence that the
observed complex is responsible for the activity
seen. Such analysis showed that the ISGF3 com-
plex was the most important of three formed on
the interferon stimulable response element (ISRE)
during stimulation of transcription of the 6-16
gene by type I interferons (14). Although this is
strong evidence for a functional role of a particu-
lar protein, it is sometimes possible to obtain more
direct evidence.
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If purified transcription factor is available in suf-
ficient quantity then supporting evidence to that of
the aforementioned type can be gained from add-
ing the factor to an in vitro transcription system and
thus assaying its activity directly. A nuclear extract
is prepared from cells either lacking the factor
under test or from which the factor has been
removed by DNA-affinity chromatography (15,16).
A variety of methods for making transcriptionally
active extracts may need to be tried for a particular
DNA-protein complex. Into this extract, a DNA
template containing the binding site of interest
within an appropriate promoter and reporter con-
text is added, together with NTPs. Transcription
is then allowed to occur in the presence and
absence of the putative transcription factor. Tran-
scripts may be assayed in a number of ways. If a
supercoiled template is used, then primer extension
(17) or RNase mapping (18) of the resulting tran-
script may be used to test both the amount of tran-
script produced and that the in vivo start of
transcription is used. Transcription initiation at
cryptic start sites present in plasmids is prevalent
in eukaryotic extracts.

Alternatively the “run-off” transcription assay
may be employed. Here, the template is cut with a
restriction enzyme at a point downstream (usually
100-250 bp) of the transcription start site. One or
more of the nucleotide triphosphates added is
radioactively labeled; the radioactive transcript
synthesized is then of a discrete length as the poly-
merase “runs off” the end of the template. The
amount of transcript and start of transcription may
then be assayed directly by running the products
on a sequencing-type gel. In practice, the tendency
for transcription to start at cryptic initiation sites
within plasmids means that both of these types of
analysis give a high background of nonspecific sig-
nal. This may be overcome by placing a G-free cas-
sette downstream of the promoter sequences under
test. This is a stretch of DNA that contains no gua-
nosine residues. The run-off transcription reaction
1s then carried out in the absence of guanosine
triphosphate and, as all other transcripts will rap-
idly abort when transcribing a G, only those initiat-
ing at the correct site will be seen. This method of
transcription factor assay is now widely used.
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A final method for assaying the activity of a
transcription factor relies on isolating the cDNA
and the gene encoding it, and then inactivating the
gene by insertional mutagenesis (19,20) either in
cultured somatic cells, or embryonic stem cells
from which mutant embryos lacking a functional
transcription-factor gene may later be generated.
Subsequent comparison of transcription levels of
target genes of the transcription factor in normal
and mutant cells will give information on the
functional significance of that factor, but any
effects observed may be indirect. If animals contain-
ing the inactivated gene are made, then phenotypic
effects may be noted. Such a strategy, although
long-term and involved, is often the only way of
analyzing the function of, for example, a develop-
mentally important transcription factor, (21).

In practice, a number of DNA-protein com-
plexes may interact at one binding site (22), pos-
sibly controlling gene transcription in response to
more than one intracellular signaling pathway.
This complexity makes it extremely difficult to
be sure, in some cases, of the exact contribution
of any single DNA—protein complex to the final
transcription rate of a gene and all three of the
types of analysis previously outlined may be
needed before any firm conclusions may be drawn.

3. Locating the DNA-Binding Site:
DNA Footprinting

In order to confirm that a protein is indeed
binding to a particular region of DNA and to dis-
cover the precise sequence to which it binds,
footprinting techniques are most frequently used.
The DNA region under investigation is uniquely
end-labeled and allowed to interact with a source
of protein, which may range from crude nuclear
extract to a pure preparation. The DNA-protein
complex is then treated with an enzymatic or
chemical reagent that partially cleaves the DNA.
The bound protein protects the region of the DNA
with which it interacts from attack by the reagent.
Denaturing electrophoresis and autoradiography
of the degraded DNA (in parallel with a DNA
sequencing ladder) identifies the protected region
as a gap in the continuous bands of the digestion
products (Fig. 3). If one is to gain maximum
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advantage from the technique, then wherever
possible the bands on the sequencing gel should
be analyzed quantitatively (e.g., on a phosphor-
imager) because densitometry of autoradio-
graphs can give misleading results owing to
nonlinearity of X-ray film.

3.1. Enzymatic Footprinting Methods
3.1.1. DNase I Footprinting

DNase I was the first reagent to be used in a DNA
footprinting experiment (23). Because DNase [ is
large when compared to most other footprinting
reagents, its attack on the DNA is more readily pre-
vented by steric hindrance. Moreover, the reaction is
carried out under mild conditions that are unlikely to
perturb the complex. Thus, this reagent is the most
likely of all those used for footprinting to detect a spe-
cific protein-DNA interaction. For example, the
interaction of Xenopus upstream binding factor with
the ribosomal DNA enhancer can only be detected at
present using DNase I as a footprinting reagent (24).
Similarly, DNase I footprinting can be used to detect
a protein-DNA complex which is undetectable by
EMSA and has been used as an alternative to that
assay for analysis of proteins in crude cellular extracts.

DNase I does, however, have some disadvantages
as a footprinting reagent. It has a diameter of roughly
40A; its size, therefore, prevents it from cutting
immediately adjacent to a bound protein. This
means, of course, that the footprint observed will
extend beyond the genuine contacts between the
DNA and the protein, although it is possible to allow
for this effect (25). In addition, DNase I footprinting
generally requires an excess of DNA-binding
protein over the DNA fragment, to ensure the DNA-
binding site is saturated; this may limit the applica-
tion of this technique where only small amounts of
protein are available—for example, in developmen-
tal studies when only small numbers of embryos can
be obtained. Finally, cleavage of DNA by this
enzyme is variable; some sequences are very rap-
idly digested, while others (principally A or T tracts)
are untouched even with prolonged incubation.
Thus, an uneven ladder of digestion products is seen
after electrophoresis, sometimes limiting the inter-
pretation of results, because protection within a
poorly cleaved region may not be readily apparent.
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Fig. 3. Schematic diagram of a footprinting reaction.

3.1.2. Exonuclease Il (Exolll)

A second enzyme commonly used for foot-
printing is ExolIl which has 3'-5' exonuclease
activity (26). After a protein—-DNA complex has
been formed, this enzyme is used to digest both
strands processively. The protein blocks the
action of Exolll and a double-stranded DNA
region protected by the protein remains. The
labeled DNA is then run on a sequencing gel
and the size of the remaining fragments corre-
sponds to the ends of the protected region. Because
all the free DNA is digested, there is no back-
ground ladder of digestion products observed,
providing a distinct advantage over other foot-
printing techniques. Assigning the observed bands
to the + or — DNA strands can be achieved
either by labeling a unique end of the DNA
fragment, or cleavage of the label from one end
if a convenient restriction enzyme site is present.
The processive mode of action of Exolll allows
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it to cut into a region of DNA with low affinity
for its cognate-binding protein. This potential
disadvantage can be overcome by carrying out
a time-course of Exolll digestion whenever a
new interaction is being studied. Indeed, the
ability of Exolll footprinting to reveal (and dis-
tinguish) both strong and weak interactions can
be an advantage. As with DNase I, ExolIl can
be used to detect protein-DNA complexes that
are not revealed by EMSA (27). Nevertheless,
only interactions with a half-life longer than
the application time of the Exolll can be
detected by this method (26,28). One further
limitation of Exolll footprinting is that it is only
able to reveal the protected region at the 3' end
of each strand (which need not be equivalent to
the 5' boundary on the opposite strand, although
it is often assumed to be so). However, for pre-
liminary (low-resolution) studies, this is often
sufficient.
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3.2. Chemical Footprinting Methods

Chemical footprinting methods all have one
clear advantage over enzymatic ones: The small
size of the reagents used means that they can cut
the DNA very closely indeed to the bound pro-
tein, resulting in higher resolution than can be
achieved with DNase 1 or Exolll. The possibility
should be borne in mind, however, that chemical
probes, unlike enzyme probes, may chemically
modify the protein component as well as the DNA
component of a complex. The hydroxyl radical
1s one chemical reagent commonly used, and is
particularly useful for high resolution studies
because it is comparable in size to a water mol-
ecule. The exact mechanism whereby these radi-
cals cleave DNA is unclear, but is thought to
involve the abstraction of a hydrogen atom from a
sugar in the DNA backbone and the breakage of
the strands by secondary reactions of the sugar
radical (29). The principle involved is exactly the
same as DNase I footprinting discussed earlier.
However, unlike DNase I, hydroxyl radicals have
almost no sequence preferences for cutting and
will work in a wide variety of conditions. One dis-
advantage of using hydroxyl radicals as a foot-
printing reagent is when purified protein samples
have been stored in glycerol; this is a radical
scavenger and inhibits cutting when present at
concentrations higher than 0.5%. Other chemical-
footprinting reagents include dimethyl sulfate
(DMS), a reagent that is fairly specific for purine
bases, modifying the N7 of guanine and the N3 of
adenine (30).

One problem that is often encountered when
attempting to footprint a DNA binding protein is
that of low occupancy, i.e., if not all the DNA
molecules in the sample have a protein bound,
then there will be a large background owing to
free DNA, which will reduce the clarity of the
footprint. This will often be the case when using
crude extracts, but problems can also occur with
pure proteins, especially if the complexes are not
very stable. One possible solution is to ensure that
there is a large excess of the protein compared to
the DNA, but this can itself give rise to problems
of multiple binding, where the protein binds to
additional sites on the DNA in a relatively non-
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specific manner. (This becomes more likely as the
size of the DNA fragment is increased.) Another
approach is to purify the free- and bound-DNA
fractions following an EMSA on a nondenaturing
gel, before carrying out the footprinting reaction;
this does at least ensure that the protein and DNA
are present in stoichiometric amounts, and may
be particularly useful if working with crude
extracts of protein, or if the concentrations are
unknown. However, if the complexes are weak or
unstable, there is no guarantee that the protein will
remain fully bound to the DNA following extrac-
tion from the gel.

A novel variation on this theme is to perform the
footprinting reaction in situ in the nondenaturing gel.
This approach has been used very successfully with
the footprinting reagent copper phenanthroline (31)
and has found application in studying a wide variety
of DNA-protein interactions (see, e.g., ref. 32). A
major advantage of this variation on the standard
footprinting procedure is that kinetically weak com-
plexes should be maintained in the gel. Addition-
ally, if multiple complexes are formed, DNA from
each can be separately extracted from the gel after
footprinting and the protected sites in each complex
can be investigated.

3.3. DNA “Footprinting” as a Probe
of Structure

Traditionally, DNA footprinting has been con-
sidered to be a relatively straightforward procedure
for mapping the protected sites on the DNA, as
judged by weak or absent bands in a DNA sequenc-
ing ladder where the protein is bound. However,
proteins can also distort the structure of DNA when
they bind, sometimes quite severely, and in such
cases, what might be seen is an increase in the
intensity of certain bands, rather than a decrease.

A very clear example of this phenomenon is
provided by the hydroxyl radical footprinting of
the type I DNA methyltransferase M.EcoR1241
(33). In this case, binding of the protein to a DNA
fragment containing its recognition sequence
yields a clear and extensive footprint, amounting
to over two turns of the double helix on both
strands. Within this footprint, however, is found a
region of 2-3 nt that is very highly modified,
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indeed at considerably higher levels than are
found in the absence of protein (Fig. 4). These
sites correspond to the bases that are modified by
the methyltransferase, and it was concluded that
the DNA structure here is severely distorted, most
probably arising from “flipping out” of the two
target bases in a similar way to that seen in the
crystal structure of a number of DNA-modifying
enzymes (34). Similarly, enhancements in the
hydroxyl radical footprint have been taken as evi-
dence for structural distortion of DNA in a type 1
transpososome (35).

Markedly increased intensity of bands in the
DNA ladder are often seen with DNase I foot-
printing, particularly at the 3' boundary of the
footprint. Even though the bands are much more
intense than in the free DNA track, this is unlikely
to be owing to a conformational change in the
DNA because the effect is very common, and
typically occurs at the edge of the footprint, i.e.,
outside of the binding site rather than within it. It
most likely represents a favorable interaction
between the DNase I and the bound protein, which
would enhance the cutting frequency at that site.
Nevertheless, such an effect is quite helpful in
visualizing the precise boundaries of the footprint.

3.4. Footprinting In Vivo

Although the footprinting techniques previ-
ously discussed can identify precisely the binding
site for protein on a DNA duplex, they all suffer
from the drawback that the complex is formed in
vitro. As a result, cofactors may be missing or the
precise ionic conditions found within the cell may
not be duplicated and thus the interaction is in
some way artifactual. This criticism can be over-
come by carrying out DMS modification of DNA
in vivo, because DMS can penetrate plasma and
nuclear membranes (36).

In essence, cells are treated for a short period
with DMS and genomic DNA isolated. The modi-
fied guanine residues are then cleaved with pip-
eridine. In order to increase the amount of the
specific sequences of interest, ligation-mediated
polymerase chain reaction (PCR) can be used to
amplify these with appropriate primers (37,38).
The cleaved DNA is then separated on a sequenc-
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Fig. 4. Hydroxy! radical footprinting. The reaction
shown is for the complex of the DNA methyltransferase
M.EcoR 1241 and a 57 bp DNA duplex containing
the recognition sequence, with one strand labeled.
The extent of cleavage was obtained by scanning the
gel on a phosphorimager, in order to quantify the level
of protection and enhancement at different sites.

ing-type gel and transferred electrophoretically to
anylon filter. The particular sequences of interest
are then visualized by hybridization of the filter to a
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radioactively labeled single-stranded DNA probe
and subsequent autoradiography. Using this method,
it has been possible to identify footprinted regions
of promoters that are not seen in vitro (36), and this
method has proven particularly useful in studying
allele-specific transcriptional activity (39).

4. Identification of Specific Bases Involved
in Protein Binding

The DNA footprinting procedures previously
referred to give information on the region of the
DNA that is protected when the protein binds. An
alternative (and complementary) approach is to
modify the bases of the DNA and assess which
base modifications prevent (or reduce) binding.
Such methods give a direct measure of the contri-
bution of individual nucleotides to the binding
affinity, and can thus identify specific molecular
interactions in the complex. Moreover, because
often it is only specific groups of the nucle-
otide that are modified in the DNA (for example,
the phosphate group, the sugar, or a specific group
on the base), then information is provided on the
precise nature of the intermolecular contacts.

4.1. Interference Footprinting

The most common experiments of this kind are
represented by the “interference” footprinting tech-
niques, in which the DNA sequence is chemically
modified at a low level (typically yielding approxi-
mately a single modified nucleotide per DNA
fragment). The protein is then bound to the modified
DNA, and the mixture subjected to nondenaturing gel
electrophoresis to separate free and bound DNA, both
of which are then subjected to a strand-cleavage reac-
tion (in which the DNA is cleaved specifically at the
sites of modification) and subsequently applied to a
sequencing gel. By determining the sites of modifica-
tion in the free and bound DNA, the contribution of
each nucleotide to the binding affinity for the protein
will be established. Those nucleotides modified at cru-
cial sites will be under-represented (or absent) in the
DNA sequences from the bound fraction, whereas
those nucleotides whose modification does not affect
protein—-DNA complex formation will be well repre-
sented in the bound DNA sequences.

The “interference” method may be thought of
as the reverse of “protection” footprinting, the
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crucial difference being that in the latter case, pro-
tein binding is carried out before chemical modi-
fication of the DNA, whereas in the former, the
DNA is modified first and then “challenged” for
protein binding. As in the “protection” foot-
printing experiments described earlier, the DNA
strands must be separately end-labeled with 32P;
chemical modification, DNA binding, and subse-
quent DNA sequencing should be carried out in par-
allel reactions with each strand separately labeled,
together with a Maxam and Gilbert sequencing
reaction on the DNA fragment to enable identifi-
cation of the sites of modification. Again, if pos-
sible, the bands on the sequencing gel should be
analyzed on a phosphorimager to obtain reliable
data on the relative population of modified DNA
molecules in the “free” and “bound” fractions.

The principle of the interference technique is
similar, regardless of the reagent used, although the
experimental details differ, as does the interpreta-
tion of the results. Hydroxyl radical modification,
for instance, itself leads to cleavage of the DNA, and
thus no separate step is required prior to running
the sequencing gel. Most other commonly used
reagents (e.g., DMS or ethyl nitrosourea [ENU]),
on the other hand, require an additional step to
convert the nucleotide modification into a strand
cleavage so that the position of the modifica-
tion can be determined on a sequencing gel (30,40).

Hydroxyl radical modification leads to cleav-
age via the removal of the entire nucleoside, and
thus eliminates all interactions of the protein with
the missing base and/or sugar (41,42). Because the
reagent is relatively insensitive to base sequence, it
has the advantage of being able to probe all nucle-
otides in a DNA-binding site. However, the miss-
ing nucleoside can also change the conformation
of the DNA or enhance its flexibility, which can
complicate the interpretation of a hydroxyl radical
interference experiment. For example, the perturbed
DNA structure may actually enhance binding in
some cases, as seen in the case of RNA poly-
merase (43).

More localized contacts of a DNA-binding pro-
tein with specific groups on the bases can be
probed by interference experiments using the
reagent DMS. As stated earlier, DMS methylates
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the N7 position of guanine and the N3 of adenine
and thus is able to probe interactions in the major
and minor grooves of DNA. This does, however,
mean that DMS is unable to provide any informa-
tion on the interaction of a DNA-binding protein
with pyrimidine bases in a DNA-binding site.
Nevertheless, methylation interference has proved
a very useful technique in studying numerous
DNA-binding proteins; for example, in the case
of the c-fos serum-response element binding fac-
tors, methylation interference experiments iden-
tify a subset of the bases suggested by methylation
protection as being essential for binding (44).

Although not generally leading to sequence
specificity, the interaction of the phosphate groups
on the DNA backbone with a DNA binding pro-
tein are often critical in maintaining the high
affinity of binding. ENU is widely used to probe
such interactions, and can identify critical phos-
phate groups that are important for DNA binding.
Ethylation interference experiments have been
used to probe the interaction of the Escherichia
coli Met] repressor and the phage-434 repressor
with their respective operator sequences (45,46). In
both cases, they identified phosphate groups on the
DNA that correlated with interactions that could be
deduced from the crystal structure of the DNA-pro-
tein complexes.

4.2. Base Analogs

The interference methods previously described
can be carried out using either a natural (cloned)
DNA-binding site, or a synthetic-oligonucleotide
duplex bearing the appropriate sequence. It is
worth noting that an alternative way to probe the
effect of individual base modifications on the
DNA-binding affinity of a protein is to incorpo-
rate modified bases at specific sites during the
synthesis of the two strands that are used to form
the duplex. This, naturally, is more time-consum-
ing (and costly!) than the chemical modification
procedures previously described, because indi-
vidual DNA duplexes have to be constructed for
each modification to be studied. Moreover, each
modified DNA duplex has to be tested individu-
ally for DNA binding, usually by a gel-retarda-
tion assay (EMSA).
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Thus, this type of analysis is generally most
useful when a DNA-binding protein has already
been characterized in some detail, and the poten-
tial base changes to be analyzed are clearly indi-
cated by earlier experiments. The results are
generally more clear cut than those obtained by
interference “footprinting,” and can yield quite
accurate values for the relative affinity of the pro-
tein for DNA sequences lacking specific groups
on a base (or even the entire base), from which
the contribution of the relevant interaction(s) to
the binding energy can be deduced (47). There
are now a large number of base analogs that can
be used in this way in which functional groups are
deleted (e.g., inosine, purine, 2-amino purine) or
modified (e.g., 6-thio G, and various methylated
bases such as 5-methyl C, N6-methyl G), as well
as the more traditional approach of simply substi-
tuting one base by another of the standard bases
A, G, C, or T (or indeed, U). If uracil has been
incorporated into the sequence, then treatment
of the oligonucleotide with the enzyme uracil-
N-glycosylase provides a convenient way to
remove the entire base from a given site.

4.3. Binding-Site Selection

At the other extreme, it is possible to synthesize
an oligonucleotide that is degenerate at a number
of sites, i.e., one which contains a random mixture
of the four standard bases at certain positions in a
given sequence. By selecting those sequences that
are preferentially bound by the protein, typically
using EMSA, the preferred bases at selected sites
in the sequence can be established. Many variations
of the basic technique can be found, known by vari-
ous names such as binding site selection analysis
(BSSA) or sequence selection by exponential
enrichment (SELEX). Using low-degeneracy oligo-
nucleotide mixtures, and direct chemical sequenc-
ing of bound and free DNA following EMSA,
Gogos et al. (48) were able to identify preferred
bases in the binding site of the CF2 zinc-finger
protein from Drosophila. In this method, the use
of solid-phase sequencing considerably simplifies
the procedure (49). Other strategies can be adopted
that make use of PCR or DNA cloning after the
initial selection step, using a highly degenerate
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oligonucleotide mixture initially; multiple rounds
of selection can thus be used to amplify small
sequence preferences to determine the optimum
DNA-binding site (50,51).

5. Quantitative Analysis of Binding

When working with purified and well-charac-
terized DNA-binding proteins, one would usually
like to know the equilibrium binding constant that
characterizes the interaction of the protein with
one or more DNA sequences. Many techniques
are available for such studies, the most commonly
employed being gel-retardation assays (EMSA)
which, as discussed in Subheading 2.1., can also
be used more qualitatively to characterize inter-
actions in protein extracts or to aid in the separa-
tion of free and bound protein when using many
of the techniques referred to already. Spectro-
scopic methods (principally fluorescence and cir-
cular dichroism), and quite unrelated techniques
such as surface plasmon resonance, each have
advantages for the analysis of binding.

Whichever method is used, it is vital to know
the protein concentration fairly accurately. Clearly,
the protein must be pure according to SDS-PAGE;
it should also have a good UV spectrum with no
sign of contaminating nucleic acid. It is surpris-
ing how often this is overlooked; not only would
contaminating DNA affect the observed binding
to the DNA-binding site, but it would also give
rise to errors in determination of protein concen-
tration. Assuming the sample is spectroscopically
pure, a reasonable estimate of the protein concen-
tration will be obtained if the molar-extinction
coefficient of the protein is calculated simply by
summing the product of the number and extinc-
tion coefficient of each aromatic amino acid at a
given wavelength, normally 280 nm.

For many purposes, it is often necessary to
know the accurate concentration of the DNA. For
defined sequences, this can be done by adding the
contribution from each of the bases present in
the sequence. However, hyperchromicity should
be taken into account and it is advisable to carry
out snake-venom phosphodiesterase treatment of
the DNA to allow correction for this factor (52)
because the absorbance of the DNA will be lower
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than the sum of its component bases, even if the
DNA duplex is “melted” at high temperature
(when some residual hyperchromicity will always
remain owing to base stacking).

5.1. EMSA of Purified Proteins

EMSA are widely used to quantify the affinity
of a protein for a given DNA sequence. Two
rather different approaches can be used, both
relying on the titration of a protein of known con-
centration into a fixed concentration of DNA.
Often, the DNA concentration is very low (com-
pared with the K for the interaction) and is not
accurately known. In this case, relatively high
concentrations of protein will be required to
achieve significant binding, and the free protein
concentration will be close to that of the total pro-
tein concentration (53). If so, the analysis is very
similar to the Michaelis-Menton analysis for en-
zyme-substrate reactions (in which it is assumed
that the enzyme concentration is negligible com-
pared with the substrate concentration). Similar
procedures for fitting the data can be used, and
likewise an estimate of the K, can be obtained
from the concentration of protein needed to shift
50% of the DNA (cf. the relationship between K,
and V_,,).

One potential drawback of this approach,
however, is that a 1:1 stoichiometry is assumed
(together with the assumption that all the protein
is fully active). In order to check this, it is advis-
able to carry out the gel mobility assay at a
higher concentration of DNA (and consequently,
of protein). At sufficiently high concentrations
([DNA] >> K, binding will be linear with pro-
tein concentration until the stoichiometric point
is reached in the titration, at which point all the
DNA will be bound (Fig. 5). If both the DNA
and protein concentrations are known, the ratio
of the two concentrations at this point gives the
stoichiometry, n. Apparent values of n > 1 could
indicate that more than one protein is binding to
the DNA; an alternative explanation is that not
all of the protein is active. (One way to attempt
to distinguish these possibilities is to repeat the
experiment with different preparations of the
protein.) It is often apparent when more than
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Fig. 5. Theoretical curves for protein binding to a
single site on DNA for different (fixed) DNA concentra-
tions. The binding curves for DNA concentrations equal
to 1, 3, 10, and 100 times the K, are shown. The curve is
also shown for infinitely tight binding (heavy line).

one protein is binding to the DNA as multiple
bands may be seen corresponding to the various
complexes that can form (53). However, the lack
of such bands does not necessarily indicate a 1:1
stoichiometry; for example, a single band is
observed for highly cooperative interactions
such as the multiple binding of gene 5 protein to
oligonucleotides (54).

At intermediate DNA concentrations, only a
fraction (f) of the DNA will be bound at protein
concentration (P) corresponding to the stoichio-
metric point (Fig. §). In this case, it can be shown
that K; = Py (1 — f)*/ f and the equilibrium con-
stant can be obtained without any approximations
(55). This method does require the concentration
of the DNA to be known, and for this reason, is
often done with synthetic oligonucleotides, which
are prepared in sufficient quantities for spectro-
scopic determination of concentration after label-
ing. For the former approach, small quantities of
a cloned DNA fragment will suffice.

It is also possible to measure the kinetics of dis-
sociation of a protein—-DNA complex by EMSA.
To do this, one can form a 1:1 complex, and com-
pete off the protein from the labeled DNA by
incubation with an excess of unlabeled DNA for
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varying times. The amount of labeled complex
should decrease exponentially with time, and a
log plot will yield the dissociation rate constant,
K, (as long as the latter is significantly longer than
the “dead” time of the experiment).

Competition assays can be used quantitatively to
determine the relative binding affinity of a protein for
two or more DNA sequences, for example, to com-
pare binding to DNA sequences containing base analogs
or point mutations. A stoichiometric (1:1) complex is
formed with the canonical DNA sequence at a fixed
concentration (C,). From the concentration (C,) of
unlabeled competitor needed to dissociate 50% of the
complex, the ratio of binding affinities for the two
sequences can be obtained simply from the formula
Ki/K, =[2(C,/C)) — 1] (see ref. 52).

5.2. Surface Plasmon Resonance

Surface plasmon resonance (SPR) or related
techniques such as resonant mirror devices can be
employed to study the kinetics of protein—-DNA
interactions by attaching a DNA probe to the sur-
face of a chip. Usually, the oligonucleotide is
biotinylated so that it can be linked to streptavidin
on the chip surface. The protein is allowed to flow
over the surface of the chip, and the increase in
mass due to protein binding measured (usually
in arbitrary resonance units, or [RU]) as a func-
tion of time. Once bound, the protein can be dis-
sociated from the DNA by flowing buffer over the
chip, and the signal will decrease. Thus analysis
of the time dependence of these two processes
can, in principle, allow the kinetics of the interac-
tion to be investigated, giving the rate constants
for association and dissociation (k,, and k,g).
Figure 6 shows one such example.

For complex binding (e.g., if a number of pro-
teins bind cooperatively), analysis is not at all
straightforward. Even for simple equilibria, how-
ever, where numbers are easy to obtain by fitting
the curves to appropriate equations, one must
exercise great caution in interpreting the “apparent”
values obtained, which can be subject to errors of
many different kinds. A number of self-consis-
tency checks are available that should always be
used before taking the derived parameters too
seriously (56).
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Fig. 6. Analysis of the binding kinetics of the DNA methyltransferase M.EcoR 124 by SPR. The first two phases
of the sensorgram show binding of the protein to a 30-bp DNA sequence containing the recognition site, followed
by dissociation of the protein from the DNA. Subsequent experiments in which the concentration of protein is
varied allow the kinetic constants of the interaction to be obtained. In this example, the curves could be fitted with
the values k,, = 2.5 x 10%/s/ M and k= 2.6 X 1073/s in good agreement with the measured equilibrium binding

constant of 108/M.,

Nevertheless, SPR provides a very useful tech-
nique for comparative analysis of DNA binding
proteins (e.g., using different DNA-binding pro-
tein mutants), and there are many ways in which
the technique can be adapted. For example, the
DNA-binding protein itself can be immobilized
on the surface of the chip, and a variety of DNA
sequences can be tested for their affinity to the
protein. Although there are a number of tech-
niques available for obtaining equilibrium bind-
ing constants, or dissociation-rate constants, SPR
provides one of the few methods for the determi-
nation of association-rate constants directly.

5.3. Spectroscopic Methods

Virtually all the biophysical techniques that can
be applied to proteins can also be applied very
effectively to analyze protein~-DNA interactions.
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Among the most valuable are fluorescence and
circular dichroism, because they are relatively
straightforward. Nuclear magnetic resonance and
X-ray crystallography, of course, are able to pro-
vide far more detail if circumstances are favor-
able, but are much more time consuming and
dependent on very expensive instrumentation.

5.3.1. Fluorescence Spectroscopy

Fluorescence can be used in many different
ways to study the interaction of a protein with
DNA. Most simply, one looks for a quenching or
a wavelength shift in the intrinsic protein fluores-
cence as DNA is titrated in (55), which might
arise if a tyrosine or tryptophan were involved in
the interaction. The resulting binding curve can
be analyzed by the methods described in Sub-
heading 5.1. Alternatively, a fluorescent probe
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can be attached (for example, to a cysteine at a
specific site in the protein). This has the advan-
tages of greater sensitivity (assuming one sees any
change at all), but one should use some other
methods to check that the probe has not perturbed
DNA binding.

An alternative is to use a fluorescence-compe-
tition assay; for example, the fluorescent probe
ANS binds at the DNA-binding site of the methyl-
transferase M.EcoR1241, and competition with
the specific DNA sequence produces a large
decrease in signal as the probe is displaced into
free solution (57). Fluorescence polarization pro-
vides another approach; the increase in molecular
weight of the complex, compared to the free pro-
tein, will often lead to a decrease in the extent of
depolarization of the emitted light, especially in
the case of large complexes (58).

5.3.2. Circular Dichroism (CD) Spectroscopy

CD is less sensitive than fluorescence and thus
is not particularly useful for deriving binding con-
stants for DNA—protein interactions. It does, how-
ever, have a number of important uses in analyzing
the structure of DNA-protein complexes (59).
The far UV CD (170-250 nm) is sensitive to
changes in the secondary structure of proteins and
thus any structural changes due to DNA binding
can be studied. In the near UV CD (250-300 nm),
the signal derives principally from the DNA com-
ponent, and changes here reveal conformational
changes in the DNA when the protein binds. For
example, the gene 5 protein produces a large
decrease in the peak at 276 nm on binding to
single-stranded DNA (58), suggesting a loss of
base-stacking interactions owing to intercalation
of aromatic side chains of the protein. In contrast,
the methyltransferase M.EcoR1241 shows an
increase of over 50% in the CD signal of the DNA
(60), which may be related to the large distortion
in the DNA-binding site suggested by hydroxyl-
radical footprinting of this complex (33).

6. Conclusion

We have aimed to provide a brief overview of
a wide variety of techniques than can be usefully
employed to study DNA-protein interactions,
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from the identification of novel DNA binding pro-
teins in crude cell extracts, to the detailed analy-
sis of the purified proteins and their mode of
interaction with specific DNA sequences. Of neces-
sity, we have had to be selective in the methods
chosen for inclusion. For the sake of illustration,
many of the examples described are taken from
studies being undertaken in our own work, but the
literature in this area is vast.

Many topics have been left out owing to restric-
tions of space; for example, many of the tradi-
tional techniques of protein chemistry and protein
structure analysis are all widely used in the study
of DNA-protein interactions; e.g., chemical mod-
ification and limited proteolysis (61,62). Over-
expression of DNA-binding proteins and their
domains, though not covered here, are also increas-
ingly important tools. For details of these and
other relevant techniques, the reader is referred
to ref. 63.
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