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Abstract

The molecular recognition processes in sequence-specific protein-DNA interactions are complex. The only feature
common to all sequence-specific protein~DNA structures is a large interaction interface, which displays a high degree of
complementarity in terms of shape, polarity and electrostatics. Many molecular mechanisms act in concert to form the
specific interface. These include conformational changes in DNA and protein. dehydration of surfaces. reorganization of ion
atmospheres, and changes in dynamics. Here we review the current understanding of how different mechanisms contribute to
the thermodynamics of the binding equilibrium and the stabilizing effect of the different types of noncovalent interactions
found in protein—DNA complexes. The relation to the thermodynamics of small molecule~DNA binding and protein folding

is also briefly discussed.
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1. Introduction

Transcription, replication and recombination of
genes rely on noncovalent interactions between DNA
and DNA-binding proteins. These interactions there-
fore constitute one of the key physico-chemical links
between genetic information and a functional living
organism. A long-term objective of structural and
biophysical studies of protein—-DNA interactions is
to understand the molecular basis for these pro-
cesses.

This topic is closely related to many other areas in
which the physical basis for molecular recognition in
water solution is under intense study, for instance
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protein—drug interactions, and interactions in host-
guest complexes of organic molecules. Several issues
that are continually addressed in other areas, such as
the contribution of a particular hydrogen bond to the
overall binding free energy, also arise in studies of
protein—DNA interactions. Nevertheless, several as-
pects distinguish protein—-DNA interactions. These
include the polyelectrolyte property of DNA. the
relatively large surface areas that are buried in the
complexes, and the fact that a specific binding site
on DNA must be recognized against a very large
background of nonspecific binding sites.

A large number of structures of protein—-DNA
complexes have been determined in the last few
years using X-ray crystallographic and nuclear mag-
netic resonance (NMR) methods (see. for example,
Refs. [1-4], and references cited therein). These
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structures show a very large variability in terms of
DNA-interacting protein motifs, DNA conformation,
hydrophobic vs. hydrophilic nature of interacting
surfaces, bound water, cooperativity, and conforma-
tional changes coupled to binding. In fact, the only
common feature of sequence-specific complexes ap-
pears to be large interacting surfaces which display
complementarity in shape and polarity (see, for ex-
ample, Ref. [1]), as well as electrostatic complemen-
tarity [5,6].

Some of the various molecular events that take
place on the formation of a sequence-specific pro-
tein—-DNA complex are illustrated in Fig. 1, which
will serve as a basis for the discussion. The collec-
tive effect of the events that accompany binding is
the formation of the complementary surfaces. For
instance, DNA will often undergo a conformational
change in order to accommodate the protein (de-
scribed in Section 6). Coupled protein folding reac-
tions can create an additional DNA-interacting sur-
face, and unfolding or other structural changes in
DNA-binding proteins have also been observed (Sec-
tion 5). Similarly, the binding of an allosteric effec-
tor to the protein may change the protein structure to
better fit DNA (Section 5). The extent of these
structural changes can, at least qualitatively, be de-

tected by comparing the structure of the complex
with structures of free DNA and protein components.
Further, water molecules are often coordinated at the
interface to fill cavities or mediate intermolecular
hydrogen bonds, and such water can also be detected
in high-resolution structures {Section 4).

Several additional events take place which are
more difficult to detect (and understand) based on
structural data alone. For instance, a large number of
water molecules that hydrate the surfaces of the
uncomplexed DNA and protein components need to
“‘leave’’ these surfaces so that the optimal interface
can be formed (Section 4). The formation of a
complex also results in extensive reorganization of
the counterion atmospheres (Section 3). Finally, there
may be changes in dynamics in the protein backbone
and side chains as well as in the DNA upon com-
plexation (Section 7).

All these events affect the thermodynamics of the
equilibrium. They also influence the sequence speci-
ficity, i.e. the difference in binding free energy for
the formation of sequence-specific compared to non-
specific complexes. All events make both entropic
and enthalpic contributions to the binding free en-
ergy. Of these, entropic contributions are especially
difficult to estimate based on structural information.

Fig. 1. Schematic illustration of some of the molecular events that determine the thermodynamics for the formation of a sequence-specific
protein—-DNA complex. The picture shows a (negatively-charged) DNA fragment which is hydrated and surrounded by an ion atmosphere
predominantly composed of positively-charged counterions, and a (positively-charged) solvated protein with an associated ion atmosphere.
The two components are in equilibrium with a complex in which the protein—DNA interface is highly complementary in terms of shape,
polarity and electrostatics. Various events that contribute to the complementarity include changes in the DNA and protein conformations, a
coupled protein folding reaction, dehydration of surfaces, entrapment of water molecules at the interface to mediate hydrogen bonds.
reorganization of the ion atmospheres, and changes in the intramolecular dynamics and vibrational modes (not illustrated). @, water
molecules; @, cations; ©, anions. Additional effects that may influence the thermodynamics include coupled binding equilibria involving
allosteric effectors and cooperative binding of more than one protein molecule.
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This fact motivates the use of thermodynamic studies
to complement structural data for the elucidation of
various molecular contributions to binding affinity
and specificity.

The objective of the present review is to outline
the thermodynamic determinants for the formation of
sequence-specific protein—DNA complexes, and to
give examples of how various effects are being
addressed using thermodynamic methods and, in
some cases, structure determinations. The literature
on the subject is extensive and it is not possible to
make a comprehensive survey of all contributions, or
even all contributing laboratories, within the format
of the present review. We have chosen to limit our
discussion to brief outlines of the current status on
different issues, and refer the reader to some of the
previously published reviews on this subject. In or-
der to put present studies of structure vs. thermody-
namics in an appropriate historical perspective, we
also include a short summary of initial ground-break-
ing research.

2. Historical perspective

The history of research on sequence-specific pro-
tein—-DNA interactions dates back to 1961 with the
formulation of the operon hypothesis {7], with the
later establishment that the repressor components are
proteins [8,9]. The finding that gene activity could be
regulated at the level of transcription by direct inter-
actions between proteins and DNA motivated further
studies focused on the details of these interactions
[10]. Before structural data became available, the
lines of research developed around the questions of
information content, possible mechanisms of recog-
nition, and DNA target location and discrimination,
as discussed by von Hippel [11].

The information content of binding sites on DNA
and the statistical basis for recognition of a few
specific sites in the presence of many nonspecific
sites has been investigated (see, for example, Refs.
[12,13] and work cited therein). The coding elements
for the recognition of double-stranded DNA are re-
stricted to the four Watson—Crick base pairs. A
certain length of the binding site is therefore required
to ensure a low probability that it occurs by a
random combination of the same number of base

pairs at some other nonfunctional site in the genome.
If the number of proteins (repressors) is small, then
this probability should, preferably, be less than unity.
It was, for instance, concluded that a sequence of at
least 12 base pairs is required to define a unique
binding site within the E. coli genome.

Regarding the mechanisms of recognition, it was
appreciated early that one possibility was provided
by the pattern of hydrogen bond donors and accep-
tors displayed in the DNA grooves [14-16]. This
pattern reflects the DNA sequence and may be rec-
ognized through a sufficiently precise matching pat-
tern on the protein surface. A companion mechanism
based on sequence-dependent differences in DNA
structure and stability, which could be recognized by
a DNA-binding protein, was also suggested [15].
Structural studies have essentially confirmed that
these two mechanisms, which are known as direct
and indirect readout, respectively, act in concert to
form complementary interacting DNA and protein
surfaces. However, subsequent structural and ther-
modynamic studies also illustrate the many possible
variations of these basic principles and the impor-
tance of factors that were not initially recognized.
such as dehydration, electrostatic complementarity,
water-mediated hydrogen bonds, etc.

The mechanism by which DNA-binding proteins
find their target sequences has been elucidated
[17,18]. It was shown to involve two steps: the
formation of an initial nonspecific complex followed
by ‘‘sliding”’ and intersegment transfer events. The
second step can be viewed as a search process within
a reduced volume and leads to an accelerated appar-
ent rate of target location. Comparisons with kinetic
and equilibrium data showed that this mechanism
quantitatively accounts for the high association rates
between lac repressor and operator (see Ref. [18]
and work cited therein). In addition, the sliding of E.
coli RNA polymerase has recently been visualized
directly [19].

The first physico-chemical studies of sequence-
specific protein—-DNA interactions in vitro were car-
ried out in 1968 by Riggs and co-workers [20].
Encouraged by the work of Jones and Berg on
polymerase—-DNA complexes [21], these authors
showed that the strong binding of /ac repressor to
membrane filters could be used to quantify the bind-
ing in vitro. The membrane filter technique turned



124 T. Hard, T. Lundbick / Biophysical Chemistry 62 (1996) 121139

out to be very useful because it allows various
effects to be examined quantitatively, e.g. the pres-
ence of competing nonspecific DNA or inducers
such as IPTG, pH conditions, salt and osmolyte
concentrations, and temperature. The sensitivity to
salt concentration was recognized early [21,22]. Fur-
ther, in 1972 Poliakow et al. {23] found that the
binding of histones to DNA was accompanied by a
large positive change in entropy, and argued that this
was due to changes in hydration upon complex
formation. The role of water and salts on protein—
DNA equilibria is now highly appreciated, as dis-
cussed below. Methods used for the quantification of
protein-DNA equilibria now include filter-binding
[20], DNA footprint titrations [24,25), fluorescence
intensity [26], fluorescence energy transfer and ani-
sotropy [27,28], gel mobility shifts [29,30], gel chro-
matography [31], pulsed-flow calorimetry [32] and
isothermal titration calorimetry [33,34].

3. Electrostatic interactions

The basis for the contribution of electrostatic
effects to DNA-ligand interactions lies in the physi-
cal properties of the DNA polymer: DNA is a poly-
electrolyte with a high axial charge density. As
already noted, this property distinguishes DNA-
ligand interactions from most other biomolecular
recognition processes. The high charge density re-
sults in an accumulation of counterions close to the
polyion surface. The radial distribution of counteri-
ons is relatively insensitive to changes in the total
salt concentration. However, the thermodynamic ac-
tivity of the polyion (resulting from interactions with
counterions) shows an approximately logarithmic de-
pendence on the total salt concentration. The activity
is strongly dependent on the charge density. Any
process that alters the charge density (e.g. ligand
binding) is therefore dependent on the total salt
concentration. (An extensive review of the theoreti-
cal and experimental studies of the polyelectrolyte
activity of DNA was recently presented by Anderson
and Record [35].)

Hence, the contribution of electrostatic interac-
tions to the formation of protein~DNA complexes
can be elucidated based on the dependence of bind-
ing constants on the salt concentration and composi-

tion, or pH, of the reaction buffer. The effects of
these solution variables were interpreted and investi-
gated in detail in the laboratory of Record [36-38].
Record and co-workers initially interpreted the salt
dependence in terms of a participation of cations,
anions and water molecules in the binding reaction
(reviewed in Ref. [39]). This view, which has been
commonly adopted, allows for quantification of the
dependence of the intrinsic equilibrium constant,

K., on the total concentration of univalent salt,
[MX], as
dlog K, 2mAw
SKyp,=—————==Ac+Aa— ——= (N
* o dlog[MX ] [H,0]

where m is the molality of univalent salt, and the
effects of differential protonation have been ne-
glected. The coefficients Ac, Aa and Aw represent
the stoichiometrically weighted differences between
the preferential interactions of cations, anions and
water, respectively, with the macromolecular reac-
tants (DNA, protein and protein-DNA complex).
SK . is often inversely proportional to the valence
of the cation [37,40], which supports the inference
that SK,,, is dominated by the release of cations
from DNA, i.e. Ac«0. Anion effects on SK, are
often found to be smaller (Aa = 0) [40,41], but may
not be negligible in the case of sequence-specific
binding [42]. The term representing preferential hy-
dration is expected to be small compared to the other
terms at low total salt concentration ( < 0.2 M) [43].
The reduction of SK_, . with increasing salt concen-
tration (0.25-0.9 M potassium glutamate) has been
used to probe the effect of dehydration for the lac
repressor—operator interaction [42). Limiting law ex-
pressions based on counterion condensation theory
(Ref. [44] and work cited therein) have often been
applied to interpret Ac in terms of a specific number
of cations released in the binding process, e.g. in
Refs. [36,39]. Experimental observations that may be
quantified in a similar manner include binding equi-
libria in the presence of divalent ions [38], the bind-
ing of oligomeric cations such as polyamines or
polylysines of different lengths [36,45,46], and the
pH dependence of binding equilibria [37,45].

The presence of different anions in the buffer has
a much more pronounced effect on the binding con-
stant than on its salt concentration dependence [40-
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42,47]. For instance, replacing Cl™ with acetate or
glutamate can increase the sequence-specific binding
affinity by a factor of 40-80, a stronger effect being
observed with glutamate [42]. These observations
suggest that anion effects are not primarily electro-
static in character. Various molecular mechanisms
for the effect of some anions on protein-DNA equi-
libria, e.g. differential solvent exclusion, have been
discussed [42,43].

A related treatment, in which a mass balance of
ions bound to a protein is considered as the protein is
brought into the vicinity of DNA [48], has been
applied to account for the nonlinearity of plots of
logK,,. vs. logIMX] that is often observed at low
total salt concentrations [18,49,50]. Overman and
Lohman recently established a strong linkage be-
tween pH, and anion and cation effects [51]. More
importantly, they demonstrated that very complex
equilibria, involving contributions from differential
ion interactions with both DNA and protein, can be
resolved by examining the linked effects of pH and
salt concentration.

The expression in Eq. (1) was originally obtained
using generalized binding polynomials, and by intro-
ducing the Gibbs—Duhem relation between water
and salt activities [39]. Anderson and Record [52]
recently presented a more general theoretical treat-
ment based on preferential interaction coefficients
[53]. in which they employed approximations, that
can be justified under experimental conditions, to
derive an expression for the salt dependence. Their
formulation allows for comparisons between experi-
mental data and results from, for example, Monte
Carlo simulations [54]. A two-domain (dialysis)
model applied in a subsequent paper [55] leads to Eq.
(1) without explicit application of the Gibbs—Duhem
equation. [t should be noted that the formulation in
terms of preferential interaction coefficients does not
involve any a priori assumptions with regard to the
molecular mechanism of the salt effect, i.e. cation
release. The two-domain model, however, allows for
a physical interpretation in terms of differences in
preferential accumulations of ions in the local do-
mains around free polymers and the complex [55].

More detailed information on the molecular origin
of the salt effect may be inferred based on finite-dif-
ference solutions to the nonlinear Poisson—Boltz-
mann (NLPB) equation for structures where dielec-

tric boundaries and charges are represented at atomic
resolution [6,56]. These studies show that the unfa-
vorable reorganization of ion atmospheres upon
complexation provides the predominant contribution
to the salt effect on ligand—DNA binding equilibria.
The NLPB calculations also show that the salt-de-
pendent electrostatic contribution to the binding free
energy is unfavorable in all cases studied. Further,
the free energy associated with ion reorganization
(cratic entropy), which is analogous to cation release,
is only slightly favorable, or even unfavorable. Com-
parisons of calculations on \ cl repressor complexes
with different binding sites illustrate how small vari-
ations in binding site geometry may result in signifi-
cant differences in the interaction free energy. due to
long-range electrostatic effects [6].

The cation exchange models for the salt effect
implicate the association of salt dependence with a
predominant effect on binding entropy [36]. Studies
of nonspecific peptide—DNA [45,57,58] and protein—
DNA [59] complexes provide experimental evidence
for the predominance of entropic contributions to the
salt effect. These observations are also consistent
with NLPB calculations which, however, indicate
that the entropy change is associated with solvent
reorganization (dielectric effects) as well as ion reor-
ganization [60].

It is important to note that the research reviewed
in this section concerns salt-dependent contributions
to the total electrostatic free energy of binding.
However, little appears to be known about the total
electrostatic contribution to the free energy of bind-
ing for a protein-DNA complex. Experimental and
theoretical studies indicate that the total electrostatic
free energy of binding of the small cationic DAPP
ligand to DNA is favorable [61]. but small owing to
the compensation of the Coulombic attraction by
nonfavorable dehydration effects [62].

Differences in salt dependence for protein binding
to different specific DNA sites [5,63], for binding of
protein mutants to a single binding site [49,64], and
for specific vs. nonspecific binding of a protein
[38.42], suggest that electrostatic effects contribute to
binding site discrimination. For instance. data on lac
repressor binding indicate that electrostatic and non-
electrostatic interactions have to be optimized simul-
taneously at an adaptable protein—-DNA interface [5].
Calculations on the #p repressor suggest that a
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negative electrostatic potential on the protein surface
is neutralized in the correct DNA-binding conforma-
tion, presumably induced at the cognate DNA-bind-
ing site [65].

It is generally believed that long-range Coulombic
interactions (rather than, for example, dehydration
effects) dominate the formation of nonspecific pro-
tein—-DNA complexes [13] and the initial steps of a
sequence-specific association [65,66]. A corollary to
this is that electrostatics is a predominant physical
driving force for a large number of biochemical
processes that rely on nonspecific protein—DNA as-
sociations. Nonspecific electrostatic interactions also
play a key role in the kinetics (diffusion along DNA)
of binding site recognition, as discussed above.

4. Bound water molecules and dehydration effects

The role of water in biomolecular interactions
may be structural owing to specific interactions at
certain binding sites or entrapment of water within
cavities. Water also has a dominating effect on the
thermodynamics due to dehydration of interacting
surfaces. The interactions and physical properties of
water can be studied by a number of experimental
and theoretical approaches. Below, we limit our
discussion to the branches of experimental research
that have provided most information on the role of
water in protein—DNA interactions: the observation
of bound waters in structures, studies based on os-
motic stress methods, the analysis of heat capacity
changes upon binding, and studies of water sites and
residence times in solution based on NMR cross
relaxation.

4.1. Water molecules observed in crystallographic
structures

Water molecules are commonly identified at spe-
cific binding sites in crystal structures of protein—
DNA complexes. They are located in positions where
they mediate hydrogen bonds between the protein
and the DNA phosphate backbone, and are fre-
quently also found to play key structural roles in the
interaction between protein and functional groups on
the DNA bases. Some well-resolved examples of
bound water molecules are found in DNA complexes

of the A\ repressor [67], Hin recombinase [68], Bam
HI endonuclease [69], and the estrogen receptor
DNA-binding domain [70].

A striking example of the extensive use of water
in sequence-specific recognition is the frp repres-
sor—operator complex [71,72], in which all the inter-
actions between the protein and the three critical
bases of the operator half site are mediated by water
molecules. The structure of a corresponding DNA
fragment shows that these three hydration sites are
already occupied in the uncomplexed state. These
water molecules can, therefore, be regarded as non-
covalent extensions of the DNA bases which may be
used as recognition elements of the DNA target
sequence [73].

Other complexes are, however, devoid of bound
water at the interface between the protein and DNA
bases. This is the case, for instance, in a high-resolu-
tion structure of a TBP-DNA complex where the
interface shows a sterically perfect complementarity
with no cavities [74]. Similarly, no water molecules
are found at the hydrophobic GATA-1-DNA inter-
face, as discussed below.

General thermodynamic arguments imply that the
transfer of a water molecule from bulk solution to a
specific site carries an entropic cost. Carefully cali-
brated standard entropies of hydrated and anhydrous
inorganic salts indicate that the entropy decrease is
in the order of 2 kcal mol~' at 300 K [75]. This
entropic penalty can be expected to be balanced by
favorable van der Waals and hydrogen bonding in-
teractions at the bound state. The free energy cost (or
gain) of a bound water molecule can, therefore, be
expected to vary with the polarity of the environ-
ment. (It is highly unlikely that a single water
molecule would be found within a small completely
nonpolar cavity [76).) These general considerations
are also in qualitative accordance with structural
data: water molecules are bound at highly polar
interfaces, e.g. between polar protein side chains and
DNA phosphates, whereas hydrophobic interfaces or
interfaces with very small cavities contain no bound
water.

One way to dissect the energetics of a bound
water molecule identified in a protein~DNA com-
plex would be to replace it with a covalently at-
tached analog (hydroxyl) and examine the thermody-
namic consequences. We are not aware of any such
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experimental study. An alternative experiment would
be to create a small (presumably) water-binding cav-
ity by removing, for instance, a thymine methyl
group at a protein—DNA interface. Such an experi-
ment was recently carried out on a complex between
the glucocorticoid receptor DNA-binding domain
(GR DBD) and the glucocorticoid response element
(GRE) [77], and is described in more detail below.

4.2. The effect of water activity on specificity

Recently developed methodology to probe the
amount of water released upon complexation is based
on measurements of macromolecular equilibrium
constants as a function of osmotic stress (reviewed
by Parsegian et al. [78]). By adding inert osmolytes
to the reaction buffer, the chemical potential of water
can be changed in a direct and controlled manner. If
the protein—DNA binding equilibrium is associated
with water release, then the addition of osmolytes
(that are excluded from the interacting surfaces) will
drive the equilibrium towards its more dehydrated
state. The shift in the association equilibrium con-
stant, K, with osmotic pressure, I1 ., is directly
related to the differences in the (excess) volume of
water released on association [78]:

(’)[]n( Knhx)]
oll

osm H,.,=0

Ag _ = (Ve = Vo~ Vp)
kT kT

= (2)
where AV =V, — V[, — V,, is the difference in wa-
ter volume that is inaccessible to the osmolyte around
the uncomplexed DNA (D) and protein (P) compo-
nents and the complex (PD), respectively. Dividing
AV by the volume of a water molecule (v, = 30 A%)
gives the (net) number of water molecules released
or taken up in the reaction (AN, = AV /v ). (Eq. (2)
can be rewritten in terms of water activity ()
using the relation v, d Il = —du,.) A number of
considerations have to be made before a shift in
equilibrium is interpreted in terms of hydration /de-
hydration [78]. These include the possible occurrence
of pH effects, changes in dielectric constant or activ-
ity of other co-solutes (ions), protein denaturation or
aggregation, and the fact that the osmolyte may not

be completely excluded from the immediate sur-
roundings of the interacting macromolecules.

Osmotic stress methods have, so far, only been
applied in studies of a few protein—-DNA equilibria,
but more widespread use can be expected. Robinson
and Sligar showed that the so-called star activity of
the restriction endonuclease EcoRI. i.e. the loss of
specificity of this enzyme at certain buffer condi-
tions, is due to differential hydration effects [79,80].
Subsequent studies also provide evidence for differ-
ences in dehydration associated with enzymatic
specificities of various endonucleases [81].

The interaction of the gal repressor with a certain
operator DNA containing two specific binding sites
(O, and Og) was found to be very sensitive to
osmotic stress, with an estimated 100-180 released
water molecules per binding site, depending on the
particular osmolyte used [82]. Further, competition
experiments suggest that 6 + 3 more water molecules
are released upon binding to the higher-affinity O,
site compared to the O, site. The nonspecific binding
of the gal repressor to poly(dIdC) is not accompa-
nied by water release [82]. A similar difference
between specific and nonspecific complexes was ob-
served for the CAP-lac promoter DNA interaction
[83]. Variation of the water activity by four different
osmolytes indicates that this interaction releases 80
+ 5 water molecules. Competition experiments sug-
gest that the corresponding number tor nonspecific
CAP--DNA interactions is = 20 water molecules.

From the experiments on CAP and gal repressor.
it appears that sequence-specific DNA-binding is
associated with the directly measurable release of
solute excluded water molecules, whereas a much
smaller number of water molecules are released in
nonspecific complexes. These observations are likely
to reflect the more extensive dehydration that occurs
in the formation of sterically complementary inter-
faces in sequence-specific complexes. The extent of
dehydration measured by osmotic stress is. in these
two cases. in qualitative agreement with expected
changes in solvent accessible surface areas (see also
the interpretations of heat capacity changes discussed
below).

It is important to note that osmotic stress methods
yield the ner number of waters released or taken up
in a reaction. Thus, if there is a coupled unfolding
reaction in the protein. then additional surface area is
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exposed in the complex. The water molecules that
hydrate this additional surface contribute to the mea-
sured effect. Such a mechanism may result in an
osmotic stress effect opposing that observed with
gal repressor and CAP interactions. For instance,
data on the Hin recombinase—DNA recognition [84]
suggest a net uptake of a small number of water
molecules. A similar observation is that the binding
of a netropsin analog to random sequence DNA
involves a net uptake of 50-60 solute-excluding
waters [85].

4.3. The hydrophobic effect and interpretation of
measured heat capacity changes

The thermodynamic signatures of the hydrophobic
effect, observed for the transfer of small nonpolar
solutes from a polar to a nonpolar phase, include a
negative change in heat capacity, i.e. AC, <0, and a
convergence temperature, T, at which the entropy of
transfer is zero [86] (see also Ref. [87] and work
cited therein). Similar thermodynamics is often ob-
served in biomolecular processes, such as protein
folding [87-89]. (The interpretation of the hydropho-
bic effect in biochemical processes has recently been
discussed by, for example, Dill [90] and Ben-Naim
[91], and in work cited therein.) The magnitude of
the heat capacity change is closely related to changes
in solvent accessible surface areas (see, for example,
Refs. [92,93]). These observations have led to the
conclusion that dehydration of nonpolar surfaces
contributes significantly to heat capacity changes in
biomolecular processes, although other molecular
mechanisms, such as changes in vibrational modes
and coupled equilibria, may also contribute [94,95].
Several laboratories have used thermodynamic data
for the transfer of model compounds between water
and organic phases to calibrate observed thermody-
namics in terms of changes in solvent accessible
surface area. An important conclusion of recent stud-
ies is that changes in polar surface area to some
extent oppose the effect of changes in nonpolar
surface area [93,96,97].

A large negative change in heat capacity also
appears to be a common thermodynamic property for
sequence-specific protein—-DNA interactions. Initial
studies of the breakdown of the binding free energy
in entropic and enthalpic contributions, and determi-

nations of AC,, based on van’t Hoff analyses in-
clude histone-DNA interactions [23], and the bind-
ing of RNA polymerase Ec’ to the AP, promoter
[98], the lac repressor to the O lac operator [99],
the Mnt repressor to its O, -operator site [100], the
lac repressor headpiece to a symmetric operator
sequence [101], and EcoRI endonuclease to its spe-
cific recognition site [101). A large negative AC;
was found in all these cases. Ha et al. [101] sug-
gested that the hydrophobic effect is a dominant
driving force in the formation of sequence-specific
protein—-DNA complexes, analogous to protein fold-
ing. Subsequent analyses based on direct determina-
tion of the binding enthalpy using titration calorime-
try have been carried out on the sequence-specific
binding of the N Cro protein [32] (pulsed-flow
calorimetry), trp repressor [34,102], methionine re-
pressor (MetJ) [33,102], A cI repressor [104] and GR
DBD [77]. These complexes display a significant
variation in measured AC®, values, which are other-
wise all negative.

In contrast, nonspecific protein—-DNA complexes
appear to involve a zero, or undetectable, AC”,
[32,34]. This finding indicates that nonspecific bind-
ing does not involve extensive dehydration of sur-
faces, in accordance with the above-discussed con-
clusions based on osmotic stress. Similarly, binding
of smaller drugs to DNA results in little or no
variation in binding enthalpy with temperature (see,
for example, Refs. [105,106]). These observations
are also consistent with small changes in surface area
upon binding.

Thus, it appears that sequence-specific protein—
DNA complexes generally conform to the concept of
removal of solvent accessible surface areas, accom-
panied by dehydration, upon formation of comple-
mentary protein—-DNA interfaces. However, in their
analysis of the initial van’t Hoff studies mentioned
above, Ha et al. [101] noted that the measured AcC,
values in these cases were larger than expected based
on surface area changes, and suggested that the
“‘excess”” AC} could be accounted for by conforma-
tional changes upon binding. An extension of this
argument [107] suggested how changes in heat ca-
pacity and entropy can be analyzed quantitatively in
terms of dehydration and coupled protein folding
reactions (discussed below).

Structures of protein—DNA complexes, as well as
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of free protein components, are in fact available for
the systems whose precise calorimetric AC*, values
have been measured. Of these, it appears that the
magnitude of the AC} values measured for the Met)
repressor [103] and the GR DBD [77] can be approx-
imately accounted for by changes in accessible sur-
face areas. This is consistent with an absence of
coupled folding reactions in these complexes. The
Cro complex was not analyzed in terms of surface
areas [32], and a quantitative analysis of the \ cl
repressor—operator complex is difficult because of
complicating effects due to cooperativity or confor-
mational changes in DNA [104].

The 1rp repressor shows excess values of AC®,
[102,34). An analysis of surface areas in X-ray struc-
tures of all species in the equilibrium shows that
conformational changes cannot account for this ob-
servation (see also the interpretation of NMR data in
Section 3). It is argued that the tightening of ‘*soft
vibrational modes™’ [94] provides an alternative con-
tributing mechanism [34] — the molecular interpre-
tation being a restriction of dynamic fluctuations of
polar groups and bound water molecules at the inter-
face. Thus, although dehydration effects may domi-
nate the measured AC°, for some equilibria, addi-
tional experimental data are needed to quantify the
relative importance of other contributing mecha-
nisms and to ascertain their relation to, for example,
the number of water molecules bound at a protein—
DNA interface.

4.4. Sites and residence times of bound water
molecules probed by NMR

NMR offers possibilities of identifying sites of
preferential hydration and residence times of bound
water. The method that has been applied to study
hydration in protein-DNA complexes involves com-
parisons of proton—proton cross relaxation properties
in the laboratory frame (nuclear Overhauser en-
hancement, or NOE) and the rotating frame (ROE)
(see Ref. [108] and work cited therein). The observa-
tion of NOEs and/or ROEs between DNA /protein
and water protons can be used to identify preferential
water-binding sites within a known structure. The
relative sign and magnitude of the two cross-relaxa-
tion processes contain information on the dynamics.
and may be interpreted in terms of residence times

[108]. Studies of a I:1 complex between the
Antp(C39S) homeodomain and a 14-base pair DNA
duplex indicate that water bound at the protein—-DNA
interface has residence times of more than | ns but
less than 20 ms [109]. These properties are similar to
those of water molecules buried in the interior cavi-
ties of globular proteins, where they constitute an
integral part of the protein structure [108]. This
observation suggests that the dynamic environments
of bound waters in proteins and at protein~DNA
interfaces are similar [109]. at least within the time
scale resolution provided by cross-relaxation tech-
niques.

NMR studies of the specific monomeric complex
between the DNA-binding domain of the GATA-I
transcription factor and DNA reveal several water-
binding sites between the protein and the DNA
phosphate backbone, but no water molecules at the
interface between the protein and the DNA bases
[110]. The exclusion of water from the protein-DNA
interface in this complex is consistent with the highly
hydrophobic nature of the complementary surfaces

[111].

5. Coupled protein folding and conformational
changes

The formation of sequence-specific protein—DNA
complexes can involve conformational changes in
the protein. These changes may be large scale rear-
rangements of domains, as with the A Cro protein
[112], as well as distinct structural rearrangements
involving specific protein side chains, as in the Arc
repressor [113]. The thermodynamics of structural
rearrangements may be complex and involve contri-
butions from several of the various effects discussed
in this review. The fact that they are inexplicably
related to the thermodynamics of the protein-DNA
interactions makes the dissection of the two effects
difficult to address experimentally. Calorimetric
studies of several specific A Cro—-DNA complexes
show the existence of two thermodynamically dis-
tinct binding modes, which differ in the extent of
enthalpic and entropic contributions to the binding
free energy. This effect may be attributed to the
presence of conformational subclasses [32].

Alternatively, the change in structure of the free
protein required to form the correct complementary
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DNA-binding surface may be induced by binding of
an allosteric effector, as with the trp [114—116] and
lac [117] repressors. In this case, it is possible to
dissect the thermodynamics of protein conforma-
tional change from the thermodynamics of DNA
binding by studying the two reactions separately.
Calorimetric investigations of the L-tryptophan—trp
repressor interaction [102] shows that the binding
reaction is dominated by an enthalpic contribution
(at 23°C). The negative heat capacity change appears
too large to be accounted for by changes in solvent
accessible surface areas of the ligand and its binding
site. The observed thermodynamics was therefore
interpreted as resulting from differences in structure
and, especially, dynamics between the apo- and
holorepressor [102], in accordance with observed
hydrogen exchange kinetics [118] and molecular dy-
namics simulations [119]. Similar conclusions could
be drawn based on comparisons of the wild-type trp
repressor with a mutant superrepressor [120].

It has been recognized for some time that se-
quence-specific DNA binding may be coupled with
protein folding reactions, in which regions that are
disordered in the uncomplexed protein assume well-
defined folded structures upon binding to DNA (see,
for example, Refs. [121,122]). Such reactions can be
expected to have a unique effect on the binding
thermodynamics [98,101,102,107]. Disorder—order
transitions that are coupled to DNA binding have, for
instance, been observed for the N repressor [123],
GCN4 [124,125), lac repressor [117], EcoRV en-
donuclease [126], and Antp homeodomain [127].
The observed folding reactions involve N-terminal
folding, formation of helices and loops, or global
folding. The opposite situation, i.e. order—disorder
transitions, has also been observed in a few cases
[69,128].

Coupled protein folding can be expected to result
in a negative AC[°, for the association process due to
a reduction in surface area, as discussed above.
Spolar and Record [107] have suggested how the
observed thermodynamics may be further quantified
in terms of various contributions to the entropy of
association. In general, measurements of AG®°, A H°
and AC®, for the binding reaction at a given temper-
ature allows determination of AS° and, assuming a
temperature-independent AC°,, the temperature (7;)
at which AS° = 0. A summation of entropy contribu-

tions due to the hydrophobic effect (AS%E), loss of
rotational and translational degrees of freedom (A S?),
the polyelectrolyte effect (ASp;) and other contribu-
tions (AS%,..) at this temperature yields:

o

AS(T) = 0= ASe(T) + ASS + ASy, + ASS

other

(3)

The first of these contributions may be evaluated
based on previous work on protein folding, i.e.
ASYe(T) = 0.32A A, In(T/386), where A A, is the
change in nonpolar solvent accessible surface area
[87,129]. Further, analysis of the thermodynamics of
protein—ligand and protein—protein interactions
where coupled folding and polyelectrolyte effects are
not involved [107], as well as statistical-mechanical
considerations (see, for example, Ref. [130]), sug-
gests that AS} = ~ 50 e.u. for a bimolecular associa-
tion reaction. Finally, ASp; may be estimated based
on the measured salt dependence (Eq. (1)) assuming
that the polyelectrolyte effect is purely entropic in
character [36,43,107]. Typical values of ASp; calcu-
lated for some different protein~DNA complexes fall
in the range 11-54 e.u. at the salt concentration
ranges used in various studies. It is suggested that
the remaining term, AS;,... contains predominant
contributions from conformational changes or fold-
ing in protein and/or DNA [107]. (The fact that
entropy loss due to protein folding may be compen-
sated by entropy gained from dehydration is sup-
ported by studies of Arc repressor—DNA equilibria
at different pressures [131].)

The Spolar-Record approach of breaking down
heat capacity and entropy changes into various con-
tributions may prove to be useful in understanding
the complex thermodynamics of sequence-specific
protein—DNA interactions. It needs to be tested on
some model complexes for which (i) the (solution)
structures of all participants in the equilibrium are
known, (ii) a distinct disorder—order transition is
observed, (iii) the polyelectrolyte effect has been
measured, and iv) precise calorimetric data on the
thermodynamics have been obtained. The quantita-
tive analysis in Ref. [107] is largely based on data on
the GR DBD and the #rp holorepressor. However,
the GR DBD fragment for which thermodynamic
data is available does not contain completely disor-
dered regions that become ordered in the complex
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[132,133], even though more modest conformational
changes appear to occur upon binding [134,135]. The
analysis of the #rp holorepressor is based on the
assumption that the D helix is disordered in the
uncomplexed form. However, the interpretation of
NMR data leads to a picture in which the D helix,
although less stable than the protein core, transiently
assumes two or more different conformational states
in which the helical conformation is retained [136].

6. Conformational changes in DNA

DNA conformations that deviate from the classi-
cal B-form are often observed in sequence-specific
protein—DNA complexes. Examples of DNA-bind-
ing proteins that dramatically distort the DNA con-
formation from the B-form include the CAP protein
[137], the TBP [74], and proteins within, and related
to, the HMG class [4]. The DNA structure in many
other complexes is more similar, but not identical, to
B-form DNA. It is obvious that the DNA conforma-
tion in both cases exists because it provides an
optimal steric and electrostatic complement to the
specifically bound protein.

The process by which a DNA sequence is recog-
nized by a protein from its inherent structure or
flexibility rather than by direct interactions is known
as indirect readout (see Section 2). The classical
example of indirect readout is the structure of the
phage 434 repressor and its operator (138]. The DNA
conformation in this dimeric complex is distorted
compared to B-form DNA. By mutating two base
pairs which are not in direct contact with the bound
protein, it is possible to reduce the binding affinity
up to 50-fold [139], indicating that these two base
pairs modulate operator affinity through their effects
on the relative free energies of different DNA con-
formations [1].

Although unique DNA conformations are so often
observed in complexes, there is little experimental
information on the underlying mechanisms and ther-
modynamics. The thermodynamic consequences of
distorting a DNA sequence upon binding should be
different compared to a situation in which the DNA
already exists in a non-B-form conformation or pop-
ulates such a conformation in the uncomplexed state.
Distortion of the DNA conformation can be expected

to be costly in terms of the overall binding free
energy. However, a conformational distortion will
contribute to specificity if it is even more costly for a
protein to distort a noncognate DNA fragment. Berg
and von Hippel [140] stress the fact that, whereas
conformational lability in proteins in general will be
expected to reduce specificity in binding, conforma-
tional changes in DNA can be sequence dependent
and therefore act to increase specificity. Erie and
Bustamente [141] recently formulated this mecha-
nism thermodynamically when considering the ener-
getic cost of DNA bending: the total binding tree
energy (AG,) for the formation of a specific {i = S)
or nonspecific complex (i = NS) complex can be
partitioned as AG, = AG, \x + AG, 5. where AG, g
is the (favorable) free energy due to protein—~DNA
interactions and AG, y is the (unfavorable) free en-
ergy required to bend the DNA. The binding speci-
ficity of a protein is defined as AAGg, = AG —
AG . which can be rewritten as

AAGSp = AGs,NR +AGs 5 — AGyg g — AGNs p
= AAGSP_NR + AAGSP.B (4)

where AAGg, yg = AGg g — AGyg g and AAG,
=AGsy — AGysy. Eq. (4) shows that sequence-
specific differences in bending (or deformation) free
energies will also determine the specificity in a
hypothetical case where the interfacial protein~DNA
interactions present in sequence-specific and nonspe-
cific complexes are energetically equivalent. Experi-
mental data supporting the concept that DNA bend-
ing deformations observed in sequence-specific com-
plexes also occur in nonspecific complexes come
from the scanning force microscopy of A Cro with a
1 kb DNA fragment containing specific binding sites
at known locations [142]. Calorimetric data on the
interaction between X\ cl repressor and DNA contain-
ing various combinations of the three operator sites
demonstrate that sequence-dependent conformational
changes in DNA play a significant role in the mecha-
nisms of binding and cooperativity to the sites within
the operator region [104]. Studies by Merabet and
Ackers [104] also give an indication of the thermo-
dynamic consequences (on heat capacity and en-
thalpy of binding) of these conformational changes.

Evidence that a particular DNA fragment may be
pre-disposed to adopt the non-B-form conformation
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present in a sequence-specific complex comes from
comparisons of the structure of the uncomplexed
trp-operator DNA with that in a #rp repressor—oper-
ator complex [73]. In this case, it was concluded that
the inherent structure of the DNA sequence as well
as its inherent flexibility are major determinants in
the recognition process. An example of a protein that
relies almost exclusively on the intrinsic and induced
DNA conformation for sequence recognition is the
human serum response factor [143].

Different DNA conformations have, in fact, also
been observed in complexes involving the same
DNA-binding protein. Comparisons of complexes
between GCN4-bZIP fragments, and AP-1 and
ATF /CREB target DNA sites, respectively, reveal
that AP-1 DNA remains close to the B-form, whereas
ATF/CREB DNA is slightly bent. The high degree
of similarity in protein~-DNA interactions and bind-
ing free energies between the two complexes sug-
gests that the structural forms of DNA observed in
these crystals are of comparable energy [144].

7. Changes in dynamics

Changes in the conformational flexibility and dy-
namics of DNA and protein can, in general, be
expected to influence the thermodynamics of the
interaction. The internal dynamics of biomolecules is
complex and involves a wide variety of dynamic
processes occurring at time scales spanning about 15
orders of magnitude (see, for example, Ref. [145]).
Changes in protein backbone dynamics with an asso-
ciated entropy loss are inherent in the local protein
folding reactions discussed above. However, changes
in dynamics will also occur when the interacting
species retain the equilibrium conformations of the
uncomplexed states. Energetically unfavorable con-
tributions to the binding can, for instance, be ex-
pected owing to the restriction of protein side chain
motions at the DNA-interacting surface or restriction
of torsional motions in DNA. Changes in dynamics
may reflect the fact that a more limited number of
approximately iso-energetic states are accessible in
the complex. This mechanism is a direct (conforma-
tional) entropy effect, and analyses of, for example,
side chain conformations in proteins show that it
may be extensive in protein folding reactions [146].

Changes in dynamics may also reflect a tightening of
potentials [94], in which case the primary thermody-
namic consequence is a decrease in heat capacity.
However, vibrational entropy can also be gained in
the complex owing to an increase in the number of
low-frequency vibrational modes, as calculated for
the dimerization of insulin [147]. This latter scenario
corresponds to an increased motional freedom at low
characteristic frequencies of the interacting molecules
in the complex.

Only a few experimental or theoretical investiga-
tions of protein—~DNA interactions in solution have,
so far, specifically addressed the thermodynamic
consequences of changes in dynamics. However, this
issue can be expected to be subject to more intense
future research. Ladbury et al. [34] support their
calorimetric data on the trp repressor—operator inter-
action with an analysis of crystallographic tempera-
ture factors for the free and complexed repressors.
Changes in temperature factors are notably large
within the DNA-interacting fragments of the repres-
sor. These observations may therefore reflect re-
duced amplitudes of vibrational motions at the inter-
molecular interface.

Berglund et al. used "N NMR relaxation mea-
surements to study the changes in dynamics of a
single arginine side chain in the Sso7d protein, as
this arginine forms part of the protein—-DNA inter-
face [148]. The motions of the arginine become
restricted in the complex, but not as restricted as
those of an arginine buried in a protein core. The
amplitude of internal motions on the pico- to
nanosecond time scale can be related to the free
energy loss due to restriction of these motions upon
binding [149]. A comparison of NMR order parame-
ters measured for arginine side chains at a protein
surface, at a protein—-DNA interface and in a protein
core indicates that the concerted effect of restricting
the flexibility of many side chains at an interface
may be comparable to other determinants of binding
thermodynamics [148].

The inference that some of the inherent flexibility
of the interacting molecules needs to be retained in
the complex, to increase affinity and specificity, is
supported by 'P NMR studies of lac repressor
headpiece—operator complexes [150,151]. The extent
of perturbation of *'P NMR chemical shifts in differ-
ent operator sequences upon binding of wild-type
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and mutant repressor fragments was found to corre-
late with measured dissociation constants. These ob-
servations suggest that specific high-affinity
protein—operator complexes retain the inherent flexi-
bility of the free operator, whereas the phosphate
esters are conformationally restricted in the lower-af-
finity complexes [150].

8. Thermodynamic dissection of specific interac-
tions

Protein—DNA complexes involve a large number
of noncovalent interactions. It follows that the vari-
ous interactions contribute only a small amount to
the total stabilization energy or, alternatively, that
only a few specific interactions make a stabilizing
contribution. The latter scenario implies that many
interactions, although crucial for the distinction be-
tween a sequence-specific and a nonspecific com-
plex, make a zero or perhaps even negative contribu-
tion to the total stability. An important consequence
of this is that part of the discrimination can be
achieved by interfacial groups finding the least
destabilizing counterpart only at the correct binding
site [13]. The majority of specific interactions ob-
served in complexes are hydrogen bonds (see Refs.
[3,152] and references cited therein). These are com-
plemented by ion pairs involving DNA phosphates,
and van der Waals contacts with nonpolar surfaces
of sugars and bases. The DNA major and minor
grooves provide a number of hydrogen-bonding pos-
sibilities, but only a smaller number of potential sites
for nonpolar interactions. Most nonpolar interactions
involve a thymine methyl group that protrudes into
the major groove. In this section we review studies
aimed at dissecting the energetic contributions of
various specific interactions.

A number of studies have focused on the thermo-
dynamic consequences (in terms of the free energy
of binding) of systematic base-pair substitutions in
cognate DNA sequences and /or specific amino acid
mutations on DNA-interacting protein surfaces. The
studied systems include the lac repressor [5,153—
155], the trp repressor [156,157], the N\ repressor
[64,158], the Cro repressor [32,159], the Mnt repres-
sor [160], the EcoRI [49,161-164], EcoRV [165] and
Rsrl [163] endonucleases, the CAP protein [166.167]

and the GR DBD [76,168,169]. These studies, along
with a large number of studies employing methods
that provide qualitative rather than quantitative data,
show that the exchange of single amino acids or base
pairs at the contacting surfaces can result in very
different contributions to the free energy of binding.
At a first glance, this may seem reasonable, because
only some of the replaced building blocks are in-
volved in direct interactions between the molecules.
However, a closer inspection reveals that many ob-
servations cannot be explained in this way. Part of
the problem, which is detected as a nonadditivity of
different changes, arises because most substitution
experiments remove or alter the functional groups at
only one of the interacting surfaces. leaving the
formerly complementary surface intact. Conse-
quently, these experiments do not measure the ener-
getic contribution of a particular set of identified
interactions, but rather a difference compared to the
(maybe very unfavorable) interactions that replace
the removed ones.

Another part of the problem is due to the fact that
the ‘*‘wild-type’ interaction interface is formed by
conformational adaptation, as discussed above. Con-
formational adaptation occurs because the forces sta-
bilizing a protein—~DNA complex are the same ones,
both in terms of nature and magnitude, that shape the
macromolecules. Thus, small adjustments, such as
DNA bending and major groove widening or amino
acid rearrangements, will be part of the recognition
process enabling the molecules to form a comple-
mentary surface [5]. For instance, by making a base
pair substitution in DNA with the purpose of remov-
ing an observed hydrogen bond, the conformational
adaptability of DNA, which is strongly sequence
dependent, will also be changed. As a consequence,
one or more favorable contacts may be lost which
require an appropriate conformation of the phosphate
backbone. The matter is further complicated by the
presence of small water molecules that extend the
reach of hydrogen-bonding groups or fill cavities in
places where it is not otherwise possible to achieve
good complementarity. In order to dissect the role of
single protein—DNA contact energies, it is therefore
important to make only small perturbations of the
contacting surfaces and to compare the observed
thermodynamics with complementary structural data.

A particularly thorough investigation is provided
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by Lesser et al., who studied the ability of EcoRI
endonuclease to discriminate between the correct
recognition site and systematically altered DNA sites
[162]. This study separates the contribution of identi-
fiable protein—-DNA contacts from contributions due
to macromolecular structure reorganization. The dis-
crimination is achieved by comparing substitutions
that preserve the sequence-dependent conformation
of the DNA, i.e. isosteric base analogs, to those that
do not, i.e. another natural base pair. Relatively
small free energy penalties (= 1.5 kcal mol ') are
observed for the loss of a single hydrogen bond or
nonpolar interaction with a thymine methyl in isos-
teric sites. Further, these penalties are found to be
independent of the position in the DNA sequence. In
contrast, the introduction of an incorrect base pair
results in position-dependent free energy penalties
that are too large to be attributed to changes in
protein—-DNA base pair contacts alone. The authors
conclude that the extra free energy loss is due to
changes in protein—DNA backbone interactions and
differences in the energetic cost of distorting the
DNA. This observation, as well as the figures associ-
ated with removal of single hydrogen bonds, are
confirmed in a later study [164].

The energetic effect of small changes at a pro-
tein—-DNA surface is also given by Smith et al., who
studied #rp repressor binding to operator sequences
containing isosteric base analogs [157]). The base
analogs differed from the natural bases by a single
atom, the N’-purine nitrogen, which was replaced by
a carbon. The results show that the water-mediated
hydrogen bonds with N’-purine nitrogens observed
in the crystal structure are critical for the formation
of a high-affinity complex. From observed free en-
ergy differences, an average value of approximately
1 keal mol™! was attributed to the loss of a water-
mediated hydrogen bond.

The energetic importance of hydrogen-bonding
contacts with the central backbone phosphate of the
DNA recognition site for EcoRI has been examined
by systematically replacing each phosphate oxygen
by sulfur to produce stereospecific phosphorothioates
[170]. The substitution results in a more localized
charge on the sulfur. For phosphates where the pro-
tein makes a hydrogen-bonding interaction to only
one of the phosphoryl oxygens, one of the substitu-
tions is expected to improve binding and the other to

attenuate binding. This is the case for the central
phosphate in the binding site and the most favorable
energetic contribution of this contact is estimated at
— 1.5 kcal mol !,

A stabilizing contribution of about 1-2 kcal mol ™!
for a hydrogen bond is also consistent with measure-
ments on several other protein-DNA equilibria
[156,163,165]. The value is also comparable to those
estimated from studies of protein stability for the
extreme case of burying hydrogen-bonding groups
without any partner, where an unpaired uncharged
hydrogen bond contributes approximately 0.5-1.5
keal mol ™' and an unpaired charged hydrogen bond
contributes an additional 3 kcal mol ™' [171].

The thymine methyl group projects into the DNA
major groove where it can make van der Waals
contacts with a bound protein, thereby contributing
to the sequence discrimination. Several studies have
focused on the role of this methyl group by substitut-
ing thymine with uracil. In 1979, Fisher and
Caruthers [155] showed that the thymine methyl
could account for the reduced affinity of a lac
repressor mutant for lac operators where AT base
pairs were replaced successively by TA, AU, GC
and GCM*, Only the last substitution involving a
5-methyl cytosine restored full binding affinity. The
removal of a contacted methyl group has been found
to be energetically unfavorable by approximately
0.6 -2.0 kcal m ol ™~ !
[32,153,154,156,159,162,165,167]. These studies in-
dicate that the thymine methyl is an important, and
sometimes even the only, determinant of specificity
for AT base pairs. The estimated figures for this
interaction are also in accordance with a theoretical
calculation on the dehydration of a thymine methyl
[172]. (Note, however, the potential pitfall associated
with analyses of system and microscopic bond stabil-
ities [173].)

Additional insight into the molecular basis of
individual interactions is provided by determinations
of the enthalpy and entropy of DNA binding. Takeda
et al. applied pulsed-flow microcalorimetry to inves-
tigate the thermodynamics of Cro protein—-DNA in-
teractions [32]. The studied reactions included both
single and multiple base pair alterations as well as
single amino acid mutants. The authors were able to
correlate measured thermodynamic parameters with
expected changes in interactions based on structural
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data. For example, the removal of an identifiable van
der Waals interaction with a thymine methyl group
(T to U substitution) results in a free energy penalty
of 1.6 kcal mol™!. This effect is mainly due to an
enthalpy change of 1.3 kcal mol ' with an approxi-
mately zero change in entropy, which is expected for
the loss of this interaction. However, a possible
complication in this kind of experiment is the small
potentially water-filled cavity created when the
methy! group is removed from the protein~DNA
interface. This issue was recently addressed using
isothermal titration calorimetry [77] for the se-
quence-specific binding of the GR DBD to the GRE,
a complex for which structural data are available
[134]. The study focuses on the removal of a thymine
methyl group, which is not involved in any critical
sequence-specific interaction. The affinities for the
mutated sites (AT to AU, GC and GCM*) were all
found to be similar to that of the original site.
However, the removal of the methyl is associated
with an unfavorable entropy contribution of about 1
kcal mol~' which is compensated by a correspond-
ing tavorable enthalpic component. The differences
in thermodynamics were therefore interpreted as a
replacement of the thymine methyl by an ordered
water molecule, which is supported, although not
confirmed, by structural data.

9. Concluding remarks

The common denominator for sequence-specific
protein-DNA complexes is a large complementary
interaction surface. The need for large interacting
surfaces can be understood by the requirement of a
sufficiently long DNA sequence to define a unique
specific binding site. This property distinguishes pro-
tein—-DNA interactions from small molecule-DNA
interactions. (The strongest DNA-binding drugs ap-
pear to gain more binding free energy per interacting
surface area than sequence-specific proteins. ') The

"T. Hird and T. Lundbick, unpublished compilation of struc-
tural and thermodynamic data for the binding of Hoechst 33258,
netropsin. the GR DBD and the rp repressor. Literature values
for binding free energies (corrected for salt concentration depen-
dence) were compared to buried surface areas calculated from
known structures.

number of interactions that actually stabilize a pro-
tein-DNA complex is either small or, if it is large,
the average interaction contributes only a smail part
of the binding energy. This situation is reminiscent
of protein folding thermodynamics. Protein folding
involves the removal of large surfaces from exposure
to solvent, and the interior of a folded protein dis-
plays optimum steric (packing) and polar /nonpolar
complementarity. Nevertheless, the free energy of
folding is surprisingly small compared to the large
number of noncovalent interactions. Another impor-
tant thermodynamic consequence of the large inter-
acting surfaces is a significant negative change in
heat capacity upon complex formation. The heat
capacity change, which is also found in protein
folding, results in large temperature dependencies in
binding enthalpies and entropies. This is in contrast
to DNA-small ligand interactions. for which mea-
surable heat capacity changes are seldom observed.
although binding affinities are high (see, for examle.
Refs. [105,106]). Despite these similarities, protein—
DNA interactions differ from protein folding in many
ways, e.g. owing to the polyelectrolyte nature of
DNA.

We have outlined the various molecular events
that contribute to the formation of the complemen-
tary interface. and summarized the current knowl-
edge on how these affect binding thermodynamics.
Substantial research has led to significant progress in
several areas. These include the extent and thermo-
dynamic effects of dehydration; the combined effects
of cations, anions, and pH on binding equilibria; and
a realization of the effects of coupled equilibria and
protein folding interactions. Further, the contribution
to the binding free energy due to various specific
interactions at the interface has been determined for
a few well-studied model systems. Areas that, in our
opinion, need more attention are changes in dynam-
ics, the details of specific electrostatic interactions
and desolvation effects, and the thermodynamic ef-
fect of conformational changes in DNA. Future re-
search may also consider evolutionary aspects, as
these may lead to important clues regarding the most
crucial structural and thermodynamic requirements
for sequence-specific binding.

This survey illustrates the complexity of the ther-
modynamics and the way in which various effects
make different complexes thermodynamically unique,
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just as they are structurally unique. This conclusion
may seem rather obvious, but an implication is that it
is easier to reach an understanding of the contribut-
ing thermodynamic determinants for a single pro-
tein~-DNA complex than to formulate a general set
of rules. This has also been the case for some
well-studied drug—DNA complexes (see, for exam-
ple, Refs. [62,174,175]). Thus, in our opinion, the
study of the model systems mentioned here should
be continued in order to build a data base of observa-
tions. There is much to learn from combinations of
experiments addressing structure, dynamics and ther-
modynamics complemented by computer simulations
and statistical-mechanical considerations. It is worth
noting that many of the most conclusive studies
mentioned in this review involve model systems for
which there is an abundance of data on structure and
dynamics, and on which only very small systematic
changes in chemical structure, buffer conditions, etc.,
were made.
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