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DNA-binding proteins recognize specific DNA sequences by a combination of molecular

interactions. Protein–DNA complex formation is frequently accompanied by

conformational changes in one or both components of the complex. Protein–DNA

interactions differ in several respects frommost other ligand–receptor interactions in cells,

and these characteristics place special requirements on the energetics and dynamics

of protein–DNA interactions and explain many of the special properties of these

complexes.

DNA-binding Specificity

The biological functions of variousDNA-binding proteins
require different degrees of sequence selectivity in DNA
recognition. Proteins that function at all sites in the
genome, such as those that participate inDNA replication,
general recombination or DNApackaging, usually exhibit
small differences in binding affinity at different nucleotide
sequences. In contrast, proteins that function at only a
small number of sites in the genome, such as those that
participate in transcription regulation, site-specific recom-
bination or DNA restriction, generally exhibit preferential
binding to selected nucleotide sequences or structures. The
ratio between the affinity of binding to specific DNA
recognition sequences and to nonspecific sites (selectivity
ratio) varies over a range of more than 100-fold for
different DNA-binding proteins. There is no obligate
relationship between DNA-binding affinity and sequence
selectivity. Specific interactions can be weak and
nonspecific interactions can be strong. To achieve the
broad range of sequence selectivities and binding affinities,
different proteins make use of different combinations of
sequence-selective and nonselective interactions. (See Pro-

tein–DNA Interactions)
The binding affinities of each protein at different DNA

sequence elements form a continuum between the specific
and nonspecific DNA binding affinities. Some proteins
exhibit broad sequence selectivity, in which case single or
multiple base pair substitutions in the optimal recognition
sequence have onlyminor effects on binding affinity. Other
proteins exhibit narrow sequence selectivity, in which case
single base pair substitutions cause large reductions in
binding affinity. The biological functions of proteins at
different sites can be affected by differences in binding
affinity. Nevertheless, natural regulatory elements often
contain suboptimal recognition sequences, indicating that
sites of intermediate affinity can also have important
biological functions. The occupancy of sites of different

affinities in the genome can vary as a function of the protein
concentration. Thus, differences in binding affinity can
tune the biological response to the strength of the signal
through variations in protein concentration. Other factors
that influence the distribution of proteins among different
sites in the genome include interactions with other DNA-
binding proteins and accessibility of the sites. (See Protein–
DNA Complexes: Specific; Protein–DNA Complexes: Nonspecific)
In contrast tomost other ligand–receptor interactions, it

is neither possible nor advantageous for DNA-binding
proteins to exclude nonspecific binding sites from their
recognition surfaces. Nonspecific DNA binding can
facilitate the search for specific DNA-recognition se-
quences. This is due to the covalent linkage between
specific and nonspecific binding sites on DNA. Many
proteins can shift rapidly between adjacent nonspecific
binding sites, and thereby slide along the DNA helix. This
enables a protein to sample more binding sites in a given
time than would be possible were it necessary for the
protein to dissociate from DNA prior to transfer to a new
site. Some proteins are also able to undergo direct transfer
between two DNA molecules without the need to
dissociate from DNA. These facilitated diffusion mechan-
ismsmake it kinetically possible for proteins to locate their
specific binding sites embedded in a large excess of
nonspecific sites.
Structural studies of protein–DNA complexes together

with analysis of the energetics of protein–DNA interac-
tions have provided a detailed understanding of the
molecular basis of specificDNArecognition. The sequence
selectivity of protein binding to DNA results from a
combination of interactions with functional groups on the
nucleotide bases (‘direct read-out’) and interactions with
the deoxyribose and phosphate moieties as well as water
moleculeswhose positions or conformations dependon the
base sequence (‘indirect read-out’). Proteins also make
DNA contacts that are not affected by the nucleotide
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sequence of the binding site. Such nonselective interactions
increase the affinity of the interaction but reduce the
selectivity ratio. Both direct and indirect read-out aswell as
nonselective contacts involve several types of molecular
interactions, including hydrogen bonding, electrostatic
interactions, the hydrophobic effect, and van der Waal’s
forces. These interactions are also affected by the steric fit
between the protein and DNA surfaces. In some cases,
DNA-binding proteins recognize base pairs that are
outside the structurally defined contact interface. Recogni-
tion of such flanking base pairs may be mediated by long-
range electrostatic interactions or by sequence-dependent
variations in DNA structure. (See Protein–Ligand Interactions:

General Description)
The overall affinity of protein–DNA interaction is

determined by the difference in free energy between the
free components and the complex togetherwith the solvent
molecules associated with each state. The sum total
differences in intermolecular and intramolecular interac-
tions define the changes in enthalpy (DH) and entropy (DS)
resulting from the protein–DNA interaction (see Table 1).
These determine the change in Gibbs free energy (DG)
caused by complex formation, and the affinity of the
interaction (Kd) at each temperature. The enthalpy and
entropy changes for DNA binding by many proteins have
opposing effects on the free energy of complex formation.
Formation of some protein–DNA complexes is enthalpy
driven, whereas formation of the majority is entropy
driven. Thus, protein–DNA complexes vary both in the
molecular interactions that stabilize complex formation
and in the thermodynamic consequences of those interac-
tions. (See Thermodynamics in Biochemistry; Binding Constants:

Measurement and Biological Range; Protein–Ligand Interactions:

Energetic Contributions and Shape Complementarity)

Hydrogen Bonding

The nucleotide base pairs present numerous functional
groups that can serve as hydrogen bond donors or
acceptors. These include groups on the bases and
deoxyribose rings as well as the phosphates. Likewise,
the peptide backbone as well as most amino acid side-
chains can form hydrogen bonds. Hydrogen bonding can
contribute to direct read-out through contacts with base
pairs as well as to indirect read-out and nonselective
interactions through contacts with deoxyriboses and
phosphates. Hydrogen-bonding interactions can also be
mediated by water molecules whose positions and orienta-
tions are fixed by simultaneous hydrogen bonding to both
the protein and the DNA. Since many groups on proteins
and DNA contain multiple hydrogen-bond donors and
acceptors, hydrogen bonds frequently form networks that
connect multiple amino acid residues and nucleotide base
pairs. Since the length and geometry of a hydrogen bond
are restricted, interactions within such hydrogen-bonding
networks can be highly cooperative. (See Nucleic Acids:

General Properties; Water: Structure and Properties)
Contacts with the nucleotide bases generally require that

the protein enter into the major or minor groove to access
the edges of the stacked base pairs. The four base pairs
present distinct arrangements of hydrogen-bond donors
and acceptors in themajor groove (Figure 1). Thus, the base
pairs can be specifically recognized through direct hydro-
gen-bonding interactions within the major groove. Many
secondary structural elements are well suited to position
amino acid residues within the grooves of the DNA helix.
The diameter of the a helix is similar to the contour of the
major groove. Thus, the side-chains of amino acid residues
within an a helix that passes through the major groove can

Table 1 Protein–DNA interactions

Free energy of protein–DNA complex formation
∆G = ∆H–T∆S

where ∆G = change in Gibbs free energy; ∆H = change in enthalpy; ∆S= change in entropy; 
T = absolute temperature

Heat capacity
CP = ∆H/∆T

Electrostatic potential Φ at a distance r from point charge of ze with Debye-Hückel screening

where e = charge on the electron; ε = extinction coefficient; N0 = Avogadro’s number; 
k = Boltzmann’s constant; I = ionic strength
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contact the edges of base pairs at the bottom of the major
groove. Bases in themajor groove can also be contacted by
amino acid residues in b ribbons, at the edges of b sheets,
within turns or in loops connecting elements of secondary
structure. The arrangement of hydrogen-bond donors and
acceptors in theminor groove is similar forG:C andC:Gas
well as for A:T and T:A base pairs (Figure 1). In addition,
the minor groove is deeper and narrower than the major
groove, and therefore the base pairs are less accessible.
However, bases within the unperturbed minor groove can
be contacted by amino acid residues in extended peptide
conformations, b ribbons, b turns or the ends of helices. In
addition, bending and unwinding of the DNA helix can
make the minor groove more accessible to direct contacts
by amino acid residues in other secondary structural
elements. (See Protein–Nucleic Acid Interaction: Major Groove

Recognition Determinants)
Hydrogen-bonding interactions with deoxyribose and

phosphate groups can contribute to both sequence-
dependent as well as nonselective DNA binding. Since
the strength of hydrogen bonding depends on the distance
between and geometry of the donor and of acceptor, such
interactions can sense differences inDNAconformation or
flexibility. The base sequence affects both the average
conformation and the dynamic flexibility of the DNA
helix. Thus, hydrogen-bonding interactions that depend
on the conformation of the DNA helix can contribute to
the sequence-dependence of DNA binding. In addition,
hydrogen-bonding networks that involve both nucleotide
bases and deoxyriboses and phosphates can increase the
energetic contribution of hydrogen bonding to sequence-
selective DNA binding.

The amino acid residues that form hydrogen bonds to
specific base pairs vary between different protein–DNA
complexes. Thus, there is no universal code for protein–

DNA recognition. However, some hydrogen-bonding
interactions between individual amino acid residues
and base pairs have been observed at high frequency.
These include a bidentate interaction between the guani-
dium group of arginine with N7 and O6 of guanine,
and interactions between the hydrogen bond donor
and acceptor of glutamine with N6 and N7 of adenine
(Figure 1). In addition, among structurally related
DNA-binding proteins, differences in DNA binding
specificity often correlate with specific amino acid sub-
stitutions. Thus, in the context of a particular protein fold,
specific amino acid residues have dominant effects on the
recognition of individual base pairs. Consequently, it is
possible to predict the changes in DNA binding specificity
caused by individual amino acid substitutions, and in some
cases to design modified proteins with defined DNA-
binding specificities. (See DNA-binding Enzymes: Structural

Themes)
Hydrogen-bonding interactions make a significant

contribution to the enthalpy change (DH) of protein–
nucleic acid complex formation. This enthalpy change
reflects the net difference between the enthalpy of the
hydrogenbonds formedand the enthalpies of the hydrogen
bondswithwatermolecules and intramolecular bonds that
are broken during complex formation. Hydrogen bonding
also influences the entropy change (DS) ofDNAbindingby
constraining both local and global vibrational, transla-
tional and rotational degrees of freedom of both the
protein and DNA. In addition, changes in water structure
caused by hydrogen bonding can both increase the entropy
as a result of the release of water molecules from the
hydrogen-bonded surfaces and decrease the entropy as a
result of trapping of ordered water within the protein–
DNA interface. The relative magnitudes of these factors
differ among various protein–DNA complexes.
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Figure 1 Functional groups available for direct recognition in the major and minor grooves on guanine (G)–cytosine (C) and adenine (A)–thymine (T)

base pairs. Hydrogen bond acceptors are indicated by diamonds and hydrogen bond donors are indicated by hourglass shapes. The methyl
group on thymine is indicated by a circle. Reproduced from Steitz (1990) & Cambridge University Press.
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Electrostatic Interactions

Owing to the acidic character of the phosphate groups,
DNA has high negative charge at physiological pH.
Consequently, charge interactions are amajor determinant
of the affinity of protein–nucleic acid interactions. The
major charged groups in DNA are the phosphates. Other
potential sites of electrostatic interactions inDNAare thep
orbitals of unstacked base pairs. Proteins contain both
negatively (glutamate and aspartate) and positively (lysine
and arginine) charged residues, as well as residues whose
charges depend on their local environments (histidine,
cysteine and tyrosine). The number and positions of these
residues in the complex determine the contribution of
electrostatic interactions to protein–DNA complex
formation. The amino and carboxyl terminal ends of the
peptide chain as well as a helix dipoles also influence the
charge distribution of the complex. (See Protein–Ligand

Interactions: Molecular Basis)
Electrostatic interactions are generally considered to

contribute primarily to the nonspecific DNA-binding
affinity of proteins. However, since the strength of electro-
static interactions depends on the distance between the
charged groups, electrostatic interactions with phosphates
can alsobe affectedbyDNAstructure and therefore bybase
sequence (Ramirez-Carrozzi and Kerppola, 2001a). Con-
versely, DNA structure can be affected by electrostatic
interactions with charged residues in the protein. Positively
charged groups can bend DNA towards the protein,
whereas negatively charged groups can bend DNA away
from the protein (Ramirez-Carrozzi and Kerppola, 2001a).
The structure ofDNAcan also be affected by neutralization
of phosphates on one face of the DNA helix. The resulting
charge imbalance on opposite sides of DNA can cause the
DNA to bend towards the uncharged surface. Thus,
electrostatic interactions contribute to the interdependence
between protein binding and DNA structure. (See DNA

Structure Changes Coupled to Protein Binding)
The strength of electrostatic interactions is affected by

the concentration and valence of ions in solution. The ions
have two distinct effects on electrostatic interactions
between proteins and DNA. First, because of the high
charge density of DNA, it is associated with counterions
that partially neutralize the charge of the phosphates
(Manning, 1978). The valence of the counterions is the
major determinant of the extent of charge neutralization.
Owing to the high charge density of DNA, the extent of
counterion condensation is relatively insensitive to the
concentration of ions in bulk solution. Interactions
between charged groups on proteins and the phosphates
releases these counterions from DNA. Thus, counterion
condensation reduces the absolute enthalpy change (DH)
of protein–nucleic acid interactions, but increases the
entropy change (DS). The effect of salt concentration on
the affinity of protein binding to DNA can be used to
estimate the number of counterions displaced from DNA

during complex formation. Second, the presence of ions in
the medium separating the charged groups reduces the
strength of their interaction through Debye–Hückel
screening (see Table 1). The strength of charge interactions
in the presence of dissolved ions decreases exponentially
with the distance between the charged groups. Never-
theless, because of the high charge density of DNA,
electrostatic interactions can have long-range effects on
protein–DNA interactions and do not require direct
contact between the charged groups. Thus, electrostatic
interactions canmediate effects of cofactor binding to sites
on DNA-binding proteins distal from the DNA contact
surface on their binding affinities. (See Protein–DNA Interac-

tions: Polyelectrolyte Effects)
The electrostatic potential in the vicinity of proteins is

also affected by the large difference in dielectric constants
between the interior of proteins (e� 4) and in aqueous
solution (e=80). Therefore, the overall shape of the
protein affects the electrostatic potential distribution
(Honig and Nicholls, 1995). This effect can mediate
electrostatic focusing where high electrostatic potential is
concentrated in narrow clefts in a protein. The DNA
contact surface of DNA-binding proteins typically has
high positive electrostatic potential. This charge comple-
mentarity may help steer the protein into the appropriate
alignment withDNA during the initial encounter. Electro-
static interactions are also a major determinant of
nonspecific DNA binding and can facilitate localization
of specific binding sites.

Solvation and the Hydrophobic Effect

Macromolecules in aqueous solution are associated with a
large number of solvent molecules whose properties are
affected by their interactions with the macromolecule.
Protein–DNA interactions involve large changes in the
organization of water near the macromolecular surfaces.
The water structure contributes to both the entropy and
enthalpy changes of protein–DNA complex formation.
These changes are caused by differences between water–
macromolecule and water–water interactions. Water
associated with polar surfaces is hydrogen-bonded to
donor and acceptor groups on the surface. Removal of
such water requires breaking of the hydrogen bonds and
their replacement with hydrogen bonds to other water
molecules. This desolvation of polar surfaces generally
increases the enthalpy. In contrast, water associated with
nonpolar surfaces has fewer hydrogen-bonding interac-
tions. Transfer of such water into the bulk phase increases
hydrogen–bonding interactions and reduces the enthalpy.
(See Cell Macromolecules; Cell Biophysics)
An even larger contribution to the energetics of many

protein–DNA interactions is made by the entropy changes
caused by the displacement of bound water. Water
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molecules near nonpolar surfaces are more constrained in
motion and orientation than water molecules in bulk
solution. Thus, removal of nonpolar surfaces from solution
through complex formation releases water molecules into
bulk solution, resulting in higher entropy. This effect
promotes the association of hydrophobic groups, and is
therefore called thehydrophobic effect. The release ofwater
is the major factor contributing to increased entropy (DS)
during protein–DNA complex formation. In the majority
of cases, this entropy increase is larger than the reduction in
entropy caused by the decrease in the local and global
vibrational, translational and rotational degrees of freedom
of the macromolecule caused by complex formation. Thus,
water is an important participant inprotein–DNAcomplex
formation. (See Hydrophobic Effect)

The majority of specific protein–DNA interactions are
characterized by large negative heat capacity changes
(DCP) of complex formation. The heat capacity represents
the temperature-dependence of the enthalpy of a system
(see Table 1). The change in heat capacity upon protein–
DNA interaction is caused at least in part by the removal of
nonpolar surfaces from contact with water. However, the
changes in nonpolar surface area in structurally character-
ized protein–DNA complexes appear to be smaller than
those predicted by the change in heat capacity. This
apparent discrepancy has been explained either by
postulating that DNA binding is coupled to other
structural changes that reduce the exposed nonpolar
surface area (Spolar and Record, 1994) or by invoking
other factors that affect heat capacity, such as the
vibrational and rotational degrees of freedom of water
molecules in the protein–DNA interface (Ladbury et al.,
1994). The large increase in entropy and decrease in heat
capacity accompanying DNA binding by many proteins
indicate that protein–DNA complex formation is thermo-
dynamically analogous to protein folding. (See Protein

Folding: Overview of Pathways)
The hydrophobic effect can contribute to sequence-

selective DNA recognition. In the small number of
complexes bound to nonspecific sites for which high-
resolution structural information is available and in
molecular dynamics simulations, the protein–DNA inter-
face in nonspecific complexes is more hydrated. In
addition, nonspecific DNA binding by several proteins
causes smaller changes in heat capacity. This suggests that
the nonpolar surfaces of such complexes are still associated
with water molecules and that molecular motions at the
interface are not constrained. In contrast, binding to
specific sites causes a large reduction in heat capacity,
consistent with a more rigid interface. Formation of a
specific contact interface is coupled to the release of water
molecules that remain bound in nonspecific complexes.
The release of bound water is therefore a hallmark of
specific complex formation and can contribute to se-
quence-specific DNA recognition.

Van der Waal’s Forces and Steric Fit

Specific protein–DNA complex formation requires a
close fit between the surfaces of the protein and DNA
molecules. The close apposition of neutral atoms causes
a correlation between their electron distributions,
resulting in an attractive van der Waal’s force. The
magnitude of the force depends on the distance between
the interacting surfaces and the area of their interaction.
Thus, large neutral surfaces, such as thymine methyl
groups on DNA are sites of potential van der Waal’s
interactions with uncharged side-chains on proteins. Van
der Waal’s interactions with deoxyribose rings can also
contribute to indirect read-out or nonselective DNA
binding. In some cases, disruption of the stacking of
bases in the DNA helix allows contacts between the
faces of the bases and hydrophobic residues, causing a
large van der Waal’s force. In general, van der Waal’s
forces between proteins and DNA are relatively small
and influence mainly DNA binding specificity rather
than binding affinity.
If atoms are brought into too close proximity, their

electron distributions will overlap, causing a strong
repulsive force. Thus, in order for proteins to interact
with DNA it is necessary not only for them to make
favourable contacts but also to avoid unfavourable
ones. It is theoretically possible to create a specific
protein–DNA interaction by combining nonselective
favourable interactions with sequence-selective unfa-
vourable interactions. Although this may not happen
to the exclusion of favourable sequence-selective inter-
actions, some of the close contacts in protein–DNA
complexes confer sequence specificity by preventing
interactions at other sites rather than by stabilizing
the complex relative to the free components. Thus,
unfavourable interactions at nonspecific binding sites
are an important mechanism contributing to sequence-
selective DNA recognition.
The overall free energy change of sequence-selective

DNA binding reflects the balance between large favour-
able and unfavourable terms (Figure 2) (Jen-Jacobson,
1997). The magnitudes of both favourable and un-
favourable terms are larger at specific binding sites
owing to the more intimate interaction between the
protein and DNA. The magnitudes of all terms at
nonspecific binding sites are smaller, and the net change
in free energy is smaller. Consequently, it is not possible
to identify one type of interaction that is responsible for
the sequence selectivity of DNA binding. The magni-
tudes of many of the unfavourable terms and their
structural basis are poorly defined. Nevertheless, many
of the favourable terms must be directly coupled to
unfavourable terms, preventing the formation of pro-
tein–DNA complexes with only favourable interactions.
(See Protein–Ligand Interactions: Induced Fit)
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Protein Conformation

The structures of many DNA-binding proteins are altered
upon binding to DNA. These structural changes range
from reorientation of side-chains to folding or refolding of
the DNA binding domain. Many of the structural changes
are sequence-dependent, and occur only upon binding to
specific DNA recognition sites (Dlakić et al., 2001).
Coupling of protein folding to specific DNA binding
may be mediated by base contacts that are required to
stabilize the folded conformation. Alternatively, protein
foldingmay be induced by interaction with a specificDNA
structure. The most common large-scale structural change
induced by DNA binding is the stabilization of a helical
conformation (Patel et al., 1990). The DNA-binding
domains of many eukaryotic transcription factors are only
partially folded in the absence of DNA, but they are
induced to form an a helical DNA recognition interface
upon contact with the specific DNA binding site. This a
helical structural transition can be coupled to structural
changes in other parts of the proteins. DNA binding can
also result in unfolding of protein domains and disruption

of intramolecular interactions within a protein. Such
intramolecular interactions can regulate DNA-binding
activity and other aspects of protein function. The
thermodynamic consequences of the interdependence
between DNA binding and protein folding remain to be
elucidated. It is not known how the decrease in configura-
tional entropy at specific versus nonspecific binding sites
affects binding selectivity. Nevertheless, it is clear that
DNA binding by many proteins is a dynamic process
rather than a simple docking of rigid components. (See
Proteins: Fundamental Chemical Properties)
DNAbinding also regulates the oligomerization state of

many proteins. Most DNA-binding proteins bind palin-
dromic recognition elements as dimers or higher-order
oligomers. These dimers can be preformed in solution or
the proteins may dimerize on DNA. Coupling of DNA
binding to dimerization can effect cooperative DNA
binding and a nonlinear response to variations in protein
concentration. In the case of proteins that can form
heterodimers, the sequence of the binding site can influence
the choice of dimerization partner. Furthermore, the
recognition sequence can influence the orientation of
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binding by asymmetric heterodimers (Leonard and Ker-
ppola, 1998). Thus,DNAbinding frequently influences the
quaternary structure of protein complexes even in cases
where their tertiary structures are unaffected by DNA
binding. DNA binding can also stabilize interactions
between proteins by increasing their local concentrations.
(See Haemoglobin: Cooperativity in Protein–Ligand Interactions;

Protein Quaternary Structure: Subunit–Subunit Interactions)
Changes in protein conformation upon DNA binding

can influence the biological function of the protein. The
DNA-binding site can function as an allosteric effector of
the protein and alter its function. This may prevent
nonproductive functions of the protein when not bound
to DNA. In addition, the conformation of the protein can
vary at different recognition sequences, allowing the
possibility of differential regulation of protein function at
different binding sites. One example of the regulation of
protein function by the sequence of the binding site is the
influence of the orientation of protein binding on interac-
tions with other proteins bound to adjacent sites (Diebold
et al., 1998; Ramirez-Carrozzi and Kerppola, 2001b). (See
Enzyme Activity: Allosteric Regulation)

DNA Conformation

DNAis not apassive substrate in the formationof protein–
DNA complexes. The structure of DNA varies because of
both sequence-dependent differences and protein-induced
changes in conformation. The sequence-dependent varia-
bility includes variations in the alignment of adjacent base
pairs, which cause bending and twisting of the DNA helix.
Protein-induced changes can also include unstacking of
base pairs and disruption of hydrogen bonding. These
changes in DNA structure serve many purposes, including
specific DNA recognition, assembly of multiprotein
complexes, access to functional groups on DNA, and
duplication and interpretation of the genetic information.
(See DNA Topology: Fundamentals)

The sequence-dependent structure and flexibility of
DNA influence its interactions with proteins. The average
structure of DNA is well described by the regular double
helix proposed by Watson and Crick. However, there are
marked departures from this average structure caused by
both different base sequences and thermal fluctuations.
Each oligonucleotide segment in DNA has a unique
structure. The local differences in structure and flexibility
contribute to sequence-selectiveDNAbinding by proteins.
These differences in structure and flexibility can be affected
both by base sequence as well as by interactions with
proteins and other ligands.

Many proteins induce dramatic changes in DNA
structure. The most common are bending and twisting of
the DNA helix. Three major mechanisms of protein-
inducedDNAbending have been described. First, proteins
such as CAP and MATa1/a2 heterodimers contain a

curved interaction interface that wraps the DNA partially
or completely around the protein. These interaction
interfaces are formed by different combinations of hydro-
gen bonding and electrostatic, hydrophobic, and van der
Waal’s interactions. Second, proteins such as the TATA
binding protein (TBP) andLEF-1 insert large hydrophobic
amino acid side-chains between the base pairs in the minor
groove. This causes partial unstacking of the base pairs and
kinking of the DNA helix towards the major groove at the
position of the inserted side-chain. Third, proteins such as
Fos/Jun heterodimers and SRF bend DNA through
electrostatic interactions. Positively charged amino acid
residues bend DNA towards the residues, whereas
negatively charged residues bend DNA away from the
residues (Leonard et al., 1997). Members of the same
protein family can induce distinct DNA bends and even
bend DNA in opposite directions (Kerppola and Curran,
1991). (SeeDNA Structure Changes Coupled to Protein Binding; SRY

and DNA-bending Proteins)
In order for a protein to induce DNA bending, the gain

in free energy fromprotein interactionswith the bentDNA
conformationmust exceed the unfavourable free energy of
bending the DNA. The sequence of the DNA-binding site
can influence the extent ofDNAbending by some proteins,
whereas other proteins appear to bend all sites equally.
DNA bending may therefore be a necessary condition for
DNA binding by some proteins and it can affect the
sequence selectivity of DNA binding by others.
The bendability of DNA depends on its nucleotide

sequence. Thus, protein-induced DNA bending can
contribute to sequence-specific DNA recognition.
Furthermore, since DNA bendability can be altered
through protein binding, DNA binding by proteins that
induce DNA bending can be regulated by other DNA-
binding proteins.
Changes in DNA twist are required to align sites

on DNA that are separated by a nonintegral number of
helical turns. Untwisting of DNA also facilitates unhin-
dered access to the minor groove and is necessary for
separation of the strands prior to DNA replication and
transcription. Untwisting frequently accompanies
DNA bending as in the complex formed by TBP at the
TATAbox.Large changes in twist caused by the binding of
multiple proteins or other ligands can alter the writhe of
topologically closed DNA. Topoisomerases regulate
the superhelical density of DNA, which can influence the
DNA-binding affinity of proteins that alter twist. Changes
in the superhelical density of DNA also influence
the energy requirement for strand separation. Thus,
changes in DNA twist can both influence DNA-binding
selectivity as well as prime DNA for functions that require
further alteration of its structure. (See DNA Topology: Super-

coiling and Linking; Topoisomerases)
Access to the functional groups that mediate hydrogen

bonding between the two strands as well as enzymatic
reactions that use DNA as a substrate require dramatic
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changes in DNA structure. Many enzymes that modify or
repair DNA can flip out nucleotide bases from the
DNA helix. A large hydrophobic amino acid side-chain
is often inserted into the DNA helix to stabilize the flipped
conformation. The transcription and replication
complexes must unwind the DNA helix and separate
the two strands. The prokaryotic RNA polymerases
accomplish this through a multistep process that involves
protein binding to the displaced single strands.
Consequently, despite its apparent uniformity, DNA
is a dynamic molecule that must assume different
conformations in order to fulfil its biological functions.
Proteins that interactwithDNAhave evolved the ability to
modify its structure as well as to recognize structural
variations in the DNA helix. (See Base Flipping; Prokaryotic

DNA-binding Proteins)

Multiprotein Complexes

IndividualDNA-bindingproteinsdonotoperate in isolation
but act in concert with many other proteins that influence
their functions. This cooperativity is essential for specific
recognition of unique sites within the genomes of eukaryotic
organisms. The sizes of these genomes exceed the selectivity
ratioof even themost highly selectiveDNA-bindingproteins
by several orders of magnitude. The selectivity ratios for
eukaryotic DNA-binding proteins are generally no higher
than those for prokaryotic proteins. Instead,multipleDNA-
binding proteins function together to increase selectivity
through cooperative interactions. Selective DNA binding is
also favoured by sequestration of part of the genome into
forms of chromatin that are accessible to only a subset of
DNA-binding proteins. (See Heterochromatin and Euchromatin;

Nucleosomes: Structure and Function)
Cooperative DNA binding by unrelated DNA-binding

proteins is generally mediated by stabilization of com-
plexes on DNA rather than through interactions prior to
DNA binding. Thus, although closely related DNA-
binding proteins often form stable oligomers in the absence
of DNA, unrelated proteins usually do not bind as a
preformed complex. Exceptions include the proteins that
are components of transcription and replication complexes
that function as stable assemblies. Most regulatory
proteins cooperate with different proteins at different
regulatory elements. Interactions that take place after
DNAbinding allow proteins to cooperate withmany other
proteinswithout interference fromcompeting interactions.
The interactions among different proteins may require
conformational changes induced by DNA binding, or the
affinities of the protein–protein interactions may be too
low to occur in the absence of DNA. In some cases,
interactions between DNA-binding proteins can occur in
the absence of DNA. Such interactions can link signalling
pathways that influence one protein with those that
influence the other. Interactions between DNA-binding

proteins and proteins that do not bind to DNA indepen-
dently can recruit non-DNA-binding proteins to specific
sites on DNA. Cooperative functions between DNA-
binding proteins can also involve joint recruitment of such
proteins to DNA. Thus, cooperative DNA binding is an
important mechanism contributing to the specificity of
biological regulatory mechanisms.
Cooperative DNA binding is generally mediated by

protein–protein interactions. The juxtaposition of inter-
action surfaces often requires a specific positioning of
binding sites within regulatory regions. Interactions
between proteins that bind to separate sites on DNA
frequently require DNA bending. In addition, asymmetric
protein complexes must generally bind in a specific
orientation to allow juxtaposition of the molecular
surfaces that mediate the interaction. Multiprotein com-
plex formation therefore frequently requires conforma-
tional changes in proteins and DNA. Thus, protein–
protein interactions can be modulated by changes in DNA
bending or protein conformation. (See Protein–Protein Inter-

actions)
The structural basis of cooperative DNA binding has

been defined for a small number of multiprotein com-
plexes. In these complexes, a relatively small interaction
interface with little water-excluded surface area is formed.
In the Fos–Jun–NFAT1 complex at the ARRE2
site, the DNA is bent and the conformations of the
proteins are altered (Chen et al., 1998). Furthermore, the
orientation of Fos-Jun heterodimer binding is constrained
by interaction with NFAT1 (Diebold et al., 1998).
Formation of the MCM1–Mata2 complex at the
STE6 site is also facilitated by DNA bending (Tan and
Richmond, 1998). The interaction interface is formed
by refolding of a region of Mata2 that is helical in
the absence of MCM1 to form a strand within a b
sheet formed by MCM1. In the GABPa/b complex, there
are no direct contacts between GABPb and DNA,
although the interaction stabilizes DNA binding by the
complex relative to GABPa alone. Cooperative DNA
binding may therefore be mediated by an allosteric
mechanism that stabilizes DNA binding via long-range
interactions. Each multiprotein complex that has been
structurally characterized forms a unique interaction
interface. Changes in both protein and DNA conforma-
tion have been observed in some of the complexes. Further
studies of the structural basis and energetics of multi-
protein complex formation are necessary to define the
various mechanisms whereby DNA binding proteins
cooperate to carry out their biological functions. (See
Protein–DNA Interactions)
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