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Volume and hydration changes of DNA–ligand interactions
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Abstract

We report the volumetric and other thermodynamic properties of ethidium bromide (EB), propidium iodide (PI) and daunomycin (DAU) intercalating
with poly(dA)•poly(dT), poly[d(A–T)]•poly[d(A–T)], and poly[d(G–C)]•poly[d(G–C)], respectively, as well as minor groove binder Hoechst 33258
binding with poly[d(A–T)]•poly[d(A–T)]. The data were obtained using fluorescence titration and hydrostatic pressure measurements. Our
thermodynamic data are combined with enthalpies from literature reports to analyze the thermodynamic characteristics of the different interactions. The
differences are interpreted based on three processes related to hydration: I. burial of non-polar hydrophobic solvent accessible surface, II. burial of polar
surface and formation of solute–solute H-bonds, and III. disruption of “structural” hydration. Sequence dependent conformational changes may also be
important when comparing ligand binding to different DNA sequences. We conclude that a combination of different thermodynamic parameters,
especially volume change, is essential in order to understand the role of hydration in the energetics of DNA–ligand interactions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Changes in hydration play an essential role in the thermody-
namics of the non-covalent interactions formed by biological
molecules. However, despite being the target of great interest, the
quantitative understanding of the contribution of hydration to the
energetics of a non-covalent complex remains elusive. One prac-
tical consequence of the lack of understanding is that modelling
hydration is a major obstacle in computer-assisted drug design.
The major impediment to the characterization of hydration arises
from the fact that the actual process of water interacting with one
or more solutes takes place amid a background of interactions
between water molecules interacting with each other. The water–
water interactions are usually similar to the water–solute inter-
actions. Changes in solvent accessible surface of the solute, either
in area, or physical properties, such as charge, polarity, or shape,
can influence solute–water interactions. Adding to the difficulty
of quantitatively assessing the role played by hydration in the
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thermodynamics of non-covalent complexes is the paucity of
comparable experimental results.

Among water–solute interactions, the hydrophobic interaction
is perhaps the closest to being quantified. The free energy arising
from the hydrophobic hydration has been empirically linked to
heat capacity change: ΔGhyd,np=(80±10)ΔCp [1,2] and later to
solvent accessible surface area ΔA through empirical relation-
ships between ΔCp and ΔA [3,4]. However, the relationship
proposed by Spolar et al. [1] requires that most of the solvent
accessible surface lost upon formation of the complex be
hydrophobic. This situation is rarely the case for DNA–ligand
complexes. Recent attempts to dissect the free energy of DNA–
ligand interactions [3,5–7] have recognized the importance of
hydration.

The volumetric parameters aremore directly related to hydration
than free energy or enthalpy. Hydration changes, arising from the
release of hydration water into bulk and changes in solvent
accessible surface are the sources ofmost of the volumetric changes
during DNA–ligand interactions. In contrast, hydration change is
only one of several factors that comprise ΔG, ΔH, and ΔS. The
direct relationship between hydration and volumetric properties
makes volumetric methods ideal for studying hydration; this is well
recognized in reviews of DNA hydration [8]. Unfortunately, volu-
metric data describing DNA–ligand interactions are still scarce and
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not very systematic. Most of the volume changes were
measured by either densimetric methods or measuring pressure
dependence of the association constant, Ka. The interaction of
ethidium bromide (EB), propidium iodide (PI) [9] and
Hoechst33258 [10,11] with AT-containing polymers have been
studied by pressure methods. Densimetric methods have been
used to study the volumetric properties of the complexes formed
by EB [12], Distamycin [13], and netropsin [14,15] with synthetic
DNA polymers. It remains difficult to broadly assess the role
of hydration in these complexes because most of the studies have
been performed under a limited range of experimental conditions.

In this work, we present volumetric data for the interaction
of the intercalators EB, PI, and daunomycin binding with poly
(dA)•poly(dT), poly[d(A–T)]•poly[d(A–T)] and poly[d(G–C)]
•poly[d(G–C)] and the minor groove binder Hoechst 33258
complexed with poly[d(A–T)]•poly[d(A–T)]. Combining our
volumetric and free energy data with literature values for ΔH and
deduced ΔS gives us a better understanding of DNA–ligand in-
teractions, especially the role of hydration effect, through a syste-
mic comparison of different DNA–ligand binding combinations.

2. Materials and methods

2.1. Materials

Ethidium bromide (EB), propidium iodide (PI), daunomycin
(DAU) and Hoechst 33258 were obtained from Sigma-Aldrich
Co. and used without further purification. The synthetic poly-
mers, poly(dA)•poly(dT), poly[d(A–T)]•poly[d(A–T)] and
poly[d(G–C)]•poly[d(G–C)] were purchased from Amersham
Biosciences Corporation. The DNA polymers were dissolved in
buffer, and then dialyzed against the same buffer. The concen-
trations of stock DNA and ligand solutions were determined
spectrophotometrically using molar extinction coefficients:
ϵ259 = 12,000 M− 1 cm− 1 for poly(dA)•poly(dT) [16],
ϵ262=13,200 M− 1 cm− 1 for poly[d(A–T)]•poly[d(A–T)]
[17], ϵ255=16,800 for poly[d(G–C)]•poly[d(G–C)] [18],
ϵ480=5800 M−1 cm−1 for EB [19], ϵ493=5900 M−1 cm−1.
For PI [20], ϵ480=11,500 M−1 cm−1 for DAU [21] and
ϵ338=42,000 M−1 cm−1 Hoechst 33258 [22], respectively. The
concentration of DNA polymers is expressed in moles of base
pairs. All measurements were preformed in buffer solutions
consisting of 20 mM Tris–HCl, pH 7.2, 0.1 mM EDTA and the
desired amount of NaCl.

2.2. Fluorometric titrations

Fluorescence titrations were performed on a Spex Fluor-
oMax 3 spectrofluorometer (Jobin Yvon, Inc., Edison, NJ) at
room temperature to determine the equilibrium binding para-
meters of ligands binding with DNA. DNA solutions were
titrated with concentrated ligand solutions. The excitation and
emission wavelengths were 512 nm and 600 nm, respectively,
for EB titration; 526 nm and 610 nm, respectively, for PI
titration; 480 nm and 555 nm, respectively, for DAU titration;
355 nm and 467 nm, respectively, for Hoechst 33258 titration.
Data sets consisting of binding density, r=[bound EB] / [total
DNA base pairs], and [L], the concentration of unbound EB,
were determined from the titration. Then the data of r and [L]
were analyzed with site-exclusion model [23]:

r
½L� ¼ Kað1−nrÞ � ð2x−1Þð1−nrÞ þ r−R

2ðx−1Þð1−nrÞ
� �n−1 1−ðnþ 1Þr þ R

2ð1−nrÞ
� �2

R ¼ f½1−ðnþ 1Þr�2 þ 4xrð1−nrÞg1=2

in which Ka is the equilibrium binding constant, n is the size of
the binding site in base pairs, and ω is a cooperativity para-
meter. Ka, n, and ω were determined by nonlinear fitting using
Origin (OriginLab Corp., Northampton, MA) with n restricted
to be an integer according to the original excluded-site model.
The restriction of n to integer values was also important because
n and ω are highly correlated [24] and it is nearly statistically
impossible to fit both without some constrains. Similar to other
studies of the binding parameters of these ligands, the
fluorescence properties of bound ligands are assumed to be
independent of binding density r.

2.3. High-pressure fluorescence measurements

Based on the standard thermodynamic relationship: (∂lnKa /
∂P)T=−ΔV° /RT, where R is the gas constant, the molar vo-
lume change of DNA–ligand binding was determined though
measuring the pressure dependence on binding constants. The
change of binding affinity with pressure was measured using a
Fluoromax 3 spectrofluorometer. A more detailed description
can be found in our previous publications [25]. The pressure
dependence of lnKa was fitted with second order polynomial
using Origin (OriginLab Corp., Northampton, MA) to obtainΔV
and its pressure derivative, the isothermal compressibility.

3. Results

3.1. Binding parameters

We report the equilibrium parameters of ten DNA–ligand
systems: the intercalators EB, PI, and DAUwith poly[d(A–T)]•
poly[d(A–T)], poly(dA)•poly(dT) and poly[d(G–C)]•poly[d
(G–C)] and minor groove binder Hoechst 33258 with poly[d
(A–T)]•poly[d(A–T)]. The data were obtained from fluores-
cence titration measurements. For each ligand–DNA system,
titrations were performed at four or five different NaCl con-
centrations ranging from 25 to 220 mM. The results are sum-
marized in Table 1. The equilibrium constant, Ka, of solution
with 50 mM added NaCl and corresponding free energy, ΔG,
are listed for comparison between different systems. No statis-
tically significant salt dependence was observed for the coopera-
tivity, ω, or the binding size, n. At the same NaCl concentration,
the typical error inKa, and the cooperativity,ω, is about 10%; the
corresponding error ofΔG is 0.06 kcal/mol. The error reported in
Table 1 for ω is the standard deviation of ω at different salt
concentrations.

The ligands can be divided into three categories: EB and PI
are structurally similar intercalators; however, ethidium is a



Table 1
Binding parameters

n ω Ka
a

(×106 M−1)
ΔG a

(kcal/mol)

EB binding with
poly(dA)•poly(dT) 3 1.9±0.6 0.037 −6.2
poly[d(A–T)]•poly[d(A–T)] 2 0.8±0.1 0.89 −8.1
poly[d(G–C)]•poly[d(G–C)] 2 1.1±0.3 0.27 −7.4

PI binding with
poly(dA)•poly(dT) 4 1.4±0.5 0.51 −7.8
poly[d(A–T)]•poly[d(A–T)] 3–4 1.6±0.6 5.6 −9.2
poly[d(G–C)]•poly[d(G–C)] 2 0.7±0.6 4.8 −9.1

DAU binding with
poly(dA)•poly(dT) 1 7±5 0.082 −6.7
poly[d(A–T)]•poly[d(A–T)] 1–2 0.8±0.6 3.3 −8.9
poly[d(G–C)]•poly[d(G–C)] 1–2 0.5±0.1 2.4 −8.7

Hoechst 33258 binding with
poly[d(A–T)]•poly[d(A–T)] 6–7 5±2 19.3 −9.9
a In 50 mM NaCl, 20 mM Tris–HCl, pH 7.2.

Fig. 1. A. Salt dependence of equilibrium constant, Ka, of EB and PI binding
with DNA. B. Salt dependence of equilibrium constant, Ka, of DAU and
Hoechst 33258 binding with DNA. Unit of Ka is μM

−1. The circles are data for
poly(dA)•poly(dT). The squares are for poly[d(A–T)]•poly[d(A–T)] and the
triangles are data for poly[d(G–C)]•poly[d(G–C)].
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monocation and propidium is a dication; DAU is an intercalator
with a flexible sugar ring that occupies the minor groove of
DNA; and finally, Hoechst 33258 binds to the DNA minor
groove.

3.1.1. Ethidium bromide and propidium iodide
EB intercalation with poly[d(A–T)]•poly[d(A–T)] and poly

[d(G–C)]•poly[d(G–C)] share similar binding parameters, in
both cases the ligand occupies two base pairs and the binding
displays no significant cooperativity. The equilibrium constant
for EB binding with poly[d(A–T)]•poly[d(A–T)] is approxi-
mately three times larger that that for the binding with poly[d
(G–C)]•poly[d(G–C)]. On the other hand, the complex formed
with poly(dA)•poly(dT) has a larger binding site size (n=3),
displays cooperativity, and the value of Ka is 24±3 fold less
than that of poly[d(A–T)]•poly[d(A–T)]. The affinity of PI for
poly(dA)•poly(dT) and poly[d(A–T)]•poly[d(A–T)] differs
only by a factor of approximately 11±2 and PI binding to
these two polymers has similar values of n and ω. PI exhibits
similar binding affinity to poly[d(G–C)]•poly[d(G–C)] and
poly[d(A–T)]•poly[d(A–T)] but with a smaller values of n and
ω. No statistically significant cooperativity was observed for PI
binding with these three polymers. Binding with PI generally
influences more base pairs (larger n) and has a higher affinity
than EB at moderate salt concentrations. The binding para-
meters obtained (n, ω and Ka) are in good agreement with
literature reports [9,16,26,27]. Neither n nor ω of EB binding
with poly[d(G–C)]•poly[d(G–C)] have been reported in the
literature.

3.1.2. Daunomycin
In a manner similar to EB, the equilibrium parameters de-

scribing the complex formed between DAU and poly(dA)•poly
(dT) differ significantly from those of the other two polymers.
The value of Ka for the interaction with this polymer is 40-fold
smaller than that for binding with poly[d(A–T)]•poly[d(A–T)].
Binding of DAU with poly[d(A–T)]•poly[d(A–T)] and poly[d
(G–C)]•poly[d(G–C)] exhibit essentially the same affinity. For
all three polymers, the value of the excluded site parameter is
small (n=1 to 2). Cooperative, non-cooperative, and anti-
cooperative binding were observed for poly(dA)•poly(dT), poly
[d(A–T)]•poly[d(A–T)] and poly[d(G–C)]•poly[d(G–C)], re-
spectively. The Ka values we measured are in good agreement
with literature results obtained under similar experimental con-
ditions [21,28–32]. In the literature, the size of the binding site,
n, ranges from 2 to 3 for poly[d(A–T)]•poly[d(A–T)] and poly
[d(G–C)]•poly[d(G–C)] and 1 to 2 for poly(dA)•poly(dT)
[21,28,29,31,32], which is similar to our results. None of the
literature studies have considered the potential cooperativity of
the binding and it might be part of the reason for the difference
between the value of n we observed and those reported in the
literature.

3.1.3. Hoechst 33258
Hoechst 33258 binds with poly[d(A–T)]•poly[d(A–T)] with

positive cooperativity and occupies 6 to 7 base pairs. The binding



Table 2
Salt dependence of binding affinity

Charge of
ligand

ΔG a

(kcal/mol)
−dlnKa /
dln[salt]

ΔGother

(kcal/mol)

EB binding with
poly(dA)•poly(dT) +1 −6.2 1.29±0.05 −4.3±0.2
poly[d(A–T)]•poly[d(A–T)] +1 −8.1 1.26±0.02 −6.1±0.1
poly[d(G–C)]•poly[d(G–C)] +1 −7.4 1.21±0.06 −5.6±0.3

PI binding with
poly(dA)•poly(dT) +2 −7.8 2.64±0.09 −3.6±0.4
poly[d(A–T)]•poly[d(A–T)] +2 −9.2 2.07±0.22 −5.9±1.1
poly[d(G–C)]•poly[d(G–C)] +2 −9.1 2.27±0.03 −5.5±0.2

DAU binding with
poly(dA)•poly(dT) +1 −6.7 1.19±0.17 −4.8±0.8
poly[d(A–T)]•poly[d(A–T)] +1 −8.9 1.26±0.13 −7.0±0.6
poly[d(G–C)]•poly[d(G–C)] +1 −8.7 0.81±0.08 −7.4±0.4

Hoechst 33258 binding with
poly[d(A–T)]•poly[d(A–T)] +1 −9.9 1.16±0.05 −8.1±0.2
a Corresponding to the measurements in 50 mM NaCl, 20 mM Tris–HCl,

pH 7.2.

Fig. 2. A. Salt dependence of molar volume change of EB and PI binding
with DNA. B. Salt dependence of molar volume change of DAU and Hoechst
33258 binding with DNA. The circles are data for poly(dA)•poly(dT). The
squares are data for poly[d(A–T)]•poly[d(A–T)] and the triangles are data for
poly[d(G–C)]•poly[d(G–C)].
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constant is larger than that of the three intercalators, which is
expected for a minor groove binder. The binding site size n is in
good agreement with the value reported by Loontiens et al.,
n=5–6 [22]. The experimentally observed positive cooperativity
has also been implied by an NMR study [33]. The strong binding
affinity is also in good agreement with literature reports [22,34].

3.2. Salt dependence of binding affinity

The salt dependence of Ka for the ten binding systems is
plotted in Fig. 1 and the results are summarized in Table 2. The
binding constant, Ka, decreases with increasing salt concentra-
tion for all systems studied (Fig. 1). This behaviour arises from
the release of counter-ions upon binding with a positively
charged ligand [35–37]. The change of DNA conformation
upon binding, such as unwinding, also can lead to counter-ion
release to a lesser extent. The value of the slope, −dlnKa / dln
[salt], is proportional to the number of counter-ions released
upon binding. As seen in Table 2, the values of −dlnKa / dln[salt]
are close to unity for the monovalent cations EB, DAU and
Hoechst 33258 and close to 2 for the divalent cation PI, as
expected. However PI binding with poly(dA)•poly(dT) has a
significantly higher −dlnKa / dln[salt] than the other two
polymers and DAU binding with poly[d(G–C)]•poly[d(G–C)]
has a smaller value of −dlnKa /dln[salt] than the other mono-
valent ligands.

By extrapolating the values of the free energy measured at
lower salt concentrations to 1 M, the electrostatic or polyelec-
trolyte free energy, ΔGpe=−(dlnKa /dln[salt])RTln[salt], appro-
aches zero [36]. This allowed us to calculate ΔG1M=ΔGother the
free energy that arises from non-electrostatic contributions. The
values are shown in Table 2. The magnitude of the non-electro-
static component of the binding free energy (ΔGother) is
roughly in the order: Hoechst 33258NdaunomycinNEB≈PI and
poly[d(G–C)]•poly[d(G–C)]≈poly[d(A–T)]•poly[d(A–T)]N
poly(dA)•poly(dT). It is noteworthy that the difference in the
binding affinity of EB and PI at moderate salt concentration is
mostly electrostatic in origin.

3.3. Volumetric change associated with binding

The molar volume change and molar isothermal compress-
ibility change associated with binding at different salt con-
centrations were obtained by monitoring the fluorescence as a
function of pressure. The dependencies of the molar volume
changes (ΔV ) on the salt concentration are plotted in Fig. 2.
From this Figure, it appears that there is no strong salt de-
pendence of ΔV for the systems we have studied; this is also
true for the change in compressibility. The volumetric data are
summarized in Table 3.

Although generally we did not observe a strong salt depen-
dence, the binding of PI with poly[d(G–C)]•poly[d(G–C)] and
DAU with poly[d(A–T)]•poly[d(A–T)] displayed a noticeable
decrease in ΔV with increasing salt concentration. These trends



Table 3
Molar volume change and compressibility change of binding at 25 °C

ΔV
(cm3/mol) a

ΔκT
(10−3 cm3 mol−1 MPa−1) a

EB binding with
poly(dA)•poly(dT) 5.4±0.3 −5±3
poly[d(A–T)]•poly[d(A–T)] −13.9±0.2 −17±1
poly[d(G–C)]•poly[d(G–C)] −10.5±0.1 −22±1

PI binding with
poly(dA)•poly(dT) 1.7±0.2 −31±1
poly[d(A–T)]•poly[d(A–T)] −12.7±0.1 −26±1
poly[d(G–C)]•poly[d(G–C)] −11.8±0.2 −20±2

DAU binding with
poly(dA)•poly(dT) 16.8±0.2 61±2
poly[d(A–T)]•poly[d(A–T)] −0.9±0.3 23±3
poly[d(G–C)]•poly[d(G–C)] −0.9±0.2 −24±2

Hoechst 33258 binding with
poly[d(A–T)]•poly[d(A–T)] −3±0.3 −15±2
a Average of values from different salt concentrations.

Fig. 3. Temperature dependence of molar volume change of ethidium binding
with poly[d(G–C)]•poly[d(G–C)] and poly[d(A–T)]•poly[d(A–T)] in 20 mM
Tris–HCl-50 mM NaCl, pH 7.2. The hollow squares are data for poly[d(A–T)]•
poly[d(A–T)] [24]. And the solid triangles are data for poly[d(G–C)]•poly[d
(G–C)], the slope is an average of slopes between 10 and 60 °C.
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have also been observed for all interactions with poly(dA)•poly
(dT) at moderate to high salt concentrations (70 mM to 220 mM).

The ten systems studied possess a large range of values of the
associated volumetric parameters, including both positive and
negative ΔV and compressibility changes. Complexes formed
with poly(dA)•poly(dT) generally have values of ΔV that are
more positive than those of the other two polymers. The diffe-
rence ofΔVof binding with poly(dA)•poly(dT) and the average
of ΔV of binding with poly[d(A–T)]•poly[d(A–T)] and poly[d
(G–C)]•poly[d(G–C)] (i.e. the ΔΔV ) are very similar for EB,
PI and DAU at 17.8, 14.0 and 17.7 cm3/mol, respectively. In
contrast to these values, the ΔVof binding with poly[d(A–T)]•
poly[d(A–T)] and poly[d(G–C)]•poly[d(G–C)] are more
similar, with ΔΔV values of 3.4, −0.9 and 0.0 cm3/mol for EB,
PI and DAU, respectively. The overall ΔV patterns are similar
for EB and PI, the differences in ΔV for EB and PI binding
with poly(dA)•poly(dT), poly[d(A–T)]•poly[d(A–T)] and poly
[d(G–C)]•poly[d(G–C)] are small,+3.7,−1.2 and +1.3 cm3/mol,
respectively. The values of ΔV for the binding of DAU parallel
those observed for EB and PI although they are more positive,
with average change of 13.2, 12.4 and 10.3 cm3/mol for binding
with poly(dA)•poly(dT), poly[d(A–T)]•poly[d(A–T)] and poly
[d(G–C)]•poly[d(G–C)], respectively. Binding of Hoechst
33258 with poly[d(A–T)]•poly[d(A–T)] has small negative ΔV
of about −5 cm3/mol for most of the salt range studied except at
the lowest salt concentration of 25 mM it has a small positiveΔV
of 4 cm3/mol.

Most of the systems have negative compressibility changes
with values approximately −20×10−3 cm3 mol−1 MPa−1, the
range is −15 to −31×10−3 cm3 mol−1 MPa−1. The exceptions
are DAU binding with two AT polymers, both have positive
compressibility changes; and EB binding with poly(dA)•poly
(dT), which has a negative compressibility change with a much
smaller magnitude, −5×10−3 cm3 mol−1 MPa−1. Comparable
values of the adiabatic compressibility have been reported on EB
binding with poly[d(A–T)]•poly[d(A–T)] and poly[d(G–C)]•
poly[d(G–C)] [12]. We are unaware of other compressibility data
for these interactions in the literature.

3.4. Temperature dependence of volume changes of EB binding
with poly[d(G–C)]•poly[d(G–C)]

In an earlier study [25], we measured the temperature depen-
dence of volumetric changes of EB binding with poly(dA)•poly
(dT) and poly[d(A–T)]•poly[d(A–T)]. Similar experiments have
been performed on poly[d(G–C)]•poly[d(G–C)] in this study.
The pressure dependence of the equilibrium constant for EB
binding with poly[d(G–C)]•poly[d(G–C)] was measured at
six temperatures ranging from 13.5 to 84.8 °C. The tempera-
ture dependence of the deduced molar volume and compressi-
bility changes are shown in Figs. 3 and 4, respectively. Previously
published [25] and unpublished data for poly[d(A–T)]•poly[d
(A–T)] are shown in Figs. 3 and 4, respectively, for com-
parison. The value of ΔV for EB binding with poly[d(G–C)]•
poly[d(G–C)] becomes more negative with increasing tempera-
ture, and the trends are similar for binding with poly[d(A–T)]•
poly[d(A–T)] [25]. From 13.5 to 55.8 °C, the value of ΔV
decreases with increasing temperature, the average expansivity
equals −0.128±0.015 cm3 mol−1 K−1 for poly[d(G–C)]•poly[d
(G–C)], which is slightly less than the value of−0.154±0.016 cm3

mol−1 K−1 reported for the interaction of EB with poly[d(A–T)]•
poly[d(A–T)] over a similar temperature range [25]. Higher
temperature could be reached for the more thermal stable poly[d
(G–C)]•poly[d(G–C)], with the broader temperature range, a
slight curvature could be seen with ΔV decreasing faster at tem-
peratures higher than 55.8 °C. If these data are fit with second order
polynomial, the slope of the curve reaches −0.22±0.02 cm3 mol−1

K−1 at 84.8 °C. Similar trends have been observed for the
temperature dependence of compressibility changes from Fig. 4.

In the range from 13 to 55.8 °C, the compressibility change of
EB binding to poly[d(G–C)]•poly[d(G–C)] is similar to that of



Table 4
Experimental and literature results*

ΔV ΔκT ΔGother ΔH ΔSother

Fig. 4. Temperature dependence of compressibility change of ethidium binding
with Poly[d(G–C)]•poly[d(G–C)] and poly[d(A–T)]•poly[d(A–T)] in 20 mM
Tris–HCl-50 mM NaCl, pH 7.2. The hollow squares are data for poly[d(A–T)]•
poly[d(A–T)] (unpublished data). And the solid triangles are data for poly[d
(G–C)]•poly[d(G–C)].
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poly[d(A–T)]•poly[d(A–T)]. Binding with either polymer
results in negative compressibility changes with the value for
binding to poly[d(A–T)]•poly[d(A–T)] being slightly more ne-
gative than that for poly[d(G–C)]•poly[d(G–C)]. The compress-
ibility changes are relatively insensitive to temperature for both
polymers although at temperatures above ∼56 °C the compress-
ibility change of binding with poly[d(G–C)]•poly[d(G–C)] gra-
dually becomes more positive with increasing temperature and
changes sign at around 80 °C.

The temperature dependence of Ka for EB binding to poly[d
(G–C)]•poly[d(G–C)] is plotted in Fig. 5. By fitting the data with
a second order polynomial and assuming a single-step reaction
mechanism we found that at 25 °C the enthalpy, equals −7.4±
5.3 kcal mol−1. The large relative error is a consequence of the
fact that the enthalpy is calculated from the difference between
two large terms each with errors of about 10%. The heat capacity
change for binding, ΔCP, is −121±13 cal mol−1 K−1 at 25 °C.
Fig. 5. Temperature dependence of equilibrium constants of ethidium binding
with Poly[d(G–C)]•poly[d(G–C)] in 20 mM Tris–HCl-50 mM NaCl, pH 7.2.
4. Discussion

The binding parameters we have obtained agree well with
literature results, where they are available [9,16,21,22,26–
32,34]. The measured salt dependence of the binding constant
(Ka) agrees with the polyelectrolyte theory [35,36] and available
literature values [9,22,38]. By analyzing the salt dependence of
binding, we deduced the free energy of the different systems at
1 M salt. The resulting free energy, termed ΔGother; eliminates
the effect of counter-ion release on binding [36,39]. The values
of ΔH in Table 4 are taken from the literature, in all cases they
are calorimetrically determined values except in the case of
Hoechst 33258, which is a van't Hoff enthalpy. The non-
electrostatic component of the entropy change,ΔSother, has been
deduced from ΔGother and ΔH. Our volumetric data agree well
with literature results where they exist [9–12,27]. We are
unaware of other reports on the volumetric properties of
daunomycin binding with these three synthetic DNA polymers
or for PI binding with poly[d(G–C)]•poly[d(G–C)].

DNA–ligand binding is a complex process with multiple
sources of free energy. The major free energy components
include conformation free energy, ΔGconf, translational and
rotational free energy,ΔGr+t, polyelectrolyte free energy,ΔGpe,
and the free energy arising from hydration and molecular
interaction, ΔGhyd mol. The free energies due to hydration and
molecular interaction are considered together because of their
close relationship; the formation of a non-covalent complex is
almost always associated with desolvation of the interacting
molecules. Furthermore, for DNA–ligand interactions, this term
will depend on the DNA sequence.

In contrast to this, the other terms, ΔGr+t, and ΔGpe, are
independent of the DNA sequence, to a first approximation.
Therefore, understanding the thermodynamics of DNA–ligand
interactions is contingent on our ability to describe the factors
(cm3/mol) (10−3 cm3

mol−1 MPa−1)
(kcal/mol) (kcal/mol) (cal mol−1

K−1)

poly[d(G–C)]•poly[d(G–C)] with
EB −10.5 −22 −5.6 −6.3a −2.5
PI −11.8 −20 −5.5 −7.4a −6.3
DAU −0.9 −24 −7.4 −8b −2.1

poly(dA)•poly(dT) with
EB 5.4 −4 −4.3 −1.3c 10.1
PI 1.7 −31 −3.6 −1.1c 8.3
DAU 15.4 61 −4.8 1.9b 22.3

poly[d(A–T)]•poly[d(A–T)] with
EB −14.1 −17 −6.1 −9c −9.9
PI −12.7 −26 −5.9 −6.6c −2.5
DAU −0.9 23 −7 −5.5b 5.0
Hoechst
33258chst
33258

−3.0 −15 −8.1 −6.2d 6.3

* The values for ΔV, the compressibility change (ΔκT), and ΔGother are
experimental results. The values for ΔH were taken from the literature (a. [38], b.
[62], c. [9], d. [22]). The values for ΔSother were deduced from ΔGother and ΔH.
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contributing to ΔGhyd mol and ΔGconf. Although it is sequence
independent the exact value of ΔGr+t, is still debated [4,40] To
compensate for this lack of certainty we have compared the
thermodynamic data for similar systems. Assuming that ΔGr+t

is the same for all cases, then after correcting for the difference
inΔGpe, which is mostly dependent on the charge of the ligand,
the difference in ΔGother compared between different systems
provides a good measure of difference in sum of ΔGhyd mol and
ΔGconf. The latter term, ΔGconf, is relatively non-specific for
different intercalators and ΔGconf of minor groove binding is
negligible. Thus, differences in ΔGhyd mol can be deduced. In
the following discussion, we have interpreted the hydration and
molecular interaction differences of the systems we have stu-
died on the basis of their differential thermodynamic properties.

4.1. Dissection of the hydration and molecular interactions

We propose that the changes in hydration accompanying the
formation of intermolecular complexes consist of three prin-
cipal components. Each component has a characteristic thermo-
dynamic signature, which can be used to interpret the observed
differences in ΔGhyd mol and other parameters as the contri-
bution of a single or sum of multiple components.

4.1.1. Burial of non-polar hydrophobic solvent accessible
surface, ΔAnp

The change in the solvent accessible area of non-polar surface
(ΔAnp) that occurs as a consequence of ligand bindingwith DNA
has favourable hydrophobic free energy [2,5]. This derives from
favourable entropy contributions that accompany the release of
hydration water and the loss of unfavourable cavity entropy.
This hydrophobic interaction process has been assumed to be
equivalent to the transfer of non-polar small molecules between
pure liquid and water solution. Near room temperature the
enthalpy change of this transfer process is approximately zero
[41].

The volume change caused by the formation of a non-covalent
complex has twomajor components: thermal volume changeΔVT

and hydration volume change ΔVH [42,43]. Thermal volume is
the layer of empty volume generated by solute–solvent vibration.
This is a large positive term with strong dependence on solvent
accessible molecular surface and not on the properties of the
surface. The hydration volume is the change in solvent molar
volume due to solute–solvent interaction; it is approximately zero
for non-polar surface and negative for polar and charged solute
surface [44]. The overall volume change arising from exposing
the solute to solvent ranges from large and positive for a non-polar
surface to small and positive for polar group to negative for the
exposure of a charged group. In the present case, burial of hy-
drophobic surface results in desolvation and a large negativeΔV,
this is dominated by a large negative ΔVT.

In summary, in the case of DNA–ligand binding the signs of
ΔG, −TΔS, and ΔV for Process I are negative and the enthalpy
contribution is assumed to be small. When comparing different
binding systems, the differences in ΔAnp, i.e. ΔΔAnp, may be
either positive or negative with ΔΔG, −Δ(TΔS) and ΔΔV
having the same sign as ΔΔAnp and ΔΔH ∼0.
4.1.2. Burial of polar surface and formation of solute–solute
H-bonds, ΔAP

The burial of polar surface is associated with the release of
water molecules involved in solvating the interacting surfaces
and a positive entropy change. On the other hand, there is an
enthalpy penalty for dehydration of a polar group that may be
offset by a favourable enthalpy for the formation of new inter-
actions between the polar groups of the ligand and DNA. The
latter arises mainly from the formation of hydrogen bonds and it
is likely to be the dominant term if the solute–solute H-bond is
geometrically correct, otherwise H-bond based structures such
as DNA duplex will not be formed simultaneously. With nega-
tive −TΔS and negative ΔH the overall ΔG is also negative
and favourable. Chalikian [45] has estimated that for each
polar group, ΔG, ΔH and −TΔS equal −0.8±0.1 kcal mol−1,
−0.33±0.03 kcal mol−1 and −0.47±0.09 kcal mol−1, respec-
tively at 298 K. As discussed earlier, burial of a polar group is
associated with a negative ΔV with a smaller magnitude than
ΔV of burial of non-polar group.

When comparing different binding systems, if the processes
are the same in quality and only different in quantity, such as in
differences in the amount of polar surface area buried, then the
thermodynamic quantities ΔΔG, ΔΔH, −Δ(TΔS ) and ΔΔV
will have the same sign as ΔΔAP. If the difference is only in
quality, such as in the case of exchanging one kind of polar
group with another then, ΔΔG, ΔΔH and −Δ(TΔS ) are likely
to have the same sign, which will be the opposite of that of
ΔΔV. When the difference is mainly in quantity the sign of
ΔΔV is dominated by its thermal volume component; when the
difference is only in quality, ΔΔV may be attributed mainly to
hydration volume. Intermediate cases may also exist. For
example, the buried polar groups may be unable to form a new
hydrogen bond or only able to form a weak hydrogen bond in
which case ΔG will be less favourable.

4.1.3. Disruption of pattern or structural hydration
DNA possesses large-scale hydration patterns, such as the

spine of hydration commonly seen in stretches with a narrow
minor groove [46,47]. The highly ordered hydration pattern
forms spontaneously and its disruption will have an unfavour-
ableΔG. With a favourable entropy contribution from release of
hydration water, the ΔH is unfavourable and its magnitude is
larger than that of −TΔS so as to yield an unfavourable ΔG. In
other words, this process involves enthalpy–entropy compen-
sation, which is different from Processes I and II. Processes I
and II include the first layer of water, while Process III is
specifically associated with hydration properties that extend
beyond the first layer hydration. For example, strengthening the
water–solute interaction by formation of a bridge between two
polar groups would have contributions from Process II and
Process III. This definition of Processes I and II will facilitate
future quantification because all irregular hydration is grouped
into Process III. Electrostriction of waters are another form of
irregular hydration. In this case there is a partial immobilization
of water molecules by DNA phosphate charge and by high
charge density pockets in narrow region of DNA minor groove;
these interactions also contributes to Process III. However, our
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data show that the volumetric properties are relatively
insensitive to the salt concentration, the electrostriction effect
might not be very significant in this system. To summarize,ΔG,
ΔH, and ΔV have the same sign, which is opposite to that of
−TΔS. DNA–ligand binding often involves disruption of DNA
hydration pattern and a positive ΔG, ΔH and ΔV for Process
III.

Thermodynamic signatures of the three processes
Process I.
Burial of non-
polar surface,
ΔAnp
Process II.
Burial of
polar surface,
ΔAP
Process III.
Disruption of
structural water
ΔV
 Negative
 Negative
 Positive

ΔG
 Negative
 Negative
 Positive

ΔH
 Negligible
 Negative
 Positive

−TΔS
 Negative
 Negative
 Negative
Table 5
Difference between binding with poly[d(G–C)]•poly[d(G–C)] and poly[d(A–
T)]•poly[d(A–T)] after calibration of the unstacking conformation change

ΔΔH
(kcal/
mol)

ΔΔGother

(kcal/
mol)

−ΔTΔSother
(kcal/mol)

ΔΔSother
(cal mol−1

K−1)

ΔΔV
(cm3/
mol)

ΔΔκT (10−3

cm3 mol−1

MPa−1)

EB −0.6 −0.1 0.5 −1.7 −1.7 −5
PI −4.1 −0.2 3.8 −12.9 −4.4 6
DAU −5.8 −1 4.8 −16.2 −5.3 −47

ΔΔ corresponds to the value for binding with poly[d(G–C)]•poly[d(G–C)]
minus the value for the binding with poly[d(A–T)]•poly[d(A–T)].
4.2. Analysis of the experimental results

Inspection of Table 4 shows that one can make four general
observations regarding the binding of intercalators:

1 The overall affinity and volume change of the binding of the
three ligands with the two alternating polymers, poly[d(A–
T)]•poly[d(A–T)] and poly[d(G–C)]•poly[d(G–C)], are
similar. The binding events are enthalpy driven.

2 The thermodynamic parameters describing binding with
poly(dA)•poly(dT) differ significantly from those for
binding to the alternating polymers. The binding is weaker,
ΔV is more positive, and the interaction is entropy driven.

3 The intercalation of EB and PI are similar aside from the
polyelectrolyte factor.

4 Binding of daunomycin has a more positive volume change
than EB and PI.

In what follows, we will attempt to rationalize these
observations and discuss the small variants besides the general
trends.

4.2.1. The similarity of binding with poly[d(A–T)]•poly[d(A–
T)] and poly[d(G–C)]•poly[d(G–C)]

From Table 4 one can see that the thermodynamic profiles
for intercalation with the alternating sequence DNA polymers
are similar; however, the values for the complexes formed with
poly(dA)•poly(dT) differ strikingly. With the exception of the
complexes formed with poly(dA)•poly(dT), the formation of
the non-covalent complexes are enthalpy driven because the
favourable entropy contribution from Processes I, II, and III is
offset by the loss of translational–rotational entropy associated
with a bimolecular reaction, −TΔSr+t ∼14.9 (±3.0) kcal/mol
[4]. However, there are differences among the systems we have
studied.

To compare the sequence dependence of intercalation we
need to consider DNA base unstacking. The unstacking of the
DNA base pairs is a significant component of what is loosely
termed “conformation change” for intercalation. The energetics
of the unstacking process depends on the base sequence. It is
reasonable to assume that the relative difference between the
values for helix–coil transition is a good estimation for the
difference in unstacking processes required prior to or con-
comitant with intercalation. Using the nearest-neighbor ap-
proach to study the thermodynamics of DNA, SantaLucia et al.,
[48], reported that the enthalpies of helix–coil transition at
25 °C are 10.6, 8.4 and 6.4 kcal/mol for GC/CG, AA/TT and
AT/TA sequences, respectively; while the free energies are 2.2,
1.0 and 0.7 kcal/mol. If we assume that the enthalpy
contribution of the extra hydrogen bond of GC to be roughly
0.9 kcal/mol at 1 M salt [49,50], the above numbers can be
modified to be 9.7, 8.4 and 6.4 kcal/mol for enthalpy and 1.3,
1.0 and 0.7 kcal/mol for free energy. The relatively small
difference in free energy is a consequence of strong enthalpy–
entropy compensation. Similarly, a nearest-neighbor volumetric
study [51] showed that the volume changes for helix–coil
transitions are 3.6±1.3, −1.6±0.6 and −1.7±0.8 cm3/mol for
GC/CG, AA/TT and AT/TA sequences.

For the three intercalators the difference in binding with G–C
and A–T is accounted for by the energetics of the stacking of
these sequences (or in this case the energetics of unstacking).
For example, in Table 5 theΔΔH of EB is [ΔH(EB G–C)−ΔH
(unstacking of G–C)]− [(ΔH(EB A–T)−ΔH (unstacking of
A–T)], where ΔH(EB G–C) and ΔH(EB A–T) are from
Table 4 and ΔH (unstacking of G–C) and ΔH (unstacking of
A–T) equal to 9.7 and 6.4 kcal/mol, respectively. The values of
ΔΔV reported in Table 5 were calculated in the same way as
ΔΔH. We did not take the sequence dependent unstacking into
account for the values we report for the compressibility change.

The analysis summarized in Table 5 shows that there is a
strong similarity between binding with poly[d(A–T)]•poly[d
(A–T)] and poly[d(G–C)]•poly[d(G–C)]. The thermodynamic
parameters for all three ligands show enthalpy–entropy com-
pensation with ΔΔV having the same sign as ΔΔGother and
ΔΔH. This pattern suggests that the differences arise
principally from Process III, disruption of pattern or structural
hydration. The enthalpy–entropy compensation arising from
disruption of ordered hydration results in a small positive net
free energy and a positive volume change due to release of high
density hydration water. ΔΔGother, ΔΔH, and ΔΔV are
negative suggesting that the change in the pattern of hydration
is more extensive for intercalation with poly[d(A–T)]•poly[d
(A–T)] than with poly[d(G–C)]•poly[d(G–C)].
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This behaviour is also reflected in the similarity of the values
of the compressibility and site-exclusion parameter, n=2. The
temperature dependence of the volume change of the intercalation
of EB with poly[d(G–C)]•poly[d(G–C)], −0.128±0.015 cm3

mol−1 K−1, is also similar but slightly more positive than the
value for poly[d(A–T)]•poly[d(A–T)] at −0.154±0.016 cm3

mol−1 K−1 over a similar temperature range. A more positive
value of this parameter can arise from a positiveΔΔVT, a negative
ΔΔVH or a combination of those two. This is in agreement with
our analysis, in which we concluded a small negative ΔΔV of
hydration pattern change (Table 5) is accompanied by an un-
stacking process that provides a sizable positive ΔΔV that is
dominated by thermal volume.

For PI, the data imply that binding with poly[d(A–T)]•poly
[d(A–T)] results in the retention or formation of a more exten-
sive hydration pattern than with poly[d(G–C)]•poly[d(G–C)].
The extra electrostatic charge of PI may be responsible for this;
the additional charge may cause a narrowing of the minor
groove and help form an extensive hydration pattern. This effect
is likely to be more prominent in the AT sequence than GC
sequence, hence the observed results. This hypothesis is also
consistent with the value of n, the site-exclusion parameter. For
poly[d(A–T)]•poly[d(A–T)], n=3–4 and n=2 for PI interca-
lation with poly[d(G–C)]•poly[d(G–C)]. The larger value of n
may be a consequence of the new hydration structure that
effectively extends the binding site.

The thermodynamics of the intercalation of DAU shows a
pattern similar to that of PI although the geometry of DAU
binding differs significantly from that of EB or PI.
Intercalation of EB lengthens the DNA by the length of
about one base pair; the side groups of EB likely remain at the
new “created” horizontal region and may not significantly
disrupt the original DNA hydration pattern unless there are
inter-base pair hydration bridges, such as the case of poly(dA)
•poly(dT). X-ray crystallographic structures of DAU–DNA
complexes show that the sugar ring extends into the minor
groove of adjacent base pairs [52–55]; it seems likely that this
would disrupt the hydration pattern regardless of the DNA
sequence. Since evidence points to poly[d(A–T)]•poly[d(A–T)]
being more hydrated than poly[d(G–C)]•poly[d(G–C)], espe-
cially in the minor groove [56], the disruption of the more
hydratedminor groove hydration of poly[d(A–T)]•poly[d(A–T)]
than poly[d(G–C)]•poly[d(G–C)] could account for the observed
results for DAU. The compressibility change would also be
expected to be greater for the more poorly hydrated poly[d(G–C)]
•poly[d(G–C)] than poly[d(A–T)]•poly[d(A–T)]; this corre-
sponds well with the significant compressibility difference
observed.
Table 6
Difference between binding poly(dA)•poly(dT) and poly[d(A–T)]•poly[d(A–T)] af

ΔΔH (kcal/mol) ΔΔGother (kcal/mol) −ΔTΔSother (kcal/mol) ΔΔ

EB 5.7 1.5 −4.3 14.
PI 3.5 2 −1.5 5.
DAU 5.4 1.9 −3.5 11.

ΔΔ corresponds to the value for binding with poly(dA)•poly(dT) minus the value f
4.2.2. Binding with poly(dA)•poly(dT) is significantly different
The binding to poly(dA)•poly(dT) can be analyzed in a

similar manner. The difference between binding with poly(dA)
•poly(dT) and poly[d(A–T)]•poly[d(A–T)], after accounting
for the base pair unstacking by the methods described above, is
given in Table 6. The pattern in Table 6 is typical for Process III.
The positive values of ΔΔGother, ΔΔH, and ΔΔV indicate a
stronger disruption in the extensive pattern in poly(dA)•poly
(dT) than poly[d(A–T)]•poly[d(A–T)]. The magnitudes of
ΔΔGother and ΔΔV in Table 6 are much larger than those
reported in Table 5, this may reflect the strength of the extensive
hydration pattern of poly(dA)•poly(dT). The results in Table 6
imply that the hydration pattern of poly(dA)•poly(dT) has
higher density, higher energy (stronger hydrogen bonds) and
lower entropy than that of poly[d(A–T)]•poly[d(A–T)]. This
proposition is also supported by the positive differential com-
pressibility observed for EB and DAU. The positive differential
compressibility suggests that a more rigid hydration pattern is
disrupted upon binding with poly(dA)•poly(dT) than with poly
[d(A–T)]•poly[d(A–T)]. The values of the differential com-
pressibility and volume are smaller for PI relative to EB and
DAU; this may also be the result of the previously discussed
new hydration pattern formed by the extra charge of PI. The
minor groove of poly(dA)•poly(dT) is narrower than that of
poly[d(A–T)]•poly[d(A–T)]. We propose that the binding of PI
to poly(dA)•poly(dT) might lead to a new hydration pattern that
is relatively more structured than that arising from a complex
between poly[d(A–T)]•poly[d(A–T)] and PI. Thus, the net
change in pattern hydration arising from binding of PI will be
less for binding to poly(dA)•poly(dT) than for binding with
poly[d(A–T)]•poly[d(A–T)].

4.2.3. Binding of EB and PI are similar aside from the
polyelectrolyte factor

The difference in binding with PI and EB is summarized in
Table 7 with ΔΔ=Δ(PI)−ΔΔ(EB); the values of Δ(PI) and
Δ(EB) are from Table 4. The magnitudes of the values are
small. Compared to EB, PI has larger side chain and an addi-
tional positive charge. We might speculate about which process
contributes more to the differential binding properties of these
two molecules; however, the contributions cancel each other out
with the magnitude of the difference is small.

We assume that there is no significant difference in burying
the side chain of PI with the three DNA polymers. For EB
binding we observed consistent values of dlnKa /dln[salt] rang-
ing from −1.21–−1.29 (Table 2) while we found a large
variance for in this parameter for the binding of PI, −2.07,
−2.27 and −2.64 for binding with poly[d(G–C)]•poly[d(G–C)],
ter calibration of the unstacking conformation change

Sother (cal mol−1 K−1) ΔΔV (cm3/mol) ΔΔκT (10−3 cm3 mol−1 MPa−1)

3 19.40 13
1 14.30 −5
6 16.20 38

or the binding with poly[d(A–T)]•poly[d(A–T)].



Table 7
Difference between binding with PI and EB

ΔΔH
(kcal/mol)

ΔΔGother

(kcal/mol)
−ΔTΔSother
(kcal/mol)

ΔΔSother
(cal mol−1 K−1)

ΔΔV
(cm3/mol)

ΔΔκT
(10−3 cm3 mol−1 MPa−1)

poly[d(A–T)]•poly[d(A–T)] 2.4 0.2 −2.2 7.4 1.4 −9
poly(dA)•poly(dT) 0.2 0.7 0.5 −1.8 −3.7 −27
poly[d(G–C)]•poly[d(G–C)] −1.1 0.1 1.2 −3.8 −1.3 2

ΔΔ corresponds to the value for binding with PI minus the value for the binding with EB.
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poly[d(A–T)]•poly[d(A–T)] and poly(dA)•poly(dT), respec-
tively. Aside from experimental error, the larger variance in
dlnKa /dln[salt] for PI binding may be a consequence of the extra
charge. The formation of a stronger hydration pattern surrounding
the extra charge in a poly(dA)•poly(dT)-PI complex may maxi-
mize the impact of the additional charge, leading to the release of
more counter-ions.

4.2.4. Binding of daunomycin has a more positive volume
change than EB or PI

The singly charged EB was compared with DAU, which
has a single positive charge; the comparison is summarized in
Table 8 with ΔΔ=Δ(DAU)−Δ(EB). The values of Δ(DAU)
and Δ(EB) are taken from Table 4. The patterns of the ther-
modynamic parameters given in Table 8 are likely the result of
multiple contributions. This is expected with DAU being vastly
different from EB in size, number of polar groups, and inter-
calation direction.

The intercalation of DAU involves the burial of more non-
polar and much more polar surface than EB. The combination of
Processes I and II would provide a favourable ΔΔGother, and a
negative ΔΔV. The fact that ΔΔV is positive may indicate that
DAU disrupts the hydration pattern in the minor groove to a
greater extent than EB for binding with poly[d(A–T)]•poly[d
(A–T)] and poly(dA)•poly(dT), that is, Process III is more
unfavourable. With DAU protruding into major groove of
DNA, disruption of major groove hydration may make a major
contribution to the binding with poly[d(G–C)]•poly[d(G–C)],
which has a stronger hydration in its major groove than minor
groove [56].

Unlike the phenanthroline ring of EB and PI, the short axis of
daunomycinone is parallel to the long axis of base pairs
[52,55,57] and may fill the space between the unstacked base
pairs less completely. Thus, the positiveΔΔVmay be due to the
formation of a cavity in the structure. The difference between
the binding to the different DNA polymers (Table 8) may arise
from differences in Process III as well as differences in quality
of ΔAP, such as an extra H-bond formed by DAU binding with
poly[d(G–C)]•poly[d(G–C)].
Table 8
Difference between binding with DAU and EB

ΔΔH
(kcal/mol)

ΔΔGother

(kcal/mol)
−ΔTΔSot
(kcal/mol

poly[d(A–T)]•poly[d(A–T)] 3.5 −0.9 −4.4
poly(dA)•poly(dT) 3.2 −0.5 −3.6
poly[d(G–C)]•poly[d(G–C)] −1.7 −1.8 −0.10

ΔΔ corresponds to the value for binding with DAU minus the value for the binding
4.3. Hoechst 33258 binding with poly[d(A–T)]•poly[d(A–T)]

The small negative volume change we measured for this
complex, about −3 cm3 mol−1 on average, agrees well with
literature data [11]. Hoechst 33258 differs from the inter-
calators studied in two important ways. First, the flexible ring
structures of Hoechst 33258 allow it to fit into the minor
groove of AT-rich sequences reasonably well thus avoiding the
large conformation change free energy penalty, (∼4 kcal/mol)
associated with intercalators [58]. The second difference is that
Hoechst 33258 is much larger than EB, PI or DAU, thus the
binding of Hoechst 33258 is associated with larger reduction in
solvent accessible surface and it occupies more base pairs than
EB, PI and DAU. The dissection of the free energy by Haq
et al. [59] attributed no conformational penalty to the binding
of Hoechst 33258. They proposed that the binding free energy
arises from a dominant favourable hydrophobic hydration free
energy and near-zero free energy arising from the sum of other
non-electrostatic, non-covalent interactions, ΔGnn. The favour-
able hydrophobic free energy is the result of the large reduction
in solvent accessible surface, in other words a strong Process I.
The insignificant ΔGnn could be the result of cancellation
between a favourable Process II and an unfavourable Process
III. However, a strong Process I would result in a large negative
volume, which is not the case for Hoechst 33258. With the
volume change of Process II being small and negative as well,
there must be a strong Process III to provide positive volume
change to compensate. With Hoechst 33258 binding into minor
groove and displacing the hydration pattern for least four base
pairs, it is reasonable to assume that Process II plays a very
important role. Considering the enthalpy, the magnitude of the
ΔH of Process I is small, with counter-ion release is entropy
driven, the net ΔH mainly comes from the competition
between the favourable ΔH of Process II and unfavourable
ΔH of Process III. Unfortunately, there is disagreement in the
literature concerning the sign of ΔH of Hoechst 33258 binding.
A negative van't HoffΔH has been reported for Hoechst 33258
binding with poly[d(A–T)]•poly[d(A–T)] [22] and both
positive [59,60] and negative [61] calorimetrically measured
her

)
ΔΔSother
(cal mol−1 K−1)

ΔΔV
(cm3/mol)

ΔΔκT
(10−3 cm3 mol−1 MPa−1)

14.9 13.2 40
12.2 10 65
0.4 9.6 −2

with EB.
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ΔH values have been reported for Hoechst 33258 binding with
AT-rich oligonucleotides. A positive enthalpy would imply a
strong Process III and a negative ΔH would indicate a strong
Process II.

In summary, we have proposed that the contribution of
hydration to the energetics of DNA–ligand interactions can be
described in terms of three principal components. Although
casting the data interpretation in these terms facilitates the
discussion, it would be interesting and useful to be able to
quantify the contribution of each component to the net result.
We are currently investigating the possibility of expressing the
corresponding volume, free energy, and enthalpy changes of the
components in terms of linear combinations of the individual
components. If successful this evaluation would have the po-
tential of characterizing DNA–ligand interactions and reveal
new quantitative aspects related to the stability of non-covalent
complexes through deviations from the standard parameters.
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