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Abstract 
Ethanol affects unequally the thermal stability of DNA and RNA. The slopes of the melting temperature (Tm) versus ethanol/water content (v/v) was negative for [poly(dA-dT)]2 and positive for poly(rA)·poly(rU); for ct-DNA, the sign of the slope depends on the scan rate of heating and the ethanol concentration. The increase in Tm when the ethanol concentration was raised can be explained by the aggregation of DNA. The variation with temperature of the relative viscosity ((/(0) of [poly(dA-dT)]2 unveils transitions close to the respective denaturation temperature. The Tm values obtained spectrophotometrically and calorimetrically concurred with the values from viscosity measurements.  From the raw data densities and speeds of sound, the volumetric observables coefficient of volume expansion (α), relative molar speed of sound [U], adiabatic isentropic compressibility (KS), partial molar volume (V) and partial molar adiabatic compressibility (KS) were calculated. The values of V, KS and ΔS0 account for the different hydration in sequence poly(rA)·poly(rU) < ct-DNA < [poly(dA-dT)]2. 
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1. Introduction
Water is an integral part of DNA. Hydration exerts control over the specificity of proteins and their binding to DNA,1 as double-stranded DNAs are surrounded by at least two hydration layers.2 The activity of water and the nature of the ions in solution are essential parameters that determine the form adopted by the helical structure of DNA.3 The factors that account for the solvent effects on the binding of drugs to DNA can afford valuable information; however, despite the efforts in this direction, the interaction of DNA with the solvent still remains unclear.4-9
Alcohol–water mixed solvents are used in equilibrium, kinetic and biological studies.10-12 Since the first reports on the effects of ethanol-water on the optical and hydrodynamic parameters of DNA,13,14 the effect of ethanol on the structure,1,15-18 stability19 and conformation15,20 of DNA have aroused growing interest. Addition of small amounts of ethanol can distort DNA without modifying its conformation; however, if ethanol approaches 50% (v/v), aggregation and subsequent precipitacion of B-DNA sets in,15 and above 70% (v/v), the B→A20 and B→C21 transitions are likely to occur. The effect of alcohols on DNA has been ascribed to a lowering of the solvent permittivity as a continuous medium.22 In the absence of ethanol, the volumetric properties of nucleic acids depend on the particular base sequence,23-25 thereby the role by which ethanol/water mixtures affect the conformational stability of nucleic acids seems linked to solvent properties.26
In this work, the stability and solvation features of the ct-DNA and [poly(dAdT)]2 forms of B-DNA and the poly(rA)·poly(rU) form of A-RNA have been studied in ethanol/water mixtures up to 40-50% (x = 0.17-0.24). The stabilization of the nucleic acids is related to their conformation. Small amounts of ethanol destabilize the B-DNA double helix, whereas that of A-RNA becomes stabilized, an issue not reported hitherto. The volumetric properties measured depend on the polynucleotide conformation, the base type and the solvent mixture; thereby analysis of the structure and effects of solvents is an interesting area of study. To infer the volumetric properties of the polynucleotides RNA and DNA as a function of temperature and ethanol content, acoustic, densitometric and viscometric measurements have been performed at neutral pH. The observable properties expansibility, relative molar speed of sound, adiabatic isentropic compressibility, partial molar volume and partial molar adiabatic compressibility, along with differential scanning calorimetry, circular dichroism and viscometry measurements provide new insights into the solvation features of nucleic acids.       
2. Materials and methods
2.1 Materials
Calf thymus DNA ct-DNA, [poly(dA-dT)]2 and poly(rA)·poly(rU) were commercially available (Sigma-Aldrich); CP concentrations, expressed in base-pairs (MBP), were determined from absorptivity of ct-DNA (260nm = 13200 M−1cm−1),27 [poly(dA-dT)]2260nm = 13300 M−1cm−1)28 and poly(rA)·poly(rU) (260nm = 14900 M−1cm−1) at pH = 7 and I = 0.1 M. Stock solutions of the polynucleotides were prepared in 0.1 M NaCl aqueous solutions, maintaining the pH constant at 7.0 with sodium cacodylate [(CH3)2AsO2Na]; their concentration was determined by absorptivity. Working solutions were prepared adding to aliquots of the stock solutions the proper amounts of water and ethanol to reach the required solvent composition. The reagents, of the highest purity commercially available, were used without further purification. All solutions were prepared with doubly distilled water.
2.2  Methods 
The pH readings were taken with a Metrohm pH meter (Herisau, Switzerland) and a Biotrode Metrohm glass electrode with 3 M KCl liquid junction for small-volume samples. In ethanol-water mixtures, the readings were corrected in the form:29 pH = pHread – being 
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, and w the ethanol/water (w/w) content.

The spectrophotometric study of thermal denaturation was carried out heating the polynucleotide samples (CP = 5 × 10−4 MBP) from 20 to 90 °C at 0.25 °C/min scan rate and recording the absorbance readings (wavelenght accuracy, (0.5 nm) with a Hewlett-Packard 8453A photodiode array spectrophotometer (Agilent Technologies, Palo Alto, California) fitted out with a HP-89090 Peltier temperature control system, (±0.1 °C).  
The thermal behaviour was also studied by DSC measurements, using a Nano DSC Instrument (TA, Waters LLC, New Castle, USA). To reduce to a minimum the formation of bubbles upon heating, the reference and sample solutions were degassed in a degassing station (TA, Waters LLC, New Castle, USA). The samples with polynucleotide content CP = 5 × 10−4 MBP were scanned at 1 atm pressure from 20 to 90°C at 1 °C·min−1 scan rate for ct-DNA and poly(rA)·poly(rU)  and  0.25 °C·min−1 for [poly(dA-dT)]2.  

Circular dichroism (CD) measurements were taken with a MOS-450 spectrophotometer (Bio-Logic SAS, Claix, France) using a Xenon Arc lamp. The cell temperature was controlled by an external Julabo bath (± l ºC). Spectral curves in the 200−400 nm range were recorded at 5 nm/s and polynucleotide content CP = 5×10−5 MBP. Molar ellipticities (degMBP−1cm−1) were calculated using [θ] = 100 θ/CPl, with l being the cell light path (cm).     

Densities (() and speeds of sound (u) were measured in the 25-65 ºC range with an Anton Paar DSA 5000 oscillating U-tube densitometer (Graz, Austria). The density readings (± 5×10−6 g cm−3), based on the oscillation period of the sample tube, and the speeds of sound (( 0.5 m s−1) were obtained from the traveling time of an electrical impulse emitted by a piezoelectric element. Proper calibration at each temperature (± 0.01 ºC) was achieved with doubly distilled water (Milli-Q, Millipore) and n-nonane (Fluka, 99.2%) as standards. The scan rate was 0.1 ºC/min and the polynucleotide content was CP = 5×10−4 MBP. 

Dynamic viscosities ((, ( 5(10−3 mPa s) were measured with an automated Anton Paar AMV200 viscometer (Graz, Austria), calibrated with doubly distilled water (Milli-Q, Millipore). Viscosity measurements, based on the rolling ball principle, were obtained measuring the shear stress of a steel ball introduced into an inclined, sample-filled glass capillary, inside a thermostatic block; the temperature (( 0.01 ºC), controlled by an external F25 Julabo bath (Seelbach, Germany), was measured  with a Pt100 Guildline 9890 thermometer. The stress was monitored switching the inclination angle within 20-80°. Dynamic viscosities were obtained as: 
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, k() being the calibration constant at each inclination angle and temperature, t (( 0.01 s) stands for the rolling time, ball for the density of the ball (7.85 g cm−3) and  for the solution density. Viscosities were measured between 25-65 ºC for CP = 5×10−4 MBP.  
3. Results and Discussion 
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Fig. 1S (ESI†) collects the UV-Vis spectra in the 220-340 nm range for solutions of ct-DNA, [poly(dA-dT)]2 and poly(rA)·poly(rU) between 0 and 70% (v/v) ethanol, I = 0.1 M (NaCl), pH = 7.0 and T = 25 ºC. Fig. 1A shows the absorbance at λ = 260 nm and Fig. 1B the shift of λmax of the three systems as a function of ethanol concentration. 
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Fig. 1 (A) Absorbance variation at λ = 260 nm. (B) shift of (max as a function of ethanol concentration:  (v/v) (■) ct−DNA, (●) [poly(dA−dT)]2, (() poly(rA)·poly(rU). CP = 5×10−5 MBP, I = 0.1 M (NaCl), pH = 7.0, T = 25 ºC.    
          The CD spectra for the three systems are collected in Fig. 2S (ESI†). The isoelliptic points recorded up to 50% (v/v) for ct-DNA (300 nm) and poly(rA)∙poly(rU) (275 nm) unveil 
equilibria between two conformations (Fig. 2SA and 2SC, ESI†); [poly(dA-dT)]2 displayed no isoelliptic point (Fig. 2SB, ESI†). The CD spectra recorded up to 40% (v/v) for the three polynucleotides displayed no conformational change at 260 nm (Fig. 2A), but a notable gap emerged around 50% (v/v). This behaviour is also observed in Fig. 2B, showing the shift of the maxima when the ethanol content changed; the structural changes observed for ct-DNA and [poly(dA-dT)]2 reflect the change from conformation B (0-40% (v/v)) to A (70% (v/v)),19,20,31 whereas poly(rA)·poly(rU) adopted the A conformation.32 
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Fig. 2 (A) Variation of molar ellipticity [(] at λ = 260 nm as a function of ethanol content (v/v);  B) shift of the maximum molar ellipticity as a function of ethanol content, (■) ct-DNA, (●) [poly(dA-dT)]2 and (() poly(rA)∙poly(rU). CP = 5×10−5 MBP, I = 0.1 M (NaCl), pH = 7.0, T = 25 ºC.  
3.1. Thermal denaturation 

The thermal stability was monitored by UV-Vis and DSC measurements over the 0-40% (v/v) range for poly(rA)·poly(rU) and [poly(dA-dT)]2 and 0-50% for ct-DNA. For denaturation of double helix, A2, into single strands, A:33  
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(1)
the fraction ( of single strand is defined as:    
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where AD, AS and A stand for the absorbance of double helix, single helix and varying   absorbance, respectively. The α versus T plot yielded sigmoid curves (Fig. 3S, ESI†) whose inflection points afford the spectroscopic melting temperature, Tm,sp. Fig. 4S (ESI†) shows the calorimetric denaturation curves for the three systems, using the same solvents as with the spectrophotometric experiments. The temperature of maximum heat capacity, Cp, was taken as the calorimetric denaturation temperature (Tm,cal). Table 1 lists the values for these properties. The integration area of the surface covered by the calorimetric curve between two temperatures, T1 and T2, has allowed us to calculate the ΔH0cal and ΔS0cal values according to:
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          Table 1 lists the ΔH0cal and ΔS0cal values for ct-DNA, [poly(dA-dT)]2 and poly(rA)·poly(rU) for each ethanol concentration; for ct-DNA, these quantities could not be obatined for 0 and 10% because the high Tm involved entails that the calorimetric curve was unfinished at 90ºC, the maximum experimental temperature attainable (see Fig. 4SI, ESI). 
Figure 3 Least-square fitting of Tm as a function of ethanol content for (A) ct-DNA, (B) [poly(dA-dT)]2 and (C) poly(rA)∙poly(rU). (() Tm,sp (() Tm,vis and (() Tm,cal.  CP = 5×10−4 MBP,  I = 0.1 M (NaCl), pH = 7.0. 
           Fig. 3 plots the spectrophotometric (Tm,sp) and calorimetric (Tm,cal) values obtained for Tm. For ct-DNA, Fig. 3A shows that Tm,sp versus ethanol concentration yielded a straight line plot with negative slope (-0.385) over the whole composition range, whereas Tm,cal varied linearly only up to 30% with negative slope (-0.451), slightly larger than the former. A notable difference between the Tm,cal  and  Tm,sp  values is observed at 40 and 50% ethanol because  Tm,cal  increased, while Tm,sp  decreased.  The increase in Tm,cal could be caused by B-DNA tending to self aggregate approaching 40% (v/v), as conformational changes for these ethanol concentrations were absent (Figs. 1 and 2). To study the melting effects, the only experimental difference between the spectrophotometric (Fig. 3SA, ESI) and calorimetric (Fig. 4SA, ESI) procedures lies in the respective scan rates (0.25ºC/min for UV-Vis and 1ºC/min for DSC), the polynucleotide and ethanol concentrations being the same. Thus, the kinetic effects (disaggregation and melting) are seen differently at high and low scan rate because such denaturation processes are dependent on the scan rate.34 Additionally, proper DSC analysis for ct-DNA and poly(rA)∙poly(rU) was not possible at 0.25ºC/min because the curves were rather smooth and the resulting Tm,cal was imprecise. 
           For [poly(dA-dT)]2, Tm,sp and Tm,cal were quite similar (also coincident with the viscosity reading, Tm,vis, Fig. 3B) whose negative slope (~ -0.48) clearly indicates that ethanol destabilizes [poly(dA-dT)]2. For this system, the DSC, UV–Vis measurements could be conducted at low scan rate, thereby the Tm values from the three different sources concurred more closely compared to the other systems.  

For poly(rA)∙poly(rU), the slope was always positive (0.0811 with Tm,cal, 0.152 with Tm,sp, Fig. 3C). The difference between both temperatures in the 3-5 ºC range is not ascribable to aggregation, since the difference appears for 0% ethanol, where only monomers are present. A more plausible explanation lies in the Tm values of nucleic acids  dependent on the rate of heating.34.The effects described with the melting temperature reveal the strong reliance of Tm on the nucleic acid (DNA or RNA), the polynucleotide concentration, the ethanol content, the base type and the scan rate. Hence, it is not fully right to link the prevailing denaturation mechanism to solely the solvent properties.23,35



The denaturation enthalpies H0cal for ct-DNA and  poly(rA)∙poly(rU) are less than for [poly(dA-dT)]2; the entropies followed the sequence [poly(dA-dT)]2 > ct-DNA > poly(rA)∙poly(rU) (Table 1). For ct-DNA at 40 and 50% ethanol, the entropy clearly diminished compared to 20 and 30%. This behaviour apparently comes into conflict with the
Table 1 Spectrophotometric melting temperature (Tm,sp) and DSC thermodynamic parameters (Tm,cal, H0cal and  S0cal) for ct-DNA, [poly(dA-dT)]2 and poly(rA)·poly(rU) and melting temperature from viscosity measurements (Tm,vis) for [poly(dA-dT)]2. I = 0.1 M (NaCl),  pH = 7.0.   
	
	%(v/v)

EtOH
	Tm,sp
(ºC)
	Tm,cal
(ºC)
	H0cal
(kJ mol−1)
	S0cal
(J mol−1 K−1)
	Tm,vis
 (ºC)

	ct-DNA
	0
	81.5
	83.7
	
	
	

	
	10
	76.5
	78.5
	
	
	

	
	20
	72.6
	73.4
	34.4
	99.3
	

	
	30
	69.2
	70.3
	30.7
	95.3
	

	
	40
	66.8
	75.5
	20.5
	58.8
	

	
	50
	63.0
	77.3
	18.2
	51.9
	

	[poly(dA-dT)]2
	0
	60.5
	61.5
	37.3
	112
	59.0

	
	10
	54.0
	57.1
	42.7
	129
	58.0

	
	20
	52.0
	51.6
	48.2
	154
	50.0

	
	30
	47.7
	47.1
	47.8
	158
	45.3

	
	40
	42.3
	42.6
	36.6
	122
	40.4

	poly(rA)·poly(rU)
	0
	53.3
	58.6
	31.2
	87.5
	

	
	10
	53.4
	58.8
	30.0
	85.8
	

	
	20
	55.5
	59.5
	28.9
	87.4
	

	
	30
	57.4
	60.4
	29.7
	89.9
	

	
	40
	59.2
	61.9
	27.7
	83.7
	


occurence of aggregates, whose disaggregation would cooperate positively to entropy. However, solvation processes contribute more importantly. The S0cal values for ct-DNA indicate that the single strand after denaturation is more solvated at higher ethanol concentration. Moreover, the thermophysical properties indicate that at 50% ethanol, the solvation of ct-DNA is greater than for 40% (see below), the diminution of S0cal indicating that the denaturation products from the aggregate are more solvated at 50%  ethanol. 
3.2. Thermophysical Properties  

Density and speed of sound. For ct-DNA, [poly(dA-dT)]2 and poly(rA)∙poly(rU) measurements were taken as a function of temperature and ethanol concentration. Table S1 (ESI†) lists the (0 and u0 values for the solvent between 0-50% v/v ethanol/water in the 25-65 ºC range. Tables S2 to S20 (ESI†) list the ( and u values from 25 to 65 ºC, between 0-40% v/v ethanol/water for [poly(dA-dT)]2 and poly(rA)∙poly(rU), and 0-50% v/v for ct-DNA; conformational changes were absent. From the values of ( and u, useful derived properties were calculated:  
Cubic expansion coefficient, 
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Relative molar speed of sound,                             
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Isentropic compressibility,                                    
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Partial molar volume,36                                            
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that is, the apparent volume occupied by one mole of solute at infinite dilution,25 M being the molar weight. 
Partial molar adiabatic compressibility KS, defined as:37 
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where S0 is the solvent coefficient of adiabatic compressibility. The errors, estimated adding 
the maximum uncertainties in concentration, temperature drift and instrumental limitation, were calculated with ( 1.3 cm3 mol-1 for [U], (1.4(10-2 cm3 mol-1 for (V, (1.8(10-4 cm3 mol-1 bar-1 for (KS, (  2.8(10-6 K-1 for (,  (  3 ( 10-8 bar-1 for KS, and  (  3(10-8 bar-1 for (S0. 
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Fig. 4 (A) Density, (, and (B) speed of sound, u, for ct-DNA as a function of %(v/v) ethanol at different temperatures: (●)25, (○)30, (■)40, (□)50, (♦)60, (◊)65 ºC. CP = 5×10−4 MBP, I = 0.1 M (NaCl), pH = 7.0.
 

Fig. 4 plots the variation of ( and u as a function of ethanol concentration for ct-DNA, the remainder systems behaving similarly. The ( values decreased when temperature and ethanol increased (Fig. 4A) and 
u reached maxima at different ethanol contents depending on the temperature (Fig. 4B). A point of constant speed of sound was observed for ~15% ethanol; u increased when the temperature increased below this limit, whereas this variation reverted for higher ethanol content, at 25 ºC being highest; [poly(dA-dT)]2 and poly(rA)·poly(rU) produced a similar pattern. Tables S2–S20 (ESI†) list the [U], V, KS, (, KS and (S0 values for all three polynucleotides.  
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	Fig. 5 (A1−C1), cubic expansion coefficient, (; (A2−C2), relative mixing molar speed of sound, [U]; (A3−C3), isentropic compressibility, KS; (A4−C4), parcial molar volume, V and (A5−C5) partial molar adiabatic compressibility, KS, as a function of %(v/v) ethanol: (●)25, (○)30, (■)40, (□)50, (♦)60, (◊)65 ºC. (A) ct-DNA, (B) [poly(dA-dT)]2 and (C) poly(rA)·poly(rU). CP = 5×10−4 MBP, I = 0.1 M (NaCl), pH = 7.0.




Fig. 5 shows the observable properties (, [U], KS, V and KS as a function of ethanol concentration at different temperatures, calculated with eqns (5-9); (A) refers to ct-DNA, (B) to [poly(dA-dT)]2 and (C) to poly(rA)·poly(rU). The coefficients of volume expansion,  increased with the increase in temperature and ethanol concentration (Fig. 5(A1-C1)), consistent with the decrease in density under the same conditions. The relative molar speed of sound, [U], changed from positive to negative with the ethanol content. At 20% (v/v), ct-DNA and [poly(dA-dT)]2 displayed maxima whose location varied with the temperature, Figs. 5(A2-B2).  Poly(rA)·poly(rU) showed a point (≈ 22%) with [U] independent of temperature (Fig. 5C2). The variation of the isentropic compressibility, KS, with temperature and solvent polarity, Fig. 5(A3-C3), reflects the variation of u, with a point of constant KS at ≈ 15% (Fig. 4B). The minimum KS value for 20−30% (v/v) ethanol corresponds to the maximum u value.     

Combination of density and speed of sound is sensitive to solvent interaction. Partial molar volume, V, and partial molar adiabatic compressibility, KS, serve to measure the DNA-solvent interactions; 
the variation of V and KS bears relation to the number of surrounding solvent molecules, and is informative of solvation according to:26 
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where VM and KM (negligibly small for nucleic acids) stand for the intrinsic molar volume of the solute and intrinsic molar adiabatic compressibility, respectively; 
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 account for the volume and compressibility solvation effects, respectively.38 The 
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 term contains two contributions of opposite sign; the positive contribution is commensurate with the solute surface accessible to the solvent, and the negative one represents the diminution in the solvent volume due to H-bonding when the solvent gets access to polar or charged moieties.38 Therefore, the greater the solvation (more polar groups exposed to solvent) the higher the negative 
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 term. Fig. 5(A4-C4) shows the complex variation of V with the ethanol concentration at different temperatures, stressing certain similarities that depend on the polynucleotide. Up to 10% v/v, V was close to zero regardless of temperature, with maxima at 20% (v/v) for ct-DNA and [poly(dA-dT)]2 and at 30% for poly(rA)·poly(rU). 

Most of the atomic groups contribute negatively to KS. A large number of atomic groups exposed to solvent results in negative KSh, reflecting increased solvation. As KM was negligible for nucleic acids, the negative KS values reflect the substantial solvation of nucleic acids. Fig. 5(A5-C5) shows that the partial molar adiabatic compressibility, KS, varied with the ethanol content for all temperatures. Up to 20% ethanol, the KS values remained almost constant for all three systems.  

The V parameter reflects the microscopic changes induced in the polynucleotide by the annealing degree, temperature and solvent structure. The thermodynamic properties H0cal and S0cal, (Table 1) enable to calculate the denaturation constant, Kd, verifying that the amount of denaturated double helix vary for each nucleic acid depending on the temperature and alcohol content. Figures A4-C4 reveal that for different ethanol concentrations, the (V values of ct-DNA, [poly(dA-dT)]2 and poly(rA)·poly(rU) were almost temperature independent; in addition, the KS values followed no steady trend with temperature. These features reveal that the overall solvation is almost unaffected by the single/double strand ratio,  that is, the number of solvating polar groups of the solvation shell, water and ethanol, remains nearly the same for each ethanol content. This effect can be explained if the single strands adopt after denaturation hairpin loop-type conformation, with the phosphate groups exposed to solvent. The intramolecular hairpins within each single strand after denaturation are not thermodynamically as stable as the native duplex, but the rate of the intramolecular reaction at low concentrations is several orders of magnitude faster than the interstrand nucleation.39a
The (Ks and (V values changed for all ethanol concentrations depending on the nucleic acid, indicating that the extent of solvation depends on the A-RNA or B-DNA conformation. The large (Ks and (V values for RNA, compared to DNA, denote that RNA becomes significantly less solvated, an effect ascribable to the different structural features of the B and A duplexes rather than to different chemical composition. In water, A-RNA is less hydrated than B-DNA;40 the counterions in the vicinity of poly(rA)·poly(rU) are significantly dehydrated, retaining only (34±21)% hydration sphere, whereas those in the vicinity of DNA are fully hydrated.41 Chalikian had demonstrated by density and acoustic data that the water contraction around polar groups of 2-deoxyribose is 15–20% weaker than around polar ribose groups.42 In all cases studied in this work, a change in sign from low to high ethanol content occurred for both (V and (KS. The minima, close to 10%, should correspond to highest solvation and the maxima, between 30 and 40%, to lowest solvation.  
The ΔS0 values obtained for denaturation (Table 1) also support the solvation sequence deduced: poly(rA)·poly(rU) < ct-DNA <  [poly(dA-dT)]2. The strands remain in the duplex better ordered than the “denaturated” single strands; however, this effect does not suffice of itself to explain the large ΔS0 difference between polynucleotides stemming from the different solvation degrees and the inherent disorder increase.43 The large (V and (KS and small ΔS0 values for denaturation of ct-DNA compared to [poly(dA-dT)]2 allows one to conclude that ct-DNA is less solvated than [poly(dA-dT)]2. Solvation of ct-DNA depends on the aggregation degree; the small (Ks and (V values denote that solvation is greater at 50% ethanol than for lower ethanol concentration.
Together with the polynucleotide, ethanol/water interactions play a prominent role. Ethanol–water presents abnormal behaviour of partial molar volume of ethanol,44 chemical shift of hydroxyl signals of water45 and adiabatic compressibility,46 with a minimun (depending on T) for low ethanol content. These abnormalities are regarded as structural in origin. By relaxation dielectric measurements, Sato et al.10 had clarified the ethanol-water structure from dynamics standpoint and calculated the activation enthalpy, entropy and free energy for ethanol-water mixtures and the contributions to partial molar excess activation free energy, enthalpy, and entropy for water and ethanol. The concentration dependence of these quantities reveals two regions bound at 0.18 mole fraction (41%v/v). In the water-rich region the excess properties exhibit two sharp maxima at x =0.04 (11% v/v) and X=0.08 (21% v/v), ascribed to structural enhancement of the H-bonding network of water by ethanol, the so-called hydrophobic hydration. The mixing schemes of ethanol and water around the two points seem qualitatively different. On the other hand, the excess properties adopt nearly zero value in the region x ~ 0.18, meaning that in the mixture ethanol is in nearly the same environment as in pure ethanol, forming chain-like clusters surrounded by water molecules. The properties shown in Fig. 5 reflect the complex structure of ethanol/water, for which changes in regions close to such critical points (excluding () were observed. 
The H-bond structure plays a key role in the DNA-solvent interactions.47 Onori46 suggested that, at low ethanol concentration (x ~ 0.055), the ethanol molecules are essentially dispersed and surrounded by water molecules, and come into contact only when sufficient water is no longer available to provide clathrate cavities for all ethanol molecules. These observations stress the role of the ethanol/water structure in the stability of nucleic acids.

The modest solvatochromic and conformational changes displayed up to 40% ethanol (Figs. 1B and 2B) exclude solvent-induced structural changes, solubility and solute aggregation effects at the very low solute concentration of these experiments. At low concentration, local polarization and intermolecular H-bonding should not be ruled out.48 The electrostatic interactions become stronger as the solvent permittivity (() decreases, thus enhancing condensation of the counterion and facilitating aggregation to neighbour polynucleotide units. With DNA, this effect was observable only above the 40% critical limit, far from the 70-80% reported,49 and it also depends on the DNA concentration, the ethanol content and temperature. The observed increase in Tm for poly(rA)·poly(rU) upon increasing the ethanol (Table 1) can be explained by formation of thermally stable A-RNA fibers that may result in condensation. In summary, the observed changes in the thermal stability should not be exploited as only dependent on the solvent structure and the A or B conformation, as they, in fact, reflect a range of intermolecular interactions and are affected by coupled processes from both the solvent and the nucleic acids in their different conformations.  

Viscosity. Viscosity measurements provide useful information. The average free energy of activation of viscous flow of a solute in solution, 0,≠, can be calculated as:50
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where V0 represents the average molar volume of the aquo-organic solution and h, NA and R are universal constants. Table S21 lists the values for 0–50 % ethanol/water mixtures and 25-65 ºC. The ln versus 1/T linear plot (Fig. 6) yields 
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 slope and ln (hNA/V0) intercept (Table 2). Relative viscosity ((/(0) serves to characterize the viscosity behaviour of DNA.51 Figs. 5S and 6S show the variation of viscosity and relative viscosity with the ethanol concentration at different temperatures. For low alcohol content (x < 20%), relative viscosities were similar to those of aqueous DNA.    
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                  Fig. 6 ln (0 versus 1/T plot as a function of ethanol/water mixtures: (●) 0, 
                   (○)10, (()15, (■)20, (()25, (()30, (♦)40 and (◊)50% (v/v) EtOH.  
          Fig. 7 shows the temperature effect on the relative viscosity (/(0 for 20%(v/v) ethanol/water; the behaviour was as expected,11 except for [poly(dA-dT)]2 which showed a transition close to the denaturation temperature for each ethanol/water mixture; the Tm,vis values concur with the spectroscopic, Tm,sp,  and calorimetric, Tm,cal, values (Table 1 and Figure 3B); similar behaviour has been reported earlier for other polynucleotides.39b  It should be stressed that, whereas ( relies on T, the relative viscosity, (/(0, does not, except when double-to-single transition is observed.
Table 2 Values of 0,≠ and V0,0 of the neat solvent and 0,≠ and V0 values for RNA and DNA  obtained by eqn (12) from viscosity data. 

	% (v/v) EtOH


	[poly(dA-dT)]2
	ct-DNA
	poly(rA)·poly(rU)

	
	0,≠
(kJ mol−1)
	V0,0 

(cm3 mol−1)
	Single strand
	Double strand
	
	

	
	
	
	0,≠
(kJ mol−1)
	V0
(cm3 mol−1)
	0,≠
(kJ mol−1)
	V0
(cm3 mol−1)
	0,≠
(kJ mol−1)
	V0
(cm3 mol−1)
	0,≠
(kJ mol−1)
	V0
(cm3 mol−1)

	0
	15
	210
	---
	---
	17
	290
	15
	145
	13
	107

	10
	18
	477
	---
	---
	19
	493
	18
	464
	16
	268

	15
	18
	420
	14
	68
	22
	1212
	---
	---
	---
	---

	20
	20
	693
	19
	449
	24
	3126
	21
	985
	20
	785

	25
	20
	836
	21
	933
	27
	10017
	---
	---
	---
	---

	30
	23
	1991
	21
	899
	28
	16258
	23
	2196
	21
	1235

	40
	22
	1237
	22
	1121
	31
	42156
	25
	3323
	23
	1872

	50
	22
	1123
	---
	---
	---
	---
	24
	2958
	---
	---
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Fig. 7 Relative viscosity (/(0 as a function of temperature: (■) ct-DNA, (●) [poly(dA−dT)]2 and (() poly(rA)·poly(rU).  20%(v/v) ethanol, scan rate = 0.1 ºC/min, CP = 5×10−4 MBP, I = 0.1 M (NaCl), pH = 7.0. 
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For [poly(dA-dT)]2, the (/(0 versus T plot yields two regions, which were analyzed separately according to Eyring plot (Fig. 8); the first stretch, for temperatures above the melting point, provides information about the rheological properties with the simple helix, whereas the second, below Tm,vis, informs of the properties of the double helix.
Fig. 8 Variation of the ln((/(0) as a function of inverse of temperature for [poly(dA-dT)]2 at 20% (v/v) EtOH, CP = 5×10−4 MBP, I = 0.1 M (NaCl), pH = 7.0. 

Application of eqn (12) to ct-DNA and poly(rA)·poly(rU) yielded single linear stretchs (Fig. 7S). Table 2 lists the V0 and 0,≠ values calculated for ct-DNA, [poly(dA-dT)]2 (single and double strand) and poly(rA)∙poly(rU) for the ethanol-water mixtures. Both the activation energy of viscous flow and average molar volume increased as the ethanol content was increased, consistent with ethanol-water mixed solvation spheres. 
V0 was much higher for the double-helix [poly(dA-dT)]2 than for poly(rA)∙poly(rU), ct-DNA adopting intermediate values. It must be recalled here that the A conformation present in RNA is less solvated that the B conformation of DNA.
4. Conclusions 

Thermal denaturation strongly relies on the A or B conformation of the polynucletide, heating scan rate, ethanol concentration, ethanol/water structure and H-bonding. For [poly(dA-dT)]2 the denaturation temperature decreased with the ethanol, whereas for poly(rA)∙poly(rU) it increased due to the formation thermally stable A-RNA fibers. For ct-DNA, it depends on the DNA concentration, temperature scan rate and ethanol content; the Tm values exhibit minimum at 30% ethanol due to aggregation, but this behaviour is not observed at low scan rate. The enthalpy and entropy contributions very much depend on the particular nucleic acid and, to less extent, on the ethanol concentration, for DNA being less than for RNA. The S0 values obtained for denaturation indicate that A-RNA is less solvated than B-DNA, except for ct-DNA up to 30% ethanol. The variation ofV and KS was sharper for RNA compared to DNA, indicating that, up to 10%, the solvation sequence is poly(rA)∙poly(rU) > ct-DNA > [poly(dA-dT)]2, whereas up to 30% the trend reversed the order. The relative viscosity showed Tm,vis transition for [poly(dA-dT)]2, not observed for poly(rA)∙poly(rU) and ct-DNA.
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