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An Overview of DNA-Protein Interactions 
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Abstract: DNA Protein interactions play very vital roles in any living cell. It controls vari-
ous cellular processes which are very essential for living beings, viz. replication, transcrip-
tion, recombination, DNA repair etc. There are several types of proteins found in a cell. But 
only those proteins interact with DNA, which have the DNA binding domains. Each DNA 
binding domain has at least one motif, which is a conserved amino acid sequence of this pro-
tein, which can potentially recognize a double stranded or a single stranded DNA. These 
DNA binding domains possess an affinity to bind to either double stranded or single stranded DNA. There are 
mainly two broad types of DNA protein interactions: 1) Sequence specific DNA binding and 2) Sequence 
non-specific DNA binding. In case of sequence specific DNA protein interactions, a DNA binding protein 
binds to a DNA on a site having a specific nucleotide sequence. But in case of sequence non specific DNA 
protein interactions, the DNA binding protein can bind to a DNA in a random position on the DNA. As for 
example, the sequence specific DNA protein interaction is found to occur in case of transcription. The tran-
scription factors are a special kind of DNA binding proteins. They can only recognize a specific DNA se-
quence. The sequence non-specific DNA protein interaction occurs in replication. During replication the DNA 
double strand is melted by helicase enzyme, and a replication fork is made. A special kind of protein called 
single strand binding protein or SSB binds to the melted single strand of DNA and stabilizes the system by 
preventing them to be re-natured. There are several motifs present, which are involved in DNA binding, for 
example, helix-turn-helix, leucine zipper, zinc finger, helix-loop-helix etc. In this review, comprehensive 
analyses of DNA-protein interactions are made. The detailed discussions on the topic would be very much es-
sential for all fields of biochemistry and biophysics.  

Keywords: DNA-protein binding, Specificity of binding, Non-specific interaction, DNA binding motifs, 
Domains, DNA. 

1. INTRODUCTION 
 Nucleic acids and proteins are very two of the 
most essential macromolecules for any living cell. 
They are involved in various bio-molecular func-
tions viz., Replication, Transcription, Translation, 
Mutation, DNA repair and so on and so forth. 
Most if not all the important biological functions 
are the outcomes of the complex interplay of DNA 
protein interactions. The central dogma of molecu-
lar biology is entirely dependent on the mode of 
DNA protein interactions be it DNA-Replication, 
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Transcription, Translation, Recombination or 
DNA repair. Scientists have therefore been in-
trigued to decipher the mechanism of DNA-
protein interactions. DNA is a negatively charged 
macro molecule to which protein molecules bind 
in a number of different ways [1]. The interactions 
of proteins with DNA are mostly non-covalent in-
teractions like hydrogen bonding (H-bonding), van 
der Waals interactions and ionic bonds [2]. The 
DNA binding proteins generally have specific 
DNA binding domains. DNA binding domains are 
specific clusters of amino acid sequences which 
remain conserved in the same family of DNA 
binding proteins. A DNA binding domain pos-
sesses at least one amino acid sequence motif 
which can recognize a single stranded or a double 
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stranded DNA. A motif is a typical arrangement of 
specific secondary structural elements joined to-
gether to perform a specific biological task. There 
are several DNA binding motifs found to be pre-
sent, viz.- Helix-Turn-Helix (HTH), Leucine Zip-
per, Zinc Finger to name a few [3-5]. On the basis 
of the mode of interaction between the DNA and 
protein, the DNA-protein interactions can be clas-
sified as: The Sequence Specific Binding or Se-
quence Specific DNA-protein interaction and Se-
quence non-specific Binding or Sequence Non-
Specific DNA-protein interaction. 

 In the sequence specific binding, the DNA-
binding protein can bind tightly to the target DNA 
in a sequence specific manner. The DNA binding 
domain recognizes and binds to a specific base se-
quence of the DNA, which is called the recogni-
tion sequence. Sometimes a DNA binding protein 
can randomly bind to a DNA molecule in a se-
quence independent manner, which is a sequence 
non-specific DNA-protein interaction [6]. In such 
cases the DNA binding protein loosely binds to the 
DNA [7]. However, both the sequence specific and 
sequence non-specific DNA-protein interactions 
are essential for life. In the present review, we try 
to analyze the different modes of DNA-protein 
interaction schemes. The different types of non-
covalent interactions involved in the binding of 
proteins with DNA will be discussed. An overview 
of the molecular recognition process will be eluci-
dated. This review is therefore aimed at scientists 
to have a firsthand knowledge of DNA-protein in-
teractions. 

1.1. Non-Covalent Binding Forces in DNA-
Protein Interactions 
The major binding forces responsible for DNA-
protein interactions are the non-covalent binding 
forces, viz., Hydrogen Bonding (H-bonding), van 
der walls interactions, hydrophobic forces and salt 
bridges or ionic interactions. 

1.1.1. Hydrogen Bonding 
 The term 'Hydrogen Bond' was first introduced 
in the book, named The Nature of the Chemical 
Bond, in 1912 [8]. A hydrogen bond is a weak 
non-covalent force of attraction. It is an outcome 
of dipole-dipole interactions between polar mole-
cules. A hydrogen bond is weaker than any kind of 

covalent or electrostatic forces. But it is much 
stronger than a van der walls interaction [9-12]. 
Based on the donor and acceptor atoms, the H-
bonds can be classified into two different catego-
ries: a) Inter-molecular b) Intra-molecular [13]. A 
DNA binding protein binds to the DNA by form-
ing H-bonds with the negatively charged sugar 
phosphate backbone of the DNA. The DNA bind-
ing motif generally contains a collection of posi-
tively charged basic amino acid residues. The H-
bonding is mediated by the side chains of the basic 
amino acid residues with the negatively charged 
sugar-phosphate backbone of the DNA [14]. 

1.1.2. van der Waals Interactions  
 The van der Waals interactions are another ma-
jor source of interactions between DNA and pro-
teins. The hydrophobic side chains of the amino 
acids in DNA binding proteins make van der 
Waals contact with the hydrophobic C-skeleton of 
the DNA bases [15].  

1.1.3. Hydrophobic Interaction 
 This hydrophobic contact is used to read the 
DNA bases. Protein side chains perform hydro-
phobic interactions to differentiate thymine from 
cytosine. This hydrophobic interaction with bases 
also has an essential role in the sequence-specific 
interactions between bacterial cold shock protein 
and single-stranded DNA [16, 17]. 

1.1.4. Salt Bridges or Ionic Interactions 
 This type of interactions is also mediated by the 
charged or polar side chains of the amino acids. 
The amino acid residues like His, Arg having posi-
tively charged side chains bind to the negatively 
charged phosphate backbones of the DNA [8].  

 Before going into the details of DNA-protein 
interactions, a few words on DNA structure as 
well as DNA binding domains and motifs, are 
worth mentioning. 

1.2. DNA or Deoxyribonucleic Acid  
 DNA or deoxyribonucleic acid is a double 
stranded, helical, bio-polymer. This polymer is 
made up of a simple unit, called nucleotide. The 
nucleotide is made up of nitrogen containing  
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nucleobases, a monosaccharide sugar, which is 
called deoxyribose (in case of DNA the sugar 
molecule is deoxyribose, but in case of RNA it is 
just a ribose sugar), and a phosphate group. The 
primary nucleobases are Adenine (A), Guanine 
(G), Thymine (T), Cytosine (C), and Uracil (U). 
Among them Uracil is found to be present only in 
RNA. Adenine (A) and Guanine (G) are made up 
of double ring structures, and belong to the family 
of purines. Thymine (T), Cytosine (C) and Uracil 
(U) are made up of single ringed structures, and 
belong to the pyrimidines. When a nucleobase 
forms a glycosidic bond with the 1' carbon atom of 
the deoxyribose (or ribose in RNA), then the struc-
ture formed is called a nucleoside. And when a 
phosphate group binds to the 5' carbon of the 
sugar, then the structure formed is called a nucleo-
tide [18, 2]. 

 In a double stranded helix, the two strands are 
bound together by H-bonding and the two strands 
of a DNA molecule run anti-parallel. DNA double 
strand is found to exist in three different confor-
mations, viz: A-DNA, B-DNA and Z-DNA. B 
form of the DNA is the form which is very com-
monly found in cellular environments (Fig. 1) 
[19]. 

 There are some groovy regions found in a DNA 
double helix. These groovy regions are simply and 
distinguishingly termed as major groove and mi-
nor groove. The groove portion with a higher 
width is the major groove. The width of major 
groove is about 22 Å. And the groove with a com-
paratively lower width is called the minor groove. 
The width of the minor groove is about 12 Å [20, 
21]. 

 The higher width in the major groove provides 
more accessibility to read the sequence than the 
minor groove. As a results proteins like transcrip-
tion factors which have to bind to a specific se-
quence in a DNA, interact or access the major 
groove in the DNA [22].  

1.3. DNA Binding Protein Domains & Motifs 
 In a protein there are some conserved amino 
acid sequences or conserved tertiary structures 
which can fold and evolve independently to the 
rest of the protein body. They are called protein 
domains. In 1973 the domain concept was first in-
troduced by Wetlaufer [4]. There are several cate-

gories of protein domains according to their func-
tions, positions etc. DNA binding domain is one of 
them. A DNA binding domain must have a DNA 
binding motif, which has the ability to recognize a 
single stranded or a double stranded DNA and can 
bind either on a specific sequence, which is called 
the recognition sequence or on a random position 
on the DNA. There are several DNA binding mo-
tifs found to be present [5]. They are:  

 

 
 
Fig. (1). A DNA double helix of B-form DNA. 
 
1.3.1. Helix-Turn-Helix  
 Helix-Turn-Helix (HTH) (Fig. 2) is a DNA 
binding protein motif, commonly found in several 
transcription factors, about 20 to 25 amino acids 
long. It's found in both eukaryotes and prokaryo-
tes. The HTH motif is composed of two α-helices, 
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connected by a short amino acid chain, which 
builds the turn. The helix near to the C-terminal is 
called the recognition helix. This recognition helix 
interacts with the major groove to play an impor-
tant role in the specific DNA sequence recogni-
tion. However, the amino acid sequences of this 
recognition helix differ from protein to protein. 
Transcriptional factor, LasR of Pseudomonas 
aeuriginosa possess a HTH motif in the C-terminal 
DNA binding domain [23-27]. 

 

 
 
Fig. (2). Helix-turn-helix motif from a X-ray crystallo-
graphic structure. PDB ID: 1L3L [23]. The HTH motif 
of each chain is indicated by an arrow. 
 
1.3.2. Zinc Finger Motif  
 This is another DNA binding amino acid se-
quence motif. The specialty of the motif is that the 
motif binds to the DNA with the help of Zn+2 ions. 
The compositions of the motifs vary greatly de-
pending on their Zn+2 ion binding amino acid resi-
dues, viz - Cys2His2Zn1, Cys4Zn1, Cys3His1Zn1 
and Cys6Zn2. The proteins having the Cys2His2 
motif are referred to as zinc finger proteins (Fig. 3). 
A characteristic feature of this protein motif is 
that, the zinc finger motif is coordinated to one or 
more Zn+2 ions. This Zn+2 ion stabilizes the three 
dimensional structure of the motif. The zinc finger 
domain is generally 23 to 28 amino acids long. 
The motif generally consists of a single recogni-
tion helix and a 2-strand beta-sheet. Xenopus 
laevis TFIIIA contains a zinc finger motif [28-30]. 

 
 
Fig. (3). Zinc finger motif from a X-ray crystallo-
graphic structure. PDB ID: 1ZAA [28]. The zinc atoms 
is indicated by arrows. 
 
1.3.3. Leucine Zipper 
 The leucine zipper DNA binding motif is 60 to 
80 amino acids long. The proteins bearing this mo-
tif generally act as a dimer. This motif is so named 
because two α-helices from each monomer are 
bound together by the interaction of the two 
Leucine residues from the two α-helices, forming a 
coiled-coil structure, and its look like a teeth of a 
zipper. Just after this dimerization region, these 
two α-helices form a Y-shaped structure which 
interacts with the DNA major grooves. c-fos, c-
jun, etc are the Leucine zipper proteins [31-33]. It 
has been observed that several gene regulatory 
proteins bind to a DNA as homodimers. Each 
monomer provides a specific interaction with the 
DNA, so a homodimer can provide a strong spe-
cific binding. And very commonly in these types 
of homodimers, the dimerization interface is dis-
tinct from the DNA binding interface (as for ex-
ample, the HTH motif). But in the Leucine zipper 
motif containing proteins these two interfaces are 
combined. A Leucine zipper motif contains an al-
pha helix with a Leucine residue at every 7th 
amino acid position (Fig. 4).  

1.3.4. Helix-Loop-Helix  
 A helix-loop-helix (HLH) is another DNA-
binding protein motif found to be present in sev-
eral transcription factors. The HLH motif is made 
up of two α-helices, connected by a loop. Proteins 
with HLH motif forms both homo and hetero-
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dimers. Human protein AHR, ARNT, etc pos-
sesses HLH motif (Fig. 5) [34-36]. 

 

 
 
Fig. (4). Leucine zipper motif from a X-ray crystallo-
graphic structure. PDB ID: 1YAS [31]. 
 

 
 
Fig. (5). Helix-loop-helix motif from a X-ray crystallo-
graphic structure. PDB ID: 4H10 [34]. 

1.3.5. HMG-Box 
 HMG-box (High Mobility Group box) (Fig. 6) 
is another class of DNA binding protein motif. The 
HMG-box is made up of 3 α-helices connected by 
loops. The DNA-binding protein which has this 
motif can only bind to any DNA conformation, 
except B-type conformation (kinked or unwound) 
with high affinity. These HMG-box motifs are 
found in proteins with high mobility, which are 
involved in DNA-transcription, DNA-Replication 
and DNA-Repair methods. Human LEF1 contains 
a HMG-box [37-39]. 

 

 
 
Fig. (6). HMG-Box from a X-ray crystallographic 
structure. PDB ID: 2lEF [37].  
 
1.4 DNA-Protein Interaction  
 DNA protein interactions are inevitable for liv-
ing beings. This interaction carries the central 
dogma of any life. Such interactions are found in 
any cells be it a lower prokaryotic organism or a 
higher eukaryotic organism [18, 22]. 
 As mentioned earlier, that DNA-Protein inter-
actions can be distinguished as: 

1) Sequence specific DNA-protein interactions 

2) Sequence non-specific DNA-protein interac-
tions 

1.4.1. Sequence Specific DNA-Protein Interac-
tion 
 In Sequence specific DNA-protein interactions, 
a DNA binding protein, with its DNA binding motif, 
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interacts with a DNA in the major groove, in a se-
quence dependent manner. The modes of such in-
teractions are dependent on the specific base se-
quences of the DNA, and the specific structural 
conformations of the DNA. The specific base se-
quences are also referred to as the specific sites. 

1.4.1.1. Specific Site 
 We have discussed earlier in this article, that in 
a DNA double helix, groovy regions are formed. 
The wider grooves (22 Å) are called major 
grooves and the comparatively less wide grooves 
(12 Å) are called minor grooves. The wideness of 
a major groove provides a better exposure of the 
nucleotide bases to a DNA binding protein than 
the minor groove. In case of sequence specific 
DNA-protein interactions, the DNA binding pro-
teins interact in the major groove of the DNA. It 
uses the exposure of DNA bases in the major 
groove, which helps the DNA binding protein to 
identify and read the specific sequence. But the 
minor groove cannot provide a sufficient exposure 
for a DNA binding protein, where it can distin-
guish a specific sequence [21, 2] (Fig. 7). The dis-
tribution pattern of hydrogen bond acceptor, hy-
drogen bond donor, hydrogen atom, and methyl 
group, in major groove is different for all the four 
base pairings, A*T, T*A, G*C, C*G. So a specific 
sequence of base pairing generates an array of 
unique arrangement patterns necessary for interac-
tions with specific DNA binding sequence motifs 
in DNA binding proteins. That is how a DNA ma-
jor groove can provide the specificity to the se-
quence specific DNA binding proteins. However, 
such is not the case for the minor groove. The 
modes of base pairings of A*T and T*A as well as 
G*C and C*G is the same for the minor groove. 
So in minor groove the DNA bases are indistin-
guishable. Thus, the minor groove cannot provide 
sequence specificity to the sequence specific DNA 
binding proteins. Some zinc finger proteins and 
HMG protein form hydrogen bonds in the minor 
grooves of DNAs [2, 40, 41]. 

1.4.1.2. Sequence Dependent DNA Bending  
 DNA bending is an important feature for site 
specific DNA protein interactions. This property 
provides the second source for sequence specific-
ity in DNA protein interactions, by providing a 
structural complementarity for the protein. The 

bending of the DNA depends on the sequence of 
the nucleic acids. A specific sequence provides a 
specific binding site for the DNA binding protein, 
and the specific bend formed due to the specific 
sequence makes a specific bent conformation, 
which helps the protein to bind with a lower free 
energy expense. The bend is formed due to the dis-
tortion in the sugar phosphate backbone. The 
bending of the DNA is grouped in three catego-
ries- 

• Local distortion. 

• Local distortion at successive base. 

• Several severe local distortion. 

 The local distortion leads to the DNA bending 
which occurs at a single site. In the second type a 
collective bending occurs due to distortion in suc-
cessive bases. And in the third type several severe 
local distortions produce kinks on DNA [42, 43]. 
The sequence specific DNA-protein interaction is 
needed during Transcription, Restriction endonu-
clease activity etc. During transcriptions, a tran-
scription factor binds to the promoter region con-
taining a specific DNA sequence, called a recogni-
tion sequence and controls the rate of the tran-
scription of genetic information from DNA to 
mRNA [44]. For example LasR is a transcription 
factor present in Pseudomonas aeuriginosa. This 
transcription factor controls the transcription of 
hcnABC genes [27].  

1.4.2. Sequence Non-Specific DNA-Protein In-
teractions 
 In case of a sequence non-specific DNA-protein 
interaction, a DNA binding protein is known to 
possess a general affinity to bind to a DNA strand. 
The protein uses ionic interactions to bind with the 
sugar-phosphate backbone of the DNA. Proteins 
showing site-specific binding with DNA also have 
some affinity to non specific DNA sequence. 
There are several events occurring in a cell where 
some DNA-binding proteins have to interact with 
DNA, but not in sequence specific manners. DNA 
Packaging is one of them [45, 46]. For example, in 
Sulfolobus solfataricus a histone like protein, 
Sso7d binds with its DNA by a triple-stranded β-
sheet in the DNA minor groove and helps in DNA 
packing [46]. The other examples of DNA-protein 
sequence non specific interactions include ho-
mologous recombination, DNA repair etc. During 
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replication there are several proteins interacting 
with the DNA, but not in a sequence specific man-
ner, viz- topoisomerase, helicase, single strand 
binding protein etc. They all interact with DNA, 
but not on a specific site. In case of homologous 
recombination, the RecA protein helps in the pair-
ing between a single-stranded DNA molecule and 
a homologous sequence from another DNA mole-
cule, a process called synapsis. When a DNA re-
pair is required during a DNA double strand break, 
it is performed by DNA ligase enzyme. All of 
these DNA-protein interactions occur in a se-
quence independent manner [10]. 

1.5. Biological Processes Involving DNA-
Protein Interactions 
 There are many important biological processes 
mediated by DNA-protein interactions. Among 
them the most important ones are: DNA-replication, 
DNA-transcription and DNA repair. 

1.5.1. DNA Replication 
 DNA replication is the biological process, which 
is needed to make a replica of the DNA for a new 

cell which is produced during cell division. There 
are several enzymes that interact with DNA, dur-
ing this process. To initiate this process of replica-
tion, an initiator protein interacts with the DNA in 
the region, called origin of replication, which is an 
AT rich region [47]. The most important enzymes 
are DnaB, DnaC, SSB protein, DNA Polymerase, 
RNaseH and ligase. These proteins make direct 
contacts with DNA in this process [48-50].  

1.5.2. Transcription 
 Transcription is another essential biological 
process needed for gene expression. In this process 
DNA is transcribed to messenger RNA or mRNA. 
This mRNA contains a coded message, which is 
decoded when it is translated during translation 
process. In this process also some transcription 
performing proteins are involved, which interact 
with the DNA during this process. The transcrip-
tion process is mainly conducted by two types of 
proteins, called the transcription factors, and RNA 
polymerase. The transcription factor binds to a 
promoter region on the DNA and recruits the RNA 
polymerase. A transcription factor interacts with 
the DNA in a sequence specific manner by binding 

 
 
Fig. (7). The above picture is showing the distribution pattern of - Hydrogen bond acceptor, enclosed by triangle 
sign. Hydrogen bond donor, enclosed by circle. Hydrogen atom, enclosed by rhombus. And methyl group, enclosed 
by rectangle. For all the four base pairing, A*T, T*A, G*C, C*G, in major and minor groove. The upper face is 
representing the major groove, and the lower face representing the minor groove in each base pairs (A, B, C, D). 
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to a specific promoter sequence. Both the tran-
scription factor and RNA polymerase directly in-
teracts with the DNA during this process [10]. 

1.5.3. DNA Repair 
 A cell cannot function properly if DNA damage 
occurs. This damage can corrupt the information 
present in the genome. There are mainly two types 
of DNA repair system is present, based on their 
functions [51-55]. 

• Direct reversal repair of DNA damage. 

• Excision repair of DNA damage.  

 In this repair system some proteins are involved 
to participate in the repair mechanism. The impor-
tant enzymes are O6-methylguanine methyltrans-
ferase, apurinic/apyrimidinic endonuclease or AP 
endonuclease, DNA glycosylase.  

1.6. Detection of DNA Protein Interaction 
 There are so many in vitro and in vivo tech-
niques which are used in the detection of DNA-
protein Interactions. The following section gives a 
brief description of the different techniques.  

1.6.1. DNA-Protein Interaction Study X-Ray 
Crystallography Method 
 X-ray crystallography is the most efficient tool 
which is used to identify the atomic level details 
DNA-protein interactions. The technique requires 
a high quality crystal of the specimen molecule. 
The crystallization technique is more art than a 
science. A crystallographer can make a 3D image 
of electron density of the specimen under study by 
the measurement of the diffracted beams and the 
angel of the beams. The position, chemical bonds 
of an atom in the crystal and much other informa-
tion can be determined from this electron density. 
X-ray crystallography is very useful technique for 
a macromolecule study, but the limitation of this 
technique is the difficulties in crystallizing of a 
macromolecule [56]. 

1.6.2. DNA-Protein Interaction Study by Nuclear 
Magnetic Resonance (NMR)  
 Nuclear Magnetic Resonance (NMR) is a spec-
troscopic method in which atomic nuclei in a 

magnetic field absorb and re-emit electromagnetic 
radiation. This technique is used for characteriza-
tion of the macromolecules and complexes [57, 
58]. NMR studies of large macromolecules and 
complexes are performed in liquid state. In NMR 
study of Protein-DNA complex, structural re-
straints are collected, which are used to perform 
the structural calculation. Different types of infor-
mation are collected: ambiguous restraints, which 
is generally derived by mapping of the interaction 
surface, and unambiguous restraints, which is pro-
vided by mainly three types of data, and paramag-
netic relaxation enhancement (PRE), intermolecu-
lar nuclear Overhauser effects (NOEs), and resid-
ual dipolar couplings experiments. All these com-
bined data are used to compute a high quality 
DNA-protein complex structure [59]. 

 Besides these techniques, there are other tech-
niques which are widely used for the detection of 
DNA-protein interactions, viz: Electrophoretic 
Mobility Shift Assay (EMSA) [60, 61]. It is an 
electrophoretic separation technique of a protein–
RNA or protein–DNA mixture on a agarose gel or 
poly-acrylamide gel. A specific type of immune-
precipitation technique called Chromatin Immuno-
precipitation is also used to detect the interaction 
between DNA and proteins [62]. DNase footprint-
ing assay is a technique used to detect the DNA-
protein interaction by using the deoxyribonuclease 
or DNase enzyme [63]. Bio-molecular interaction 
analysis by Surface Plasmon Resonance (SPR) 
spectroscopy is an optical technique used to detect 
DNA-protein interaction [64]. Fluorescence 
method, electron microscopy, atomic force mi-
croscopy, yeast two-hybrid system, bacterial one 
hybrid system are some of the techniques which 
are widely used in the detection of DNA-protein 
interaction [65, 66]. 

1.7. DNA-Protein Interaction-Final Words 
 DNA-protein interactions are necessary for 
many different biological processes. Without such 
interactions, life cycle would be stopped. How-
ever, the detailed mechanism of DNA-protein in-
teractions at the molecular level is still not very 
clear. This review is therefore aimed at giving a 
brief overview of the different modes of DNA-
protein interactions. This review may be consid-
ered as a first hand guide to the scientists who are 
interested in this field. 
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