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Abstract

The role of water in the interaction of Hoechst 33258 with the minor groove binding site of the 

(AATT)2 sequence was investigated using calorimetric and equilibrium constant measurements. 

Using isothermal titration calorimetry measurements, the heat capacity change for the reaction is 

−256 ± 10 cal/(K mole Hoechst). Comparison with the heat capacity changes based on area 

models supports the expulsion of water from the interface of the Hoechst-DNA complex. To 

further consider the role of water, the osmotic stress method was used to determine if the Hoechst 

association with DNA was coupled with hydration changes. Using four osmolytes with varying 

molecular weights and chemical properties, the Hoechst affinity for DNA decreases with 

increasing osmolyte concentration. From the dependence of the equilibrium constant on the 

solution osmolality, 60 ± 13 waters are acquired in the complex relative to the reactants. It is 

proposed that the osmotic stress technique is measuring weakly bound waters that are not 

measured via the heat capacity changes.
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Hydration is an important feature of DNA structure and function, and the challenge is to 

identify explicit roles for water molecules in the vast background of the aqueous solvent.1 

Approximately 20 waters bind with each base pair in the primary hydration shell with 

varying strengths of interaction that are apparent from the infrared spectra.2 A second layer 

of water weakly associates with the primary layer, and it has properties that are similar to the 

bulk solvent. From a functional perspective, this bound water reorganizes when a ligand 

binds with DNA, and we are considering small molecules that bind in the minor groove of 

B-form DNA. These ligands have demonstrated great promise for the sequence specific 

binding needed to alter genetic expression,3,4,5 and this work describes the thermodynamic 

signatures of the hydration changes that accompany binding. Besides direct ligand-DNA 

contacts through electrostatic, van der Waals, and hydrogen bonding, the environment of the 

solution can influence complex formation. For example, ionic strength alters reactivity 

through electrostatic effects.6 Water can likewise participate in reactions involving DNA. 

One key idea is that water is expelled when sequence-specific bonds form. For both protein 

and small molecule complexes with DNA, largely dehydrated interfaces are revealed by X-
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ray diffraction and molecular dynamics studies.3,7,8 The hydration changes that accompany 

the loss of solvation are reflected in the change in the heat capacity of the reaction at 

constant pressure (∆Cp), and sequence-specific binding results in a decrease in ∆Cp.9,10,11 

Besides the entropic contribution from solvent release, water can also mediate interactions 

between the ligand and DNA.12 In support, a number of protein and small molecule 

complexes with DNA possess strongly bound water molecules between interfacial functional 

groups.3,13,14,15 Recent attempts have clarified the contribution of this bound water to the 

thermodynamic properties of the reaction.16

Besides the strongly bound water apparent in X-ray diffraction, nuclear magnetic resonance, 

and molecular modeling studies, waters that are weakly associated with DNA should also be 

considered.17 A broader view of solvent exchange that encompasses weakly bound waters is 

accomplished through thermodynamic studies. For example, water associated with DNA has 

a different structure than water in the bulk solvent. Thus, volume and adiabatic 

compressibility measurements describe how ligand binding influences the number of bound 

waters and the strength of the solvent-DNA interactions. For example, when netropsin 

interacts with the minor groove of A/T rich oligonucleotides, the solvation changes reflect 

the different levels of hydration of the oligonucleotides and their complexes with DNA.18 

Another approach for understanding hydration changes is to alter the properties of the 

solvent, as accomplished using osmotic and hydrostatic pressure.19 Osmotic pressure is 

applied using high concentrations of solutes that lower the water activity. When these solutes 

(osmolytes) are excluded from the vicinity of the DNA, osmotic pressure is exerted on water 

that is bound in the recessed sites of the DNA. Using this approach, nonspecific and specific 

complexes of proteins with DNA are shown to differ because the former retain their 

hydration shells while the latter cause significant solvent expulsion.19 This conclusion is 

supported by X-ray diffraction studies. A complementary technique is to apply hydrostatic 

pressure, to which a system responds by decreasing the volume and promoting hydration of 

the reaction components. An elegant demonstration of the complementary perspectives 

provided by hydrostatic and osmotic pressure studies is illustrated by studies of DNA 

cleavage at cognate and alternate (star) sites for restriction enzymes.19 Volumetric and 

pressure measurements often yield different numbers of exchanged waters, which may occur 

because different microscopic models are used to interpret the data. Recent theoretical 

efforts are resolving these discrepancies.20

The design of new sequence specific binding agents is motivated by the sequencing of the 

human genome. Thermodynamic and structural studies have demonstrated that a number of 

factors contribute to the affinity and selectivity of sequence specific binding of small 

molecules with DNA, and we investigate the role of water in the binding of Hoechst 33258 

(hereafter referred to as Hoechst, Fig. 1) with DNA.21,22,23,24 Besides medicinal and 

diagnostic uses, Hoechst is an excellent model for understanding the factors that contribute 

to strong and sequence-specific binding with DNA.25,26 It has several features in common 

with other small molecules that preferentially bind in the minor groove: it is cationic, it is 

concave to closely match the shape of the minor groove, and it interacts with the minor 

groove through van der Waals and hydrogen bonding.27,28 Binding sites, three to five bases 

long, containing adenine (A) and thymine (T) are favored.29,30 In addition, the order of the 

A/T bases results in a large (≈200 fold) variation in the binding affinity, with 5’-TA-3’ steps 
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decreasing the affinity.31 Calorimetric studies have provided significant insight into the 

forces that contribute to sequence specific binding of Hoechst.21 Of relevance to this work, 

Hoechst binds primarily as a monomer at low concentrations (nM), but it has multiple 

binding modes with DNA at higher concentrations (µM).32 In these studies, calorimetric and 

solvent perturbation studies are used to understand the role of hydration in the binding of 

Hoechst with the (AATT)2 minor groove binding site. Isothermal titration calorimetry 

measurements show that ∆Cp is negative for the reaction of Hoechst with (AATT)2, 

supporting the expulsion of water from the complex. In contrast, osmotic stress studies show 

that the amount of water associated with DNA increases when Hoechst binds with the DNA. 

We suggest that these techniques are probing waters with different strengths of interaction 

with DNA.

Experimental

The osmolytes, betaine (Fluka), acetamide (Baker Scientific), triethylene glycol (TCI-GR), 

and tetraethylene glycol (Aldrich), were used as received. The oligonucleotide 5′-

CGCGCAATTGCGCG-3′ (Integrated DNA Technologies) was annealed by heating a 1 mM 

solution to 95 °C for 5 min and then slowly cooling to 10 °C over 60 hr. The melting profile 

indicated that predominantly one species formed with the expected melting temperature for 

the duplex form. The sterilized aqueous buffer contained 10 mM H2PO4
−/HPO4

2− at pH = 7 

and 50 mM NaCl.

Calorimetry studies were conducted using a Microcal VP-ITC (Northhampton, MA) 

controlled by Origin 7.0 software. Hoechst has a strong propensity to adsorb to glass 

surfaces,33 so high concentrations (500 µM) were used to minimize losses in the titrating 

syringe. The high concentration of Hoechst allowed the removal of 10–20 µL from the 

titrating syringe, and the concentration was checked immediately after loading the syringe 

and after the titration was complete. The loss was <10%, and the corrected concentration 

was used in the analysis. The Hoechst solution was titrated into a 5 µM solution of duplex 

oligonucleotide. All solutions were degassed prior to loading. The heat change associated 

with the titration was determined by integrating the power required to maintain the reference 

and sample cells at the same temperature. The heats of dilution of the concentrated Hoechst 

solution were empirically fit using a quadratic expression. Attempts to use a model based on 

a dimer dissociating to monomers were not successful, presumably because higher-order 

aggregates were present in the solution. The enthalpy change up to saturation of the minor 

groove binding site is constant, so the ∆H for minor groove binding was determined by 

averaging those 12–14 points.

The changes in the surface areas were determined using GRASP 1.3.34 Hydrogen atoms 

were added to the pdb files 1d43 and 1d44 (Hoechst-(AATT)2 complexes) and 1bna 

((AATT)2) using VegaZZ.35 The nonpolar atoms were carbon, hydrogen bound to carbon, 

and phosphorous, and the remaining atoms were defined as polar. A probe radius of 1.4 Å 

was used, and the atomic radii were obtained from the work of Cornell et al.36 The areas for 

Hoechst alone were obtained by removing it from the crystal structure data for 1d43 and 

1d44.
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Fluorescence measurements were acquired on a Jobin-Yvon Horiba Fluoromax-3 with an 

excitation wavelength of 350 nm and an emission wavelength of 465 nm. All spectroscopic 

measurements were conducted in polystyrene cuvettes.32 To measure the equilibrium 

constant for the reaction, the unbound and bound Hoechst concentrations were measured 

using their differences in the fluorescence. First, Hoechst was added to the buffer to give a 5 

nM solution, thus providing the reference fluorescence of the unbound Hoechst. The 

reference fluorescence of the bound Hoechst was obtained after adding sufficient DNA. The 

observed fluorescence (F) at intermediate DNA concentrations is:

F = Fu ⋅ H u + Fb ⋅ H b Eq. 1

where [H]u is the unbound Hoechst during the DNA titration and Fu is the intrinsic 

fluorescence of the solely unbound Hoechst (for a 1 M concentration). [H]b and Fb are the 

corresponding parameters for the bound Hoechst. To calculate the amount of bound Hoechst, 

the equilibrium appropriate for the noncovalent binding of Hoechst in the minor groove was 

used:

Hoechst+DNA Hoechst − DNA Eq. 2

Equilibrium analysis yields the equilibrium constant (K):

K H b
2 − H b K DNA + K H t + 1 + K H t DNA = 0 Eq. 3

where [DNA] is the concentration of oligonucleotide during the titration and [H]t is the total 

concentration of Hoechst. After solving this equation for [H]b and using mass balance, least 

squares fitting using Eq. 1 determined K, Fb, and Fu from the dependence of the observed 

fluorescence on the concentration of the DNA.

Visible absorption spectra were acquired using a Cary 50 spectrometer (Varian Inc., Palo 

Alto, CA). Circular dichroism spectra were obtained from a Jasco J-710 spectropolarimeter 

(Jasco Inc, Easton, MD). Melting studies were conducted using a Cary 300 spectrometer 

(Varian Inc., Palo Alto, CA). For the continuous variation analysis, Hoechst was removed 

from the solution and replaced with an equivalent amount of DNA to maintain a constant 

total concentration of the two components.37 The fluorescence intensities were plotted as a 

function of the mole fraction of Hoechst to determine the complex stoichiometry.38 

Osmolalities were determined using a Wecor 5520 (Wescor Inc., Logan, UT).

Results

Heat Capacity Studies

A number of studies have established that the binding of small molecules and proteins with 

DNA results in a negative change for ∆Cp, and a dominant contribution to ∆Cp comes from 

hydration changes.10,16,39 We have measured the variation of ∆H with temperature to 
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determine the ∆Cp for the binding of Hoechst in the minor groove of the (5′-

CGCGCAATTGCGCG-3′)2 sequence. Our flanking sequence differs from other studies, but 

as discussed later, we do not expect a large effect on the thermodynamic parameters. Thus, 

hereafter we will refer to this oligo as (AATT)2 to emphasize the binding site for the 

Hoechst. At the high concentrations used for the calorimetry studies, Hoechst tends to form 

self-aggregates and aggregates with DNA. To illustrate, at least three distinct reactions are 

apparent when a Hoechst solution is titrated into (AATT)2 up to a 22:1 molar ratio (Fig. 2). 

At low Hoechst stoichiometries, minor groove binding is favored, as indicated by the 

stoichiometry of 1.05 (± 0.05) Hoechst:oligonucleotide (Fig. 3). Furthermore, a continuous 

variation analysis showed that fluorescence is enhanced as expected for the minor groove 

complex, and the inflection point gives 1.15 ± 0.12 Hoechst/oligonucleotide (Fig. 4).40,41

After saturation of the minor groove binding site, an additional binding mode is accessed as 

demonstrated by the exothermic heat changes (Fig. 2). These binding sites are fully occupied 

at ≈15 Hoechst:DNA, which is similar to the number of base pairs in the 14 base pair 

oligonucleotide. (The slight discrepancy in the observed and expected stoichiometries may 

be due to the loss of Hoechst during the long time period for this experiment (see 

Experimental section)). One possible binding mode is intercalation, but the observed 

stoichiometry is inconsistent with the exclusion of neighboring intercalation sites.42,43 

Fluorescence studies suggest that aggregation is occurring. H-aggregates occur when 

chromophores are cofacially stacked and are distinguished by their quenched fluorescence.44 

In the continuous variation analysis using concentrations that are similar to those used in the 

calorimetry studies, the fluorescence decreases with increasing concentrations of Hoechst up 

to 14 Hoechst:oligonucleotide (Fig. 4). Such aggregation-induced fluorescence quenching is 

exhibited by a number of other aromatic chromophores.45,46 The inflection point at 14 

Hoechst:oligonucleotide is similar to the stoichiometry observed in the calorimetry studies 

(Fig. 2) and in other studies of DNAHoechst aggregates.32

At higher concentrations, all the DNA binding sites are saturated, and the dissociation of 

Hoechst self-aggregates occurs as the concentrated Hoechst solution is diluted in the sample 

cell of the calorimeter. The continuous variation analysis exhibits a low fluorescence signal 

at these high concentrations, as expected for unbound Hoechst with its low fluorescence 

quantum yield (Fig. 4).40,41 Through additional experiments, similar behavior was observed 

when the concentrated Hoechst solution is titrated into buffer without DNA (Fig. 3). The 

progressively decreasing heat changes occur because accumulated Hoechst in the sample 

cell inhibits dissociation of the aggregates from the titrating solution. The tendency of 

Hoechst to aggregate in concentrated solutions is evident from the spectral shifts without 

isosbestic points that occur with increasing concentrations.32 In further studies, we 

conducted dilutions using a buffer containing 10% methanol. By lowering the dielectric 

constant of the buffer, self-aggregation is inhibited in the concentrated titration solution, thus 

lowering the heat of dilution.46 In a prior study, constant and exothermic heats of dilution 

were observed.21 The most significant difference that we can discern is the differing salt 

concentrations, and we are now investigating this effect on the heats of dilution.

Besides binding in the minor groove and with the phosphates, an additional reaction is 

observed at higher temperatures (Fig. 5). This complex forms after saturation of the minor 
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groove site with a heat change that is relatively endothermic. In addition, the overall 

magnitude and width of the transition increase with temperature. It appears that this binding 

mode is not accessed at 10 °C because a stoichiometry of 1.05 ± 0.05 Hoechst/

oligonucleotide was measured at this temperature. We note that the absolute magnitude of 

the transitions are similar (4–5 kcal) and are comparable to the heat change at 10 °C. 

Because the changes occur between 1 and 2 Hoechst:oligonucleotide, we consider that 

dimerization is occurring, a suggestion that is supported by other experiments. At µM - mM 

concentrations, spectroscopic studies are consistent with a dimeric binding mode of Hoechst 

with polynucleotides.32 Mass spectroscopic studies have identified 2:1 Hoechst complexes 

with oligonucleotides having the (AATT)2 binding site.47 Finally, derivatives of Hoechst 

have been shown to exhibit dimerization in the minor groove.48 We are now pursuing further 

studies with other sequences to clarify the nature of this binding mode.

In summary, aggregation is a significant feature of Hoechst and its interaction with DNA. 

These aggregated states are prominent at higher Hoechst:oligonucleotide stoichiometries. In 

this work, we focus on studies at lower concentrations of Hoechst where the enthalpy 

changes are due to the monomeric binding of Hoechst in the minor groove of the (AATT)2 

sequence. Three separate measurements (in triplicate) were conducted to obtain the desired 

heat change (Eq. 7) with the appropriate dilution corrections:

DNA concentrated + Hoechst concentrated DNA − H dilute Eq. 4

+ Hoechst dilute Hoechst concentrated Eq. 5

+ DNA dilute DNA concentrated Eq. 6

DNA dilute + Hoechst dilute DNA − H dilute Eq. 7

Eq. 4 represents the titration of the concentrated Hoechst solution into the DNA solution. 

The reverse of Eq. 5 describes the titration of the concentrated Hoechst solution into the 

buffer without DNA. The reverse of Eq. 6 describes the addition of a small volume of buffer 

(a total of 3% of the volume in the sample cell) to the DNA solution in the sample cell. Eq. 7 

incorporates the heats of dilution and describes the desired ∆H associated with binding in 

the minor groove.

The ∆H for the dilution of the concentrated Hoechst solution progressively decreases as the 

concentration of Hoechst increases in the sample cell (Fig. 3). Thus, the heat change 

associated with Eq. 5 is determined by assuming that each addition of Hoechst occurs into a 

solution without unbound Hoechst. Because of the high affinity (≈108 M−1) and the high 

concentrations of reactants (5 µM), the largest amount of dissociated complex is 2 – 3%, 
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which occurs at saturation. In further support of near stoichiometric complex formation, the 

heat changes when Hoechst is added to DNA are constant up to saturation of the minor 

groove (Figs. 3 and 5). Data collected over the large range of Hoechst concentrations was 

extrapolated to more accurately estimate the heat change for the first injection, i.e. Hoechst 

dilution into pure buffer (Fig. 3). This approach avoids complications associated with the 

early injections.49

After accounting for the Hoechst and DNA dilutions (Eq. 4 and 5), the ∆H for minor groove 

binding at the different temperatures was calculated (Table 1). These exothermic heat 

changes are consistent with the −7.3 kcal/mole Hoechst at 25 °C determined for the reaction 

with (CCGGAATTCCGG)2 based on the variation of the equilibrium constants with 

temperatures.32 As expected for an exothermic reaction, we also observed that the affinity 

decreases with increasing temperature, with ∆G = −11.1 ± 0.1 kcal/mole Hoechst at 10 °C 

and ∆G = −10.2 ± 0.1 kcal/mole Hoechst at 25 °C, and these values are in good agreement 

with prior studies.31 However, the accuracy of enthalpy changes derived from van’t Hoff 

analysis is poor.21 For example, in the case of the binding of Hoechst with the (AATT)2 

sequence, a large range from both negative to positive enthalpy changes are statistically 

significant from the limited data set used to generate the van’t Hoff plots. Previous studies 

measured endothermic heat changes for the reaction of Hoechst with A/T sequences.21,50 In 

Reference 21, the sequence (AAATTT)2 was used. In Reference 50, the heat after saturation 

of the minor groove binding site was used as the heat of dilution, but our studies indicate 

that this heat is due to the stacking of Hoechst on the exterior of DNA. As with other minor 

groove binders, molecular interactions account for a fraction of the free energy change for 

the reaction.21,22,51 Thus, enthalpic contributions that arise from hydrogen and van der 

Waals bonding must be considered in the context of other significant contributions to the 

overall free energy change, such as hydrophobic effects and the loss of translational and 

rotational degrees of freedom.

From the dependence of the enthalpy change with temperature, a ∆Cp = −256 ± 10 cal/(K 

mole Hoechst) was derived for the association reaction of Hoechst with (AATT)2 (Fig. 6). 

∆Cp is assumed to be constant, as neither Hoechst nor DNA undergo major conformational 

changes over this temperature range.27,52 Despite the exothermic heat changes measured in 

this study, the ∆Cp value is similar to related studies.21,53 This agreement is expected if the 

enthalpy values differ by a heat of dilution that does not vary with temperature (Table 1). 

Importantly, the negative ∆Cp is consistent with the loss of solvent accessible surface area 

and the accompanying loss of water associated with the nonpolar and polar groups of the 

reactants. An empirical model derived from the intercalation of small molecules with DNA 

is appropriate for predicting the heat capacity changes for this reaction: ∆Cp = (0.382 

± 0.026)∆Anp - (0.121 ± 0.077)∆Ap, where ∆Anp and ∆Ap are the changes in the nonpolar 

and polar surface areas.54 These changes were determined using the X-ray crystal structures 

for the two orientations of Hoechst in the minor groove.28 For the piperazine pointing in the 

3′ direction (1d44), ∆Anp = −791 Å2 and ∆Ap= −151 Å2, thus giving ∆Cp = −284 ± 24 

cal/K mole Hoechst. Similar values were obtained for the piperazine pointing in the 5′ 
direction (1d43), with ∆Anp = −799 Å2 and ∆Ap= −137.5 Å2 resulting in ∆Cp = −288 ± 23 

cal/K mole Hoechst. The deviations from the experimentally measured ∆Cp are consistent 

with previous studies.54
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In this work, the (5′-CAATTG-3′)2 sequence was used, but the binding thermodynamics are 

not expected to be significantly different when compared with the (5’-GAATTC-3’)2 

sequence. Specifically, Hoechst favors the (AATT)2 binding site, and flanking sequences 

should have a small effect.55 In support, the affinities measured in this work are comparable 

to previous studies.31 As shown above, the calculated ∆Cp values are insensitive to the 

orientation of the Hoechst. In addition, the X-ray crystal structures show equal population of 

the binding site by the two Hoechst orientations as the temperature is increased.28 Finally, 

the association kinetics support the occupation of the binding site by both orientations of 

Hoechst.31

Osmotic Stress Studies

Another approach to assess hydration changes is to alter the properties of the solution by 

using osmolytes. These solutes are used in high concentrations to reduce the activity of 

water.56 They are excluded from the vicinity of DNA because of their size and chemical 

properties. Thus, waters sequestered in the binding sites of DNA experience increasing 

osmotic pressure as the concentration of the osmolytes in the bulk solution increases. 

Equilibria that are coupled with hydration changes are influenced by the osmolyte 

concentration, as described by:57

dlnK
dOs =

−ΔNw
55.6 Eq. 8

where K is the measured equilibrium constant (for the association reaction of Hoechst with 

DNA in these studies), Os is the osmolality (moles solute/kg solvent) of the solution, and 

∆Nw is the number of exchanged waters. Eq. 8 assumes that no partitioning of the osmolytes 

occurs in the vicinity of the DNA. Osmolytes have no net charge to eliminate electrostatic 

interactions, but even weak interactions can be significant at the high concentrations needed 

for osmotic stress. One approach for measuring the partition coefficients is through vapor 

pressure osmometry studies, but few studies have considered DNA.58 In one study, betaine is 

shown to be excluded from the vicinity of DNA, which makes it appropriate for osmotic 

stress studies.59

In addition to vapor pressure osmometry studies, a range of osmolytes with varying 

chemical properties and sizes is compared to determine if a common osmotic stress effect is 

being measured. For example, betaine and acetamide have opposite effects on the dielectric 

constant of the solution, yet their effect on the number of exchanged waters is similar (vide 

infra).60 Glycols are commonly used osmolytes, but they can interact with the hydroxyl 

groups of DNA, as suggested from duplex stability studies.61 So, two ethylene glycols with 

different sizes were used to examine this possible interference on the reaction of Hoechst 

with DNA.

Osmolytes can influence the properties of DNA and the Hoechst-DNA complex. For 

example, the conversion from B-form to A-form DNA is favored under dehydrating 

conditions.62 Using circular dichroism, the oligonucleotide conformation was shown to be 

unaltered at the highest concentrations of osmolyte (Fig. S1). Besides conformation, 

Kiser et al. Page 8

Biochemistry. Author manuscript; available in PMC 2018 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



osmolytes could influence the stability of the duplex relative to the single-stranded state. At 

the highest osmolyte concentration, the melting temperature for the duplex decreases by 

10 °C relative to the absence of osmolyte (Tm = 55 °C), but the duplex is stable at 25 °C, 

which was the temperature used in these studies (Fig. S2). Another factor is that the addition 

of osmolyte reduces the ionic strength of the buffer, which can enhance the affinity of the 

cationic Hoechst for DNA. However, the opposite effect was observed (Fig. 7). When a 

concentrated buffer solution was added to compensate for this dilution, no significant 

difference in the equilibrium constant was observed. Finally, continuous variation analysis 

showed that Hoechst still binds as a monomer in the minor groove in the osmolyte solutions 

(Fig. S3).

As the concentration of osmolyte increases, the affinity of Hoechst for the (AATT)2 binding 

site decreases (Fig. 7), and this observation is consistent with the acquisition of water by the 

complex relative to the DNA. Using Eq. 8 with Kp = 0, the number of exchanged waters are 

78 ± 11 for triethylene glycol, 51 ± 6 for acetamide, 51 ± 3 for betaine, and 67 ± 8 for 

tetraethylene glycol (Fig. 7 and S4). Extrapolation of the affinities to the osmolality of the 

buffer alone gave reasonable agreement with the directly measured affinity. This result 

indicates that the limiting behavior in osmolyte solutions describes the conditions in purely 

aqueous solution. A fit that includes the data from the measurements in all four osmolytes 

gives the acquisition of 60 ± 13 waters. Because osmotic stress studies measure the volume 

change, the density of 1 g/mL for water was used to calculate the number of exchanged 

waters.

The higher ∆Nw’s for the glycols could be due to their larger size: triethylene and 

tetraethylene glycol have diameters ≈10 Å and ≈12 Å, respectively, whereas vs. acetamide 

and betaine have diameters ≈4 Å and ≈5 Å, respectively. It is reasonable to expect that all 

these osmolytes would exert osmotic pressure on waters associated with the minor groove of 

the (AATT)2 sequence with a width of ≈ 4 Å.63 Because larger glycol osmolytes should be 

further removed from the DNA, DNA-bound water closer to the interface with the bulk 

solvent will be more effectively probed. This effect has been observed for protein-DNA 

interactions,19 and we are now investigating other ligands and DNA sequences. Vapor 

pressure osmometry experiments would determine if preferential interactions with DNA are 

occurring. In addition, we are conducting studies with alkylated glycols.61 In summary, 

these results with a chemically diverse range of osmolytes support a common osmotic stress 

effect on the binding of Hoechst with the (AATT)2 binding site. Relative to the DNA, the 

Hoechst-DNA complex is more hydrated with approximately 60 waters.

Discussion

The primary motivation for these studies is to understand the role of water in the sequence 

specific binding of Hoechst in the minor groove of the (AATT)2 sequence. Water is a 

prominent feature of this DNA sequence, as illustrated by the spine of hydration that 

emanates from the minor groove.64,65 Thus, it is expected that binding in the minor groove 

should disrupt the solvation of the DNA, and the calorimetry studies support this conclusion. 

A diverse range of reactions exhibit a linear relationship between the ∆Cp and the changes in 

the solvent exposure of the hydrophobic and hydrophilic groups.9,54 The binding of ligands 
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with DNA is usually associated with a negative heat capacity change because of the loss of 

waters associated with the hydrophobic groups that have a larger heat capacity than bulk 

water.10 For the reaction of Hoechst with (AATT)2, the ∆Cp = −256 ± 10 cal/(K mole 

Hoechst) is consistent with this expulsion of water from DNA-Hoechst interface. This 

interpretation is supported by theoretical estimates of ∆Cp based on the loss of solvent 

exposed groups that accompanies the association reaction.

However, the osmotic stress method shows that when Hoechst binds with DNA, 60 ± 13 

waters are acquired by the DNA. This result is in accord with previous studies of small 

molecules interacting with DNA. The association of the minor groove binder netropsin with 

a natural source of DNA (chicken erythrocyte) is accompanied by an uptake of 50–60 

waters.66 Intercalator complexes with DNA also exhibit enhanced hydration, and the amount 

of water acquired increases with the size of their pendant groups.67 Of relevance to these 

studies, the peptide side chain of actinomycin fills a significant amount of the minor groove 

adjacent to the intercalation site, and the complex has 30 more waters than the DNA alone. 

Recent volumetric and compressibility studies have measured the acquisition of 21–34 

waters in the Hoechst-DNA complex, and these values are comparable to the 60 ± 13 

measured in this work.50 In addition, the volume changes measured using hydrostatic 

pressure indicated the enhanced hydration of the Hoechst complex with poly(dA)-poly(dT).
68

A possible explanation for the disparate results from the calorimetry and osmotic stress 

studies is that they are sensitive to different types of bound water. A variety of experimental 

and theoretical studies suggest that there are different degrees of hydration of DNA. For 

example, waters observed by X-ray crystallography and molecular modeling are the most 

strongly bound.69 Thermodynamic techniques are sensitive to a broader population of bound 

waters, as illustrated by volumetric and compressibility measurements that account for the 

strength and number of intermolecular bonds between DNA and water.18 However, different 

types of thermodynamic measurements distinguish different degrees of hydration. For 

example, hydrostatic and osmotic pressure studies usually yield hydration changes that are 

not equivalent because of how the volume of exchanged waters is treated.70 In calorimetry 

studies, waters that are closest to the DNA will have thermodynamic properties that are most 

different from the bulk solvent, as illustrated by the high heat capacity of the clathrate-like 

waters associated with hydrophobic groups.10,39 The localized nature of these heat capacity 

differences is supported by the linear relationship between the ∆Cp and the change in the 

solvent accessible surface area for reactions ranging from the dissolution of small molecules 

in water to the unfolding of proteins.9,54 The need to consider waters beyond the immediate 

hydration shell of DNA is demonstrated by both experimental and theoretical studies.18,71 

For example, using the Kirkwood-Buff theory, no assumptions are made about the range of 

solvation, and better agreement between volumetric and osmotic stress studies has been 

obtained.20

The use of water to direct complexation reactions is a potentially powerful tool for sequence 

selective binding of small molecules with DNA, and prior studies offer important insight for 

these studies with Hoechst.72,73,74 For example, ligands whose shapes are not 

complementary to the DNA binding site can still have high affinities by using water to 
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bridge the functional groups of the DNA and ligand.14,72 Because Hoechst has a tight fit in 

the minor groove binding site, the acquired waters are most likely outside the interface with 

DNA.27,28 For example, the propamidine complex in the (AATT)2 minor groove has a spine 

of hydration on the exterior of the complex. These waters are possibly associated with the 

hydrophobic groups of the propamidine, analogous to the water associated with the methyl 

groups of thymine bases.75,76 For Hoechst and Hoechst analogs bound with A/T rich 

sequences, water is associated with the polar terminal groups - phenol and piperazine.
73,77,78,79 For example, when the phenol has an hydroxyl at the meta position (see Fig. 1 for 

the p-OH derivative), this OH associates with a network of approximately 30 waters that 

continues into the major groove.79 The higher affinity of meta-OH derivatives of Hoechst 

suggests that this hydration network provides an enthalpic anchor for the ligand.74 

Femtosecond resolved fluorescence studies indicate the presence of weakly bound waters in 

the Hoechst-DNA complex, but the contribution to the fluorescence changes from the overall 

dynamics of the DNA is also being considered.80,81 It is possible that the acquired water is 

not in the vicinity of the complex. Hoechst causes small changes in the DNA conformation, 

and the resulting changes in the solvent exposure of neighboring nucleotides may contribute 

to the hydration changes.28,82

In summary, the negative heat capacity change for the association of Hoechst with the 

(AATT)2 binding site supports the expected desolvation of the interfacial functional groups 

in the complex. Osmotic stress studies show that complexation with Hoechst causes the 

DNA to become more hydrated. We consider that the waters measured via osmotic stress are 

weakly bound and thus do not make a large contribution to the thermodynamic properties. 

While it is reasonable to expect that water can participate in biochemical reactions, the 

rational use of water to direct biochemical reactions is challenging.83,84 Through a variety of 

techniques, including ITC and osmotic stress, the role of water can be clarified. Towards this 

goal, we are now studying other sequences and ligands to understand the nature of this 

bound water.85

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

We thank the National Institutes of Health and the National Science Foundation for financial support. We also thank 
C. Bruce, B. Chaires, D. Matthews, B. Nguyen, B. Wallace, and D. Wilson for their assistance and helpful 
discussions. The comments and suggestions of the reviewers are greatly appreciated.

Abbreviations

∆Cp Heat capacity change for the reaction

∆Nw Number of exchanged waters

∆Anp Change in the nonpolar surface area
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Figure 1: 
The structure of Hoechst 33258 (Hoechst) at neutral pH.
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Figure 2. 
Calorimetric titration of 500 µM Hoechst into 5 µM AATT at 10 °C. The upper graph 

describes the heating rate as a function of Hoechst addition (2 µL additions for the first 7 

injections and then 6.4 µL additions). The lower graph has the integrated heats from the 

upper graph plotted relative to the Hoechst:oligonucleotide ratio. The heat changes at low (0 

to 1), intermediate (1 to 15), and high (>15) mole ratios are attributed to minor groove 

binding, Hoechst aggregation on the DNA, and Hoechst dilution, respectively. An expanded 

view at lower stoichiometries is shown in Fig. 3.
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Figure 3. 
Integrated heats derived from the calorimetric titration of 500 µM Hoechst into buffer (top) 

and 5 µM AATT (bottom) at 10 °C. For both titrations, 1 µL of Hoechst was used. During 

the titration in the upper graph, Hoechst accumulates in the sample cell, which causes the 

enthalpy changes to decrease. The ∆H values were fit using a quadratic. In the lower graph, 

a one site model yielded a site size of 1.0 ± 0.1, which is consistent with minor groove 

binding.
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Figure 4. 
Continuous variation analysis using a total concentration of 70 µM Hoechst and base pairs (5 

µM with respect to oligonucleotide) at 10 °C. The concentrations were also used in the 

titration shown in Fig. 2. The fluorescence intensities are plotted relative to the mole fraction 

with respect to Hoechst. The fluorescence emission was measured using an emission 

wavelength of 446 nm emission and excitation wavelength of 358 nm. In the parentheses on 

the x-axis, the r values (i.e. moles of Hoechst : moles oligonucleotide) are provided. The 

inflection point corresponding to minor groove binding occurs at 1.15 

Hoechst:oligonucleotide (XHoechst = 0.076). The inflection point corresponding to 

aggregation occurs at 14 Hoechst : 1 oligonucleotide or 1 Hoechst : 1 base pair (XHoechst = 

0.5).
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Figure 5. 
Integrated heats derived from the calorimetric titration of 500 µM Hoechst into 5 µM AATT 

at 10 °C (squares), 15 °C (triangles), 20 °C (circles), and 25 °C (crosses). The heat changes 

at low and high Hoechst:oligonucleotide stoichiometries correspond to minor groove and 

exterior binding, respectively. Between 15 °C and 25 °C, an additional binding mode is 

observed at intermediate stoichiometries. The lines between the data points are added for 

visual purposes.

Kiser et al. Page 21

Biochemistry. Author manuscript; available in PMC 2018 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Temperature dependence of the enthalpy change for the binding of Hoechst in the minor 

groove of the (AATT)2 sequence. From the slope of the linear least squares fit, the heat 

capacity for the reaction is −256.3 ± 9.5 cal/(K mole Hoechst).
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Figure 7. 
(Top) Binding isotherms for the titration of DNA into Hoechst in buffers with 0.7 m (closed 

circles), 1.4 m (open circles), and 3.3 m (open squares) triethylene glycol. The affinities of 

Hoechst for the AATT binding site decreases with increasing concentrations of triethylene 

glycol, which indicates that water is acquired in the complex. (Bottom) Plot of the natural 

logarithm of the observed equilibrium constant for the association of Hoechst with DNA as a 

function of the concentration of triethylene glycol. A linear least-squares fit using Eq. 8 (Kp 

= 0) gives 78 ± 11 waters that are acquired by the complex. The extrapolation to a 0.12 m for 
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the buffer gives 1.6 (± 0.6) x 108 M−1, which is consistent with the direct measurement of 

the affinity in buffer alone (2.5 (± 0.4) x 108 M−1) at 25 °C.
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Table 1:

Enthalpy changes measured for the reaction of Hoechst with (AATT)2.
i

Temperature
(K)

Overall heat
(Eq. 4)

(kcal/mol)

Hoechst
dilution (Eq. 5)

(kcal/mol)

DNA dilution
(Eq. 6)

(kcal/mol)

Net Heat
(Eq. 7)

(kcal/mole)

283 4.3 ± 0.1 10.0 ± 0.1 −0.26 ± 0.05 −5.5 ± 0.1

289 2.8 ± 0.1 10.3 ± 0.3 −0.17 ± 0.06 −7.3 ± 0.1

293 1.0 ± 0.1 9.9 ± 0.2 −0.08 ± 0.06 −8.4 ± 0.1

298 0.06 ± 0.04 9.6 ± 0.1 0.16 ± 0.06 −9.5 ± 0.1

i
Standard deviations are based on three separate measurements.
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