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Abstract

We have determined the partial molar volumes, expansibilities and adiabatic compressibilities of six heterocyclic
nucleic acid bases, five ribonucleosides and six 2’-deoxyribonucleosides within the temperature range 18-55°C. We
interpret the resulting data in terms of the hydration of the component hydrophobic and polar atomic groups. From
our temperature-dependent volumetric studies, we found that the total contraction of water caused by polar groups
of each individual heterocyclic base and nucleoside depends on the proximity and chemical nature of other
functional groups of the solute. In addition, the compressibility contributions of polar groups vary greatly in sign and
magnitude depending on the surrounding functional groups. In agreement with previous studies, our results are
suggestive of little or no interaction between the sugar and base moieties of a nucleoside. In general, our data shed
light into the hydration properties of individual heterocyclic bases and nucleosides, which may have significant
implications for the sequence-dependent hydration of nucleic acids. We discuss the potential importance of our
results for developing an understanding of the role that solvent plays in the stabilization /destabilization of nucleic
acid structures. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction of nucleic acid structures [1-12]. In recognition of
this fact, the hydration properties of DNA and
RNA have been the subject of intensive scrutiny
in which a variety of structural, spectroscopic,
thermodynamic and computer simulation tech-
niques have been widely employed [13-25]. In
this respect, volumetric techniques, including ul-
trasonic velocimetry and high precision densime-
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Hydration is a term commonly used for denot-
ing solute—water interactions in the vicinity of
solute molecules. Hydration is widely ac-
knowledged to represent a major determinant of
the thermodynamics of stability and recognition

0301-4622,/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0301-4622(01)00200-9



210 A. Lee, T.V. Chalikian / Biophysical Chemistry 92 (2001) 209-227

the partial molar volume, expansibility and adia-
batic compressibility, being sensitive to the total
amount of solute hydration, can also be used for
discriminating between water molecules solvating
charged, polar and non-polar atomic groups
[29-32].

Volumetric measurements have been success-
fully applied to studying hydration of nucleic acids
and their complexes (for recent reviews, see
[31,32]). Just recently, we have used densimetric
and ultrasonic velocimetric measurements to
characterize the hydration properties of double
stranded DNA and RNA duplexes as a function
of structure, base composition, and base sequence
[33,34] as well as the changes in DNA hydration
associated with drug binding [35]. A survey of the
literature reveals that the majority of volumetric
studies of nucleic acids have been conducted only
at around room temperature [31,32]. This limita-
tion is unfortunate since solute hydration, in par-
ticular, DNA hydration, is temperature-depen-
dent. Consequently, volumetric investigations of
nucleic acids over a wider temperature range are
required for a more complete characterization of
DNA hydration.

As a first step toward this goal, one needs to
determine, as a function of temperature, the volu-
metric properties of simple analogs of nucleic
acids, including heterocyclic nucleic acid bases
and ribo- and deoxyribonucleosides. Previously
reported volumetric data on nucleic acid bases
and ribonucleosides all have been obtained at a
single temperature of 25°C which limits the appli-
cability of the reported data to DNA studies
[32,36-39]. It should be noted that thermody-
namic (e.g. volumetric) data on low molecular
weight model compounds cannot always be di-
rectly used for microscopic interpretation of
macroscopic results on biopolymers (e.g. nucleic
acids). However, knowledge provided by thermo-
dynamic studies on small molecules often enables
one to gain important insights that ultimately can
be used for understanding the thermodynamics of
biopolymer hydration. In this respect, tempera-
ture-dependent data on the partial molar volume,
expansibility, and adiabatic compressibility of het-
erocyclic nucleic acid bases and nucleosides can
be useful for microscopic interpretation of volu-

metric results on polymeric and oligomeric nu-
cleic acids in terms of hydration and other intra-
and intermolecular interactions. In addition, volu-
metric investigation of heterocyclic bases and nu-
cleosides is of independent physico-chemical in-
terest since these molecules consist of only polar
and hydrophobic moieties. Consequently, hetero-
cyclic bases and nucleosides make good model
systems for exploring the hydration properties of
polar and hydrophobic groups which are ubiqui-
tously present in virtually all biologically signifi-
cant macromolecules.

In this paper, we report our experimental re-
sults on the partial molar volume, expansibility,
and adiabatic compressibility of some nucleic acid
bases and ribo- and deoxyribonucleosides at 18,
25, 40 and 55°C. We interpret our data in terms
of hydration of polar and non-polar groups and
discuss implications of our results for the stability
of nucleic acids and nucleic acid complexes. In
particular, our results suggest that, in nucleic acid
bases and nucleosides, the hydration properties of
polar groups are strongly modulated by the prox-
imity and relative position of other functional
groups of the molecule. This finding may have
important implications for the sequence- and
structure-dependent patterns of hydration of
DNA and RNA and, consequently, for the stabil-
ity and recognition thermodynamics of these
structures.

2. Materials and methods

All heterocyclic bases (uracil, thymine, cyto-
sine, purine, adenine, hypoxanthine), ribonucleo-
sides (uridine, cytidine, adenosine, guanosine, and
inosine), and deoxyribonucleosides (2'-deoxyuri-
dine, thymidine, 2’-deoxycytidine, 2’-deoxya-
denosine, 2'-deoxyguanosine, and 2’-deoxyino-
sine) used in this study were purchased from
Sigma-Aldrich Canada (Mississauga, Ontario,
Canada). These chemicals were of the highest
purity commercially available and, therefore, used
without further purification. Solutions of hetero-
cyclic bases and nucleosides were prepared with
doubly distilled water which was degassed by boil-
ing. The concentration of each sample was de-
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termined by weighing 10-20 mg of solute with a
precision of +0.03 mg and dissolving in a known
amount of water. All heterocyclic bases and nu-
cleosides were dried under vacuum in the pres-
ence of phosphorus pentoxide for at least 3 days
prior to weighing. To prevent formation of air
bubbles, all solutions were preheated to 5°C above
the experimental temperature before placing them
into the ultrasonic or densimetric cells.

All densities were measured using a vibrating
tube densimeter (DMA-60, Anton Paar, Austria)
with a precision of +1.5x 107% gcm™? at 18, 25,
40 and 55°C. The apparent molar volume, ¢V,
was calculated from the standard equation [40]:

dV=M/p—(p—py)/(pypm) (D

where M is the molecular weight of a solute; m is
the molal concentration; and p and p, are the
densities of the solution and solvent, respectively.
Values for the density of water were taken from
the work of Kell [41].

The solution sound velocities values, required
to calculate the apparent molar adiabatic com-
pressibility, K, of each solute were measured
with a precision of +2 X 107%% at 18, 25, 40 and
55°C using the resonator method [42-47] at a
frequency of approximately 7 MHz. Ultrasonic
resonator cells with sample volumes of 0.8 cm?®
were thermostated with an accuracy of +0.01°C,
and a previously described differential technique
was employed for all measurements [43].

Apparent molar adiabatic compressibility val-
ues for the solutes were calculated from the den-
simetric and ultrasonic data using the expression
[48,49]:

GKg=Bgo2dV =2[U] -M/py) 2)

where By, is the coefficient of adiabatic com-
pressibility of water; [U] is the relative molar
sound velocity increment of a solute and is equal
to (U—U,)/(U,C); U and U, are the sound ve-
locities in the solution and solvent, respectively;
and C is the molar concentration. The coefficient
of adiabatic compressibility of water, Bg,, re-
quired to evaluate $bKg from Eq. (2) was calcu-

lated from the data on density [41] and sound
velocity [50], since Bg, = (p,UZ) .

For each evaluation of ¢V or ¢Kjg, three to
four independent measurements were carried out
at a concentration of approximately 1 mg ml~!
for all of the heterocyclic bases and nucleosides.

3. Results

Tables 1-3 show the relative molar increments
of sound velocity, [U], apparent molar volumes,
¢V, and apparent molar adiabatic compressibili-
ties, &K, of the heterocyclic nucleic acid bases
and nucleosides at 18, 25, 40 and 55°C, respec-
tively. Errors were estimated by taking into ac-
count uncertainties due to the determination of
the concentrations, temperature drifts, and appa-
ratus limitations. The concentration dependences
of the apparent molar volumes and compressibili-
ties of the heterocyclic bases and nucleosides are
not strong in the range of concentrations used in
the present work [36,39]. Within the limits of
experimental error, the apparent molar volumes,
¢V, and adiabatic compressibilities, ¢ Ky, we have
determined at concentrations of approximately 1
mg ml~! coincide with the values of the partial
molar volume, V°, and adiabatic compressibility,
K°g, obtained by extrapolation to infinite dilution.

The temperature dependences of the partial
molar volumes, °, that we had measured were
approximated by second order polynomial func-
tions. The temperature derivatives of }° were
then determined by analytical differentiation of
the approximating functions at the required tem-
peratures. Table 4 presents the resulting data as
the partial molar expansibility [equal to the tem-
perature slope of the partial molar volume, since
E°=(@V°/dT)p] at 18, 25, 40 and 55°C.

Table 5 compares our data on V°, K° and E°
at 25°C with the previous literature reports that
exist. In general, there is reasonable agreement
between our data and published data for the
volumetric characteristics of the heterocyclic
bases and nucleosides.
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Table 1
Relative molar sound velocity increments, [U] (cm® mol™!), as a function of temperature, T, for the nucleic bases and nucleosides

Compounds 18°C 25°C 40°C 55°C
Uracil 287404 238404 17.7+ 0.4 100+ 0.5
Thymine 37.6+0.4 32.8+04 23.4+04 164+ 0.5
Cytosine 381404 339404 26.8+0.4 21.8+05
Purine 26.8+0.4 21.3+04 133+ 04 72+0.5
Adenine 294404 239404 151+ 04 10.5+0.5
Hypoxanthine 298+04 25.6+04 162+ 0.4 124405
Uridine 49.1+£05 422405 328406 26.9+0.6
Cytidine 554405 482+05 394+ 06 324406
Adenosine 503+0.5 431+0.5 30.6 £ 0.6 23.0+0.6
Guanosine 52005 46.1+0.5 35.6+£0.6 285+0.6
Inosine 51.6+0.5 434405 347406 259406
2'-Deoxyuridine 471105 40.5+0.5 315+0.6 226 +0.6
Thymidine 54.6+0.5 47.0+05 354406 255406
2'-Deoxycytidine 51.1+05 454+0.5 359+0.6 279+0.6
2'-Deoxyadenosine 48.0 £ 0.5 420+ 0.5 309+ 0.6 21.7+ 0.6
2’-Deoxyguanosine 522+05 450+ 0.5 36.3+0.6 262+ 0.6
2'-Deoxyinosine 50.8+0.5 444405 35.6+0.6 26.3+0.6
4. Discussion be interpreted in terms of intrinsic and hydration

contributions based on concepts of scaled particle

4.1. Partial molar volume theory (SPT) [51-54]:

The partial molar volume of a solute, V°, can Vi=Ve+ Vit BroRT (3)

Table 2
Partial molar volumes, 7° (cm® mol 1), as a function of temperature, T, for the nucleic bases and nucleosides

Compounds 18°C 25°C 40°C 55°C

Uracil 702+04 71.8+04 73.6+0.4 74.6 £0.5
Thymine 863+ 0.4 88.7+04 90.1+0.4 91.6 +£0.5
Cytosine 725+04 735+04 746 +0.4 75.8+£0.5
Purine 833+04 841+04 858+ 0.4 87.8+0.5
Adenine 88.0+04 89.6 +0.4 924+04 935+0.5
Hypoxanthine 809+ 04 829+04 86.3+0.4 88.8+0.5
Uridine 150.7 £ 0.6 1522 £ 0.6 153.4+£0.7 154.8 £ 0.7
Cytidine 1522 £ 0.6 153.4+0.6 155.0 £ 0.7 156.4 +£0.7
Adenosine 169.2 +£ 0.6 170.8 £ 0.6 173.0 £ 0.7 1753 +£0.7
Guanosine 172.0 £ 0.6 1754+ 0.6 177.0 £ 0.7 177.8 £ 0.7
Inosine 162.2 £ 0.6 165.5 £ 0.6 167.3 £0.7 168.9 + 0.7
2'-Deoxyuridine 149.4 £ 0.6 151.9+ 0.6 152.7+ 0.7 154.6 +£0.7
Thymidine 166.4 + 0.6 167.6 £ 0.6 169.0 +£ 0.7 170.4 £ 0.7
2'-Deoxycytidine 153.0 £ 0.6 1540+ 0.6 155.8 £ 0.7 157.1+0.7
2'-Deoxyadenosine 168.9 + 0.6 170.3 £ 0.6 172.0 £ 0.7 1753 +£0.7
2'-Deoxyguanosine 172.0 + 0.6 173.4 + 0.6 1751+ 0.7 1783 £ 0.7

2’-Deoxyinosine 161.7 £ 0.6 162.8 +£ 0.6 163.9 +£ 0.7 166.2 +£ 0.7
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Table 3
Partial molar adiabatic compressibilities, K° (10~* cm® mol~! bar~ '), as a function of temperature, 7, for the nucleic bases and
nucleosides

Compounds 18°C 25°C 40°C 55°C

Uracil —13.4+0.7 —-74+0.7 —-05+07 6.6 +£09
Thymine —13.4+0.7 —-6.7+0.7 2.7+07 9.5+09
Cytosine -195+0.7 —144+0.7 —-71+£07 —-21+£09
Purine —-33+07 23+0.7 103 +£0.7 16.7+0.9
Adenine —84+07 —-1.9+0.7 79+0.7 122409
Hypoxanthine -15240.7 -9.8+0.7 1.3+0.7 21+09
Uridine —-19.0+1.0 -114+1.0 —21+12 34+12
Cytidine -23.0+1.0 —-150+1.0 -6.0+12 05+12
Adenosine —-13.8+1.0 —-5.6+1.0 6.6 +1.2 142412
Guanosine -200+1.0 —-114+1.0 -11+12 48+1.2
Inosine —-21.8+1.0 -111+1.0 —22+12 590+12
2'-Deoxyuridine -11.0+ 1.0 -27+1.0 54+12 13.7+1.2
Thymidine —-88+1.0 -0.7+£1.0 10.0+1.2 18.7+12
2'-Deoxycytidine -11.0+1.0 -48+1.0 47+1.2 11.8+1.2
2'-Deoxyadenosine —45+1.0 21+1.0 125+1.2 222+12
2'-Deoxyguanosine —-129+1.0 -50+1.0 36+12 140+ 1.2
2'-Deoxyinosine —-142+1.0 -72+1.0 1.0+12 102+1.2

where V=V + V; is the cavity volume, that is
the volume of a cavity in a solvent enclosing the
solute molecule; V), is the intrinsic volume of a
solute molecule (for small molecules, V,; can be
reasonably approximated by the van der Waals
volume, Vy,); V; is the ‘thermal’ volume (the
volume of the void space surrounding the solute

Table 4

molecule) which is due to the thermally induced
mutual molecular vibrations of the solute and the
solvent; V/; is the ‘interaction volume’ which rep-
resents the change in the solvent volume under
the influence of solute—solvent interactions; By,
is the coefficient of isothermal compressibility of
the solvent; R is the universal gas constant; and T

Partial molar expansibilities, E° (cm® mol~! K™1), as a function of temperature, T, for the nucleic bases and nucleosides

Compounds 18°C 25°C 40°C 55°C

Uracil 0.21 £ 0.05 0.18 + 0.04 0.10 £ 0.04 0.02 £ 0.06
Thymine 0.24 £ 0.05 0.20 + 0.04 0.11 £ 0.04 0.03 +0.06
Cytosine 0.11 £ 0.05 0.10 +0.04 0.08 +0.04 0.06 + 0.06
Purine 0.10 £ 0.05 0.11 +0.04 0.12 £ 0.04 0.14 + 0.06
Adenine 0.27 £ 0.05 0.23 £ 0.04 0.13 +£0.04 0.06 £ 0.06
Hypoxanthine 0.29 £ 0.05 0.26 + 0.04 0.20 +£ 0.04 0.13 £ 0.06
Uridine 0.15 £ 0.08 0.13 £ 0.07 0.01 £ 0.07 0.06 + 0.09
Cytidine 0.15 £ 0.08 0.14 +0.07 0.10 £ 0.07 0.07 £ 0.09
Adenosine 0.19 £ 0.08 0.18 £ 0.07 0.16 + 0.07 0.13 £ 0.09
Guanosine 0.36 £+ 0.08 0.28 +£0.07 0.10 £ 0.07 —0.08 £ 0.09
Inosine 0.34 £ 0.08 0.27 £ 0.07 0.13 £ 0.07 0+0.09
2'-Deoxyuridine 0.20 £ 0.08 0.17 £ 0.07 0.11+0.07 0.06 + 0.09
Thymidine 0.14 £ 0.08 0.13 £ 0.07 0.01 £ 0.07 0.07 +0.09
2'-Deoxycytidine 0.15 £ 0.08 0.14 +£0.07 0.10 £+ 0.07 0.07 £ 0.09
2'-Deoxyadenosine 0.11 + 0.08 0.13 +0.07 0.18 + 0.07 0.22 +0.09
2'-Deoxyguanosine 0.11 £ 0.08 0.13 £ 0.07 0.17 £ 0.07 0.21 £ 0.09
2'-Deoxyinosine 0.08 +0.08 0.09 + 0.07 0.12+0.07 0.15 +0.09
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Table 5

Comparison with literature values of the partial molar volume, V° (cm® mol ™), adiabatic compressibility, K° (10™* cm?® mol ™!
bar~!) and expansibility, E° (cm® mol~! K1), at 25°C for the nucleic bases and nucleosides

Compounds Ve K° E°
Uracil 71.8° 77 —74° —9.5° 0.18° 0.15
723
Thymine 88.7* 88.2° -6.7" —8.4° 0.20° 0.14°
88.7°
Cytosine 73.5° 73.3 —14.4* -153° 0.10° 013
73.6°
Purine 84.1* 84.5° 2.3 13" 0.11° 0.15
84.40° 1.5
Adenine 89.6° 89.3 —1.9° 35" 0.23° 0.14°
Hypoxanthine 82.9* 84.1° —98° -87 0.26"
Uridine 152.2° 151.7° —11.4° —13.8° 0.13°
152.3°
151.45 —17.0°
Cytidine 153.4* 153.7° —15.0° —-17.0° 0.14°
154.2°
153.50" -182°
Adenosine 170.8" 170.8° -5.6" —5.8 0.18° 0.26°
171.4°
Guanosine 175.4° 178.2° —11.4° -10.9° 0.28°
Inosine 165.5% 164.6° —1L.1° —13.8° 027
2'-Deoxyuridine 151.9° 152.2° —2.7 —2.6° 0.17°
Thymidine 167.6" 167.6° —0.7 1.8 0.13"
2'-Deoxycytidine 154.0° 153.4° —4.8 —-6.2° 0.14°
2’-Deoxyadenosine 170.3 169.8° 2.1° 1.3° 0.13" 0.25°
2’-Deoxyguanosine 173.4* 173.7° -5.0° —5.8° 0.13*
2’-Deoxyinosine 162.8" -7.2 0.09*
“This study.
°[37].
°[39].
4[36].
°[38].

is the absolute temperature. It is customarily as-
sumed that 7} mostly reflects a decrease in the
solvent volume (solvent contraction) resulting
from hydration of polar and charged atomic
groups of a solute [54]. The ideal term, B, RT,
describes the volume effect related to the kinetic
contribution to the pressure of a solute molecule
due to its translational degrees of freedom. The
BroRT term is small and weakly depends on
temperature (it increases from 1.1 cm® mol~! at
10°C to 1.2 cm® mol ! at 60°C).

Determination of the thermal volume, V7, in
Eq. (3) is not straightforward especially for non-
spherical molecules. There are different ap-
proaches for evaluating V1. These approaches are

all model-dependent and may often yield substan-
tially different values of V. for the same solute
[54]. One approach to calculating V7 is based on
the assumption that the ‘thickness’, A, of the
thermal volume is constant at a given tempera-
ture and does not depend on the chemical nature
of solvent-exposed atomic groups of a solute [54].
With this simplification, determination of V. be-
comes a geometric task, with which the main
difficulty is to find the most appropriate geomet-
ric approximation of the shape of a solute
molecule. The ‘barrel’, as proposed in Kharakoz
[54], is a reasonable approximation for hetero-
cyclic bases. It can also be used as a model for
describing the shape of nucleosides even though a
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‘bent barrel’ (since the plane of sugar is tilted
with respect to the plane of nucleic base) should
be a better approximation. The cavity volume, V.,
in Eq. (3) for each of the compounds studied in
this work has been calculated using the equation
[54]:

Ve=mN,[(4/3)(r + A) + wR(r + A

+2R*(r + A)) 4)

where N, is Avogadro’s number; r is the half
thickness of the barrel; and R is the radius of the
barrel (for more details, see [54]).

The thickness of the thermal volume, A, foor
calculations using Eq. (4) is chosen to be 0.50 A
at 18 and 25°C [54]. At 40 and o55"C, A is taken to
be equal to 0.51 and 0.52 A, respectively, to
account for an increase in the thermal volume
with increasing temperature as suggested by our
calculations based on scaled particle theory (SPT)
[51—53].°The value of r in Eq. (4) is taken equal
to 1.77 A (half thickness of an aromatic ring [54]).
The values of R for each compound studied in
this work have been evaluated from Eq. (4) based
on the following assumption: if A in Eq. (4) is set
equal to zero, then the cavity volume, V., of a

Table 6

solute should become equal to its van der Waals
volume, Vy,. The van der Waals volumes, Vy,, of
the heterocyclic nucleic acid bases and nucleo-
sides have been calculated using the additive
scheme and group contributions presented by
Bondi [55], and the values of R have been evalu-
ated accordingly. The van der Waals volumes of
uracil, thymine, cytosine, purine, adenine, hypox-
anthine, uridine, cytidine, adenosine, guanosine,
inosine, 2’-deoxyuridine, thymidine, 2'-de-
oxycytidine, 2'-deoxyadenosine, 2’-deoxyguano-
sine, and 2’-deoxyinosine are equal to 55.8, 66.0,
55.5, 54.7, 62.8, 62.1, 118.7, 118.4, 125.7, 133.1,
125.0, 114.1, 124.4, 113.8, 121.1, 128.5 and 120.5
cm® mol™!, respectively. For the same com-
pounds, our calculated values of R are equal to
1.47, 1.73, 1.46, 1.44, 1.65, 1.63, 2.80, 2.80, 2.92,
3.05, 2.91, 2.72, 2.90, 2.71, 2.85, 2.97 and 2.83 A,
respectively.

Equipped with these estimates, we use Eq. (4)
in conjunction with Eq. (3) to calculate the inter-
action volumes, V|, for the nucleic acid bases and
nucleosides as a function of temperature. Table 6
presents the results of these calculations. As noted
above, the interaction volume, V7, represents a
decrease in the solvent volume due to
solute—solvent interactions in the vicinity of

Interaction volumes, V; (cm® mol™1), as a function of temperature, 7, for the nucleic bases and nucleosides

Compounds 18°C 25°C 40°C 55°C

Uracil —-239+04 —223+04 —-215+04 -214+05
Thymine —-229+04 -205+04 -202+04 —-19.7+0.5
Cytosine -21.1+04 —-20.1+04 -199+04 —-19.6£0.5
Purine -91+04 —-83+04 —-7.6+04 —-6.5+05
Adenine -164+04 -148+04 —-131+04 —-129+0.5
Hypoxanthine —224+04 -204+04 —-180+04 —164+0.5
Uridine -329+0.6 —31.4+0.6 -31.7+0.7 -31.8+0.7
Cytidine —-314+0.6 -302+0.6 -30.1+0.7 -302+0.7
Adenosine —-239+0.6 —222+0.6 -21.7+£0.7 -209+0.7
Guanosine —-31.8+0.6 —284+0.6 —284+0.7 -292+0.7
Inosine -30.1+£0.6 —26.8+0.6 —26.6+0.7 —265+0.7
2'-Deoxyuridine —-279+0.6 —254+0.6 -26.1+£0.7 —-25.6+0.7
Thymidine —251+0.6 —-239+0.6 -241+0.7 —242+40.7
2'-Deoxycytidine —23.6+0.6 —226+0.6 —-223+0.7 —224+0.7
2'-Deoxyadenosine —18.6 + 0.6 -172+0.6 -171+0.7 —153+0.7
2'-Deoxyguanosine —252+0.6 —238+0.6 —-23.7+0.7 —-220+0.7
2'-Deoxyinosine —242+0.6 —231+0.6 —23.6+0.7 —-228+0.7
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charged and polar groups. Nucleic acid bases and
nucleosides do not contain any charged groups.
Consequently, for these substances, V| represents
a quantitative volumetric measure of the hydra-
tion properties of polar groups: a more negative
value of V| of a solute generally correlates with
its stronger hydration. Inspection of the data in
Table 6 reveals a number of significant observa-
tions with regard to the hydration properties of
the heterocyclic bases, ribonucleosides, and de-
oxyribonucleosides.

4.1.1. Heterocyclic bases

The heterocyclic nucleic acid bases (rows 2—7
in Table 6) exhibit significantly different values of
the interaction volume, V;, which do not always
correlate with the number of polar groups in the
molecule. For example, at 25°C, the value of V;
of uracil with four polar atomic groups is —22.3
cm® mol~! while that of adenine with five polar
groups is only —14.8 cm® mol~'. This disparity is
consistent with the net hydration of a solute being
determined not only by the total number of polar
groups in the solute molecule but also by the
relative location of these groups and, possibly, the
presence of other functional groups [30,32,54,56].

At all temperatures, the pyrimidine-based hete-
rocyclic bases studied here (including uracil,
thymine, and cytosine each having four polar
groups) are not much different (within +10%)
with respect to their interaction volumes, V/;. For
example, at 25°C, the values of V; of uracil,
thymine, and cytosine are equal to —22.3, —20.5
and —20.1 cm® mol !, respectively. Thus, judging
by the polar group-induced contraction of water,
the hydration properties of the pyrimidine-based
heterocyclic bases are quite similar. In contrast,
the interaction volumes, V/, of the purine-based
nucleic acid bases (including purine, adenine, and
hypoxanthine, with purine having four polar
groups and adenine and hypoxanthine both hav-
ing five polar groups) are significantly different.
For example, at 25°C, the values of V| of purine,
adenine, and hypoxanthine are equal to —8.3,
—14.8 and —20.4 cm® mol ™!, respectively. Hence,
judging by polar group-induced contraction of
water, hypoxanthine is hydrated most extensively
followed by adenine and purine.

4.1.2. Ribonucleosides

Structurally, a ribonucleoside represents a het-
erocyclic base covalently linked to the ribose
residue. Inspection of the data in Table 6 (rows
8-12) reveals that, analogously to nucleic acid
bases, the pyrimidine-based ribonucleosides (in-
cluding uridine and cytidine) are quite similar
while the purine-based ribonucleosides (including
adenosine, guanosine, and inosine) are somewhat
distinct with respect to their interaction volumes,
V7. For example, at 25°C, the values of V| for
uridine and cytidine are equal to —31.4 and —-30.2
cm® mol ™!, respectively, while those for adeno-
sine, guanosine, and inosine are equal to —22.2,
—28.4 and —26.8 cm® mol ™!, respectively. Hence,
judging by the values of V, guanosine is hydrated
most extensively amongst the purine-based ri-
bonucleosides, followed by inosine and adenosine.

The apparent V; contribution of the ribose
moiety can be calculated as the difference in the
interaction volume, V|, between a given ribonu-
cleoside and its corresponding heterocyclic base.
We have performed such calculations for the
pairs uridine /uracil, cytidine /cytosine, adeno-
sine /adenine, and inosine /hypoxanthine. The av-
erage V| contribution of the ribose residue in the
pyrimidine-based ribonucleosides (uridine and cy-
tidine) equals —10.0 + 0.4 cm® mol~! and, within
error, does not depend on temperature. The aver-
age V| contribution of the sugar residue in the
purine-based ribonucleosides (adenosine and ino-
sine) is somewhat larger (less negative) and equal
to —8.1 + 0.8 cm® mol ~!. Both values are signifi-
cantly larger (less negative) than the interaction
volume, V7, of free ribose. For free ribose, V] is
equal to -21.9+0.3, —22.8+0.3, —223+04
and —25.0+0.5 at 18, 25, 40 and 55°C, respec-
tively [57]. There are three possible reasons for
the observed disparity. The first possibility is re-
lated to the fact that the ribose residue in a
ribonucleoside contains one less hydroxyl residue
(in the 1-position) than free ribose. The V; con-
tribution of a hydroxyl group in ribose can be
approximately estimated by comparing the 1/} val-
ues of free ribose and free 2’-deoxyribose [57].
For example, at 25°C, the differential value of V]
of free 2'-deoxyribose and free ribose is — 6.6 cm®
mol~! [57]. The second possibility is that the
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ribose and base moieties of a ribonucleoside may
interact with each other via their hydration shells.
The fact that the apparent interaction volume of
the ribose residue, AV, of the pyrimidine-based
ribonucleosides is slightly more negative (-=10.0 +
0.4 cm® mol™ ') than that for the purine-based
ribonucleosides (-8.1 + 0.8 cm® mol~!') may sug-
gest that in the latter, the base-ribose interac-
tions are slightly stronger. Finally, the third possi-
bility may originate from the fact that the thermal
volumes, V., (required for V; calculations) of the
ribonucleosides and free ribose [57] have been
calculated using different approaches. Therefore,
a direct comparison of the interaction volume, V7,
of the ribose residue of the ribonucleosides from
this work and that of free ribose from our previ-
ous work [57] may be misleading. It is difficult to
separate the relative contributions of each of the
three possible factors just outlined to the appar-
ent difference in the interaction volume of the
ribose residue of ribonucleosides and free ribose,
but, most probably, each factor plays some role.
However, it should be noted that, based on our
compressibility results (see below), sugar—base in-
teractions (if any) in nucleosides are rather weak.

4.1.3. Deoxyribonucleosides

A deoxyribonucleoside consists of the cova-
lently linked heterocyclic base and deoxyribose
residue. Inspection of the data in Table 6 (rows
13-18) reveals that, analogous to nucleic acid
bases and ribonucleosides, the pyrimidine-based
deoxyribonucleosides (including 2’'-deoxyuridine,
thymidine, and 2’-deoxycytidine) are not signifi-
cantly different (within +10%) with respect to
their interaction volumes, V|, while the purine-
based deoxyribonucleosides (including 2'-de-
oxyadenosine, 2'-deoxyguanosine, and 2'-de-
oxyinosine) exhibit a broader range of V; values.
For example, at 25°C, the values of V; for 2'-de-
oxyuridine, thymidine, and 2’-deoxycytidine are
equal to —25.4, —23.9 and —22.6 cm® mol !,
respectively, while those for 2’-deoxyadenosine,
2'-deoxyguanosine, and 2'-deoxyinosine are —17.2,
—23.8 and —23.1 cm® mol ™!, respectively. Thus,
judging by the values of V7, thymidine and 2'-de-
oxycytidine are similarly hydrated, while 2'-de-
oxyguanosine and 2’'-deoxyinosine are hydrated

more extensively than 2’-deoxyadenosine. This
observation may have important implications for
understanding the hydration properties of double
stranded DNA molecules.

The apparent V] contribution of the 2’'-de-
oxyribose moiety can be calculated by subtracting
the interaction volume, V7, of a heterocyclic base
from that of its corresponding 2’-deoxyribonuc-
leoside. We have performed such calculations for
the pairs 2’-deoxyuridine /uracil, thymidine/
thymine, 2’-deoxycytidine /cytosine, 2'-deoxya-
denosine /adenine, and 2’-deoxyinosine/hypo-
xanthine. The average V| contribution of the 2’-
deoxribose in both pyrimidine- and purine-based
2'-deoxyribonucleosides equals -3.4 + 1.0 cm?®
mol~! and, within error, does not depend on
temperature. This value is significantly larger (less
negative) than the interaction volume, V7, of free
2'-deoxyribose. For free 2'-deoxyribose, V| is
equal to —-14.8+0.3, —162+0.3, —16.6+04
and —18.4 + 0.5 at 18, 25, 40 and 55°C, respec-
tively [57]. Analogous to the ribonucleosides, the
observed disparity in V; can be related to the lack
of the hydroxyl residue in the 1-position of the
deoxyribose residue in a deoxyribonucleoside,
possible interactions between the sugar and base
moieties of a deoxyribonucleoside, and the fact
that the thermal volumes, V7, of the deoxyribonu-
cleosides and free 2’-deoxyribose [57] have been
calculated using different approaches. It is our
opinion that all factors may contribute to the
apparent difference in the interaction volume of
the deoxyribose residue of deoxyribonucleosides
and free 2'-deoxyribose, but it is difficult to evalu-
ate the relative importance of each of the three
factors.

4.2. Partial molar expansibility

The partial molar expansibility, E°, of a solute
is a fundamental thermodynamic characteristics
which is sensitive to solute—solvent interactions.
However, expansibility measurements still find
only a limited use in hydration studies as com-
pared to volume and compressibility measure-
ments. One reason is that the partial molar ex-
pansibility data on biological compounds are rela-
tively scarce. Another reason is that the relative
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precision of expansibility measurements on bio-
logical compounds is generally low as compared
to volume and compressibility measurements.
Nevertheless, expansibility data are potentially
useful and may provide valuable information on
the thermodynamics of solute hydration, for ex-
ample, on the differential enthalpy of water of
solute hydration and bulk water [58].

The partial molar expansibility, E°, of a solute
is the first temperature derivative of its partial
molar volume, V°. Consequently, the relationship
for E° can be obtained by differentiating Eq. (3):

E =Ey+E;+E +[d(BrRT)/T]; Q)
where

Ey = (Vy/0T)p; Er=(0Vy/dT)p; and E;
= (aV;/0T)p.

The contribution of the ideal term,
[0(ByRT)/0T]p, is relatively small and can be
safely neglected: depending on temperature, the
ideal term in Eq. (5) is between 0 and 0.005 cm®
mol~! K~!. Consequently, the partial molar ex-
pansibility, E°, of a solute is mainly determined
by its intrinsic expansibility, E,;, the expansibility
of the thermal volume, E;, and the solute-in-
duced change in the solvent expansibility, E;, the
‘interaction expansibility’. It should be noted that
slight solute-induced structural changes in the
solvent in the vicinity of non-polar groups which
contribute little to V}, may, nevertheless, have a
significant impact on E; (since expansibility is a
derivative of volume). Currently, there is no reli-
able way to discriminate between the E; and E;
terms in Eq. (5). Therefore, on a practical level, it
is convenient not to separate these two terms but
treat them together as a single hydration con-
tribution, AFE,. Thus, Eq. (5) can be reduced to
the form

E'=Ey+AE,=Ey+n,(E, —E,) (6)

where E, and E, are the partial molar expansi-
bilities of water of hydration and bulk water; and

n,, is the hydration number, that is the number of
water molecules within the solute hydration shell.
For small molecules, such as heterocyclic nu-
cleic acid bases and nucleosides, the intrinsic
expansibility, E,, in Eq. (6) is small and can be
neglected in our analysis. Furthermore, for nu-
cleic acid bases and nucleosides, AE, can be
presented as a sum of the expansibility contribu-
tions of polar, AE,, and hydrophobic, AE,,,
groups. Consequently, one obtains the following
simple relationship:
E =AE +AEq (7

pol

In our analysis, we assume that the hy-
drophobic contribution, AE,,, for each of the
solutes studied is proportional to its hydrophobic
van der Waals surface area, Syyq:

AEhyd =E(CH2)SWhyd/SW(CH2) ®)

where E(CH,) and Sy(CH,) are the expansibil-
ity contribution and van der Waals area (22.4 A?)
of a —~CH,~ group in an extended chain (e.g. in
a,m-aminocarboxylic acids).

In «,w-aminocarboxylic acids, E(CH,) is posi-
tive over the entire temperature range studied
and equal to 0.018, 0.020, 0.025 and 0.030 cm’
mol~! K1 at 18, 25, 40 and 55°C, respectively
[59]. The hydrophobic van der Waals surface ar-
eas, Swpyq, Of uracil, thymine, cytosine, purine,
adenine, hypoxanthine, uridine, cytidine, adeno-
sine, guanosine, inosine, 2’'-deoxyuridine, thymi-
dine, 2’-deoxycytidine, 2'-deoxyadenosine, 2'-de-
oxyguanosine, and 2'-deoxyinosine are equal to
43.2,66.8,43.2, 48.2, 48.2, 48.2, 103.5, 103.5, 108.4,
96.8, 108.4, 116.4, 140.0, 116.4, 109.8, 109.8 and
121.4 A2, respectively. These surface areas have
been calculated using the additive procedure and
group contributions presented by Bondi [55].
Armed with these values, we now use Egs. (7) and
(8) to calculate the polar contributions AE,,, for
each compound studied here. Table 7 presents
results of these calculations. Inspection of the
data in Table 7 reveals a number of interesting
observations.

Firstly, the values of AE, for the nucleic acid
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Table 7

Expansibility contribution of polar groups, AE,, (cm® mol~' K™"), as a function of temperature, T, for the nucleic bases and
nucleosides

Solutes 18°C 25°C 40°C 55°C

Uracil 0.18 + 0.05 0.14 £ 0.04 0.05 +0.04 —0.04 + 0.06
Thymine 0.18 £ 0.05 0.14 £+ 0.04 0.04 £+ 0.04 —0.06 £+ 0.06
Cytosine 0.08 £ 0.05 0.06 £ 0.04 0.03 £ 0.04 0+ 0.06
Purine 0.06 & 0.05 0.07 £ 0.04 0.07 £ 0.04 0.08 + 0.06
Adenine 0.23 +0.05 0.18 £ 0.04 0.07 £ 0.04 0+ 0.06
Hypoxanthine 0.26 £+ 0.05 0.18 + 0.04 0.14 + 0.04 0.07 £+ 0.06
Uridine 0.07 + 0.08 0.04 £ 0.07 —0.02 + 0.07 —0.08 + 0.09
Cytidine 0.07 £ 0.08 0.05 £ 0.07 —0.01+0.07 —0.07 £ 0.09
Adenosine 0.11 + 0.08 0.08 £ 0.07 0.03 £ 0.07 —0.02 + 0.09
Guanosine 0.28 + 0.08 0.19 £ 0.07 —0.01 +£0.07 —0.21 £ 0.09
Inosine 0.25 + 0.08 0.17 £ 0.07 0.01 £ 0.07 —0.15 +0.09
2'-Deoxyuridine 0.10 + 0.08 0.07 £ 0.07 —0.02 + 0.07 —0.10 £ 0.09
Thymidine 0.03 £+ 0.08 0+ 0.07 —0.06 + 0.07 —0.12 + 0.09
2'-Deoxycytidine 0.06 £+ 0.08 0.03 +0.07 —0.03 +0.07 —0.09 + 0.09
2'-Deoxyadenosine 0.02 £ 0.08 0.03 £ 0.07 0.06 £+ 0.07 0.08 + 0.09
2'-Deoxyguanosine 0.02 £+ 0.08 0.03 + 0.07 0.05 + 0.07 0.07 + 0.09
2'-Deoxyinosine —0.02 £ 0.08 —0.01 £0.07 —0.01 £0.07 —0.01 £ 0.09

bases and nucleosides vary in a wide range with
no apparent correlation to the number of polar
groups in an individual molecule. At 25°C, AE,
ranges from —0.01 £+ 0.07 for 2’-deoxyinosine to
0.19 + 0.07 cm® mol ! K™! for guanosine.

Secondly, at 25°C and below, the values of
AE,, for the nucleic acid bases and ribonucleo-
sides studied here are generally positive. For the
deoxyribonucleosides, the values of AEpol, al-
though mostly positive, are generally smaller and
close to zero. This observation suggests that the
hydration properties of polar groups in deoxyri-
bonucleosides are distinct from those of polar
groups in nucleic acid bases and ribonucleosides.
At 55°C, for all the compounds studied, AE,, is
either negative or close to zero.

Thirdly, for all the compounds studied here
(perhaps, with the exception of 2’'-deoxyadeno-
sine, 2'-deoxyguanosine, and 2'-deoxyinosine),
AE,, decreases with temperature. The negative
sign of the temperature slope of the expansibility
contribution of polar groups, A E,,,;, coincides with
that of charged groups while being opposite to
the positive sign of the temperature slope of the
expansibility contribution of hydrophobic groups
[59,60]. This distinction reflects the differential
thermodynamics of hydration of polar and non-

polar atomic groups. Because of large experimen-
tal uncertainty, it is difficult to assess if the posi-
tive sign of AE,, /AT observed for 2'-deoxya-
denosine, 2'-deoxyguanosine, and 2'-deoxyinosine
(rows 16—18 of Table 3) is statistically significant.

In general, relatively large experimental uncer-
tainties of the data presented in Table 7 prevent
us from a more detailed analysis of the partial
expansibility of polar groups. Further experi-
ments, perhaps, with more concentrated solutions
of heterocyclic bases and nucleosides are re-
quired to more fully exploit unique possibilities
provided by this relatively untapped volumetric
observable (E°) for exploring the hydration
properties of low molecular weight analogs of
nucleic acids.

4.3. Partial molar adiabatic compressibility

Analogous to the partial molar expansibility
[see Eq. (6)], the partial molar adiabatic com-
pressibility, K°g, of a solute can be conveniently
presented as a sum of the intrinsic, K,;, and
hydration, AK,, contributions [30-32]:

Ks=Ky+AK, =K\ +n,(K, —K,) 9
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where K,, is the intrinsic compressibility of a
solute molecule; and K, and K, are the partial
molar adiabatic compressibilities of water of hy-
dration and bulk water, respectively.

Note that the hydration term, AK,, in Eq. (9)
should have contributions from the compressibil-
ity of the thermal volume, K1 [see Eq. (3)], and
the solute-induced change in solvent compress-
ibility, K, the ‘interaction compressibility’. How-
ever, from the practical point of view, it is difficult
to reliably discriminate between these two con-
tributions. For small molecules, such as nucleic
acid bases and nucleosides, the intrinsic com-
pressibility, K, is small and generally can be
neglected [29-32,37,38,56]. Furthermore, the hy-
dration contribution, AK,, in Eq. (9) can be
presented as the sum of the compressibility con-
tributions of polar, AK,,, and hydrophobic,
AK,4, groups. Consequently, one obtains the
following relationship for the partial molar adia-
batic compressibility, K°, of the nucleic acid
bases and nucleosides:

Ks=AK,, +AKy (10)

pol
The hydrophobic contribution, AK}, 4, for each
heterocyclic base or nucleoside studied in this
work can be assumed to be proportional to its
hydrophobic van der Waals surface area, Syyq:

AK, g =K(CH,)S\ypq/Sw(CH,) (11)

where K(CH,) is the compressibility contribution
of a ~CH,~ group in an extended chain (e.g. in
a,m-aminocarboxylic acids).

In a,w-aminocarboxylic acids, K(CH,) is equal
to —33x107%, —1.6x107%,1.2x 10"* and 2.9
X 10™* cm® mol~! bar~! at 18, 25, 40 and 55°C,
respectively [59]. We use Egs. (10) and (11) to
calculate the polar contributions AK ,, for each
compound studied here. Table 8 presents results
of these calculations. Fig. la—c graphically pre-
sent the temperature dependences of the com-
pressibility contribution of polar groups, AK,,
for the nucleic acid bases, ribonucleosides, and
deoxyribonucleosides, respectively. Importantly,
AK,, represents a quantitative volumetric mea-
sure of hydration of polar groups in nucleic acid

bases and nucleosides. It should be noted that the
magnitude and even the sign of the compressibil-
ity contribution of a polar group is thought to
depend on its relative position with respect to
other polar groups of the solute [30,56]. As pro-
posed by Kharakoz, at 25°C, a ‘single’ polar group
is characterized by a positive compressibility con-
tribution, AK,, [(3.8+0.7)x107* cm’ mol ™'
bar '], a negative temperature slope, IAK /0T
[—(1.7+0.8) X 10~ cm® mol~! bar~! K~ 1], and
a positive second temperature derivative,
aZAKpol/aTz [Q+1) %1077 cm® mol™! bar~!
K~21[30]. By contrast, at 25°C, a ‘clustered’ polar
group (located in the close proximity to other
polar groups) has been proposed to exhibit a
negative value of AK , [-(5.5+0.7) X 10~* cm®
mol™' bar™!'], a positive temperature slope,
IAK /9T [(1.1 £ 0.4) X 107> cm?® mol~! bar~!
K~ '], and a negative second temperature deriva-
tive, 9°AK,,/0T> [-(24+09) x 1077 cm’
mol™!' bar~! K~2] [30]. This differential com-
pressibility behavior of single and clustered polar
groups is related to the fact that the compressibil-
ity of liquid water has a very large positive relax-
ation contribution [61-63]. For example, at 25°C,
the relaxation contribution to water compressibil-
ity is as high as 65% [63]. The relaxation com-
pressibility contribution of liquid water is due to
the pressure-induced shift in equilibrium between
two or more structural species of water molecules
differing in molecular packing and, consequently,
in partial molar volumes: an increase in pressure
will favor species with smaller volume and vice
versa [61-63]. The positive sign of AK,, (e.g. for
single polar groups) suggests that water of polar
hydration is characterized by a larger relaxation
contribution to compressibility than bulk water.
By contrast, the negative sign of AK, (e.g. for
clustered polar groups) indicates a diminution in
the relaxation contribution to compressibility of
water solvating polar groups. The sign of the
temperature slope, dAK,,/dT, is indicative of
the differential temperature dependence of the
relaxation contribution to compressibility of water
of polar hydration and bulk water. The sign of
9°AK,,/dT? is also very important. One anom-
aly of liquid water is its abnormally high sec-
ond temperature derivative of compressibility,
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Table 8

Compressibility contribution of polar groups, AK,; (107* cm® mol~" bar™"), as a function of temperature, T, for the nucleic bases

and nucleosides

Solutes 18°C 25°C 40°C 55°C

Uracil -7.0+£0.7 —-43+0.7 —-28+0.7 1.0+0.9
Thymine -3.6+£0.7 -1.9+0.7 -0.9+0.7 09+09
Cytosine -131+0.7 -113+0.7 -94+0.7 -7.7+£09
Purine 3.8+0.7 5.7+0.7 7.7+0.7 10.5+0.9
Adenine -13+0.7 15+0.7 53407 6.0+0.9
Hypoxanthine -81+0.7 —6.4+0.7 -13+0.7 -41+09
Uridine -38+1.0 -4.0+1.0 -7.6+12 —-100+1.2
Cytidine -78+1.0 -7.6+1.0 —115+12 —-129+12
Adenosine 22+1.0 21+1.0 08+1.2 02+12
Guanosine -57+1.0 -45+1.0 —-63+12 -77+12
Inosine -58+1.0 -34+1.0 —-80+1.2 -81+12
2'-Deoxyuridine 6.1+1.0 5.6+1.0 -08+12 -14+12
Thymidine 11.8+ 1.0 93+1.0 25+12 06+1.2
2'-Deoxycytidine 6.1+1.0 35+1.0 —-15+12 -33+12
2'-Deoxyadenosine 134+ 1.0 10.8 + 1.0 6.0+12 6.5+12
2'-Deoxyguanosine 33+1.0 28+ 1.0 -23+12 -02+12
2'-Deoxyinosine 37+1.0 15+1.0 —-55+12 —-55+12

0°K,/dT* (the temperature dependence of com-
pressibility is abnormally non-linear). Thus, as
can be seen from the differentiation of Eq. (9),
the negative sign of 9°AK,/dT* suggests that
water of polar hydration exhibits a more linear
(more normal) temperature dependence of com-
pressibility, while the positive sign of °AK /9T
is indicative of water solvating a polar group
being even more abnormal than bulk water.
Based on the foregoing discussion, AK,, as
well as its temperature derivatives can be used as
sensitive probes of the hydration properties of
polar groups of a solute. In general, the more
negative the value of AK,, the stronger the
solute—solvent interactions around the polar
group and, consequently, the stronger its hydra-
tion [58]. Inspection of the data in Table 8 reveals
a number of important observations with regard
to the hydration properties of the heterocyclic
bases, ribonucleosides, and deoxyribonucleosides.

4.3.1. Heterocyclic bases

The heterocyclic bases (rows 2-7 in Table 8)
exhibit a wide range of AK,,, values which differ
from each other in both magnitude and sign. For
example, at 25°C, the values of AK, of the

heterocyclic bases vary from —11.3 X 10~* (cyto-
sine) to 5.7x107* cm® mol~! bar~! (purine).
Judging by this variation, polar groups of hetero-
cyclic bases are characterized by significantly dif-
ferent hydration properties. Amongst the nucleic
acid bases studied in this work, the most extensive
hydration is exhibited by cytosine (with AK,, of
—11.3x107* cm® mol™ ' bar™' at 25°C), while
purine (5.7x10"* ¢m® mol™!' bar™!) and ade-
nine (1.5 X 107* cm® mol ™! bar~!) are character-
ized by the weakest hydration (with AK, of
1.5x 107* ¢cm® mol ™! bar~! at 25°C). Recall that
our interaction volume data (see Section 4.1.1)
were also suggestive of significantly weaker hydra-
tion of adenine and purine relative to other nu-
cleic acid bases.

Inspection of Fig. 1a reveals that, for all nucleic
bases, the values of AK , increase with tempera-
ture rise (0AK /9T is positive). This observa-
tion suggests that the differential compressibility
of water of polar hydration in the vicinity of
nucleic bases and bulk water increases (becomes
less negative) with temperature increasing. Fur-
ther inspection of Fig. la reveals that, for all
nucleic bases except adenine and hypoxanthine,
the second temperature derivative of the com-
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Fig. 1. (a) Temperature dependences of the compressibility contributions of polar groups of the nucleic acid bases uracil (H),
thymine (O), cytosine (e), purine (O), adenine (4), and hypoxanthine ($); (b) temperature dependences of the compressibility
contributions of polar groups of the ribonucleosides uridine (W), cytidine (@), adenosine (), guanosine (), and inosine (<); (¢)
temperature dependences of the compressibility contributions of polar groups of the deoxyribonucleosides 2’-deoxyuridine (W),
thymidine (O), 2’-deoxycytidine (@), 2’-deoxyadenosine (4 ), 2'-deoxyguanosine (2 ), and 2’'-deoxyinosine (<).

pressibility contribution, 9°’AK ,;/dT?, is close to
zero (the temperature dependences of AK,, are
roughly linear), while, for adenine and hypoxan-
thine, 9°AK ,;/9T? is negative (the temperature
dependences of AK ,, are curved). This observa-
tion suggests that the temperature dependences
of the compressibility of water of polar hydration
for adenine and hypoxanthine are more linear
(more normal) than that of bulk water. For the
rest of the heterocyclic bases, the temperature
dependences of the compressibility of water of
polar hydration are approximately as non-linear
as that of bulk water.

4.3.2. Ribonucleosides

The ribonucleosides (rows 8—12 in Table 8),
excluding adenosine, all exhibit negative values of
AK,, within the entire temperature range stud-
ied. Adenosine exhibiting positive AK, (2.1 X
107* em® mol™! bar~! at 25°C) is characterized
by the weakest hydration among the ribonucleo-
sides. Recall that we arrived at the same conclu-
sion based on the interaction volume data (see
Section 4.1.2).

Inspection of Fig. 1b reveals that, for all the
ribonucleosides studied here, AK,, decreases
with temperature rise (0AK /9T is negative).
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Note that this temperature-dependent behavior
of the ribonucleosides is opposite to that observed
for the nucleic acid bases which is reflective of
the role played by the sugar ring in determining
the hydration properties of ribonucleosides. Fur-
ther inspection of Fig. 1b reveals that, for all
ribonucleosides except inosine, the second tem-
perature derivative of the compressibility con-
tribution, 9°AK ,,/dT?, is close to zero. For ino-
sine, 9°AK ,,;/dT? is negative (the temperature
dependences of AK ,, are curved). However, due
to the large scattering of the inosine data in Fig.
1b, it is difficult to assess if the observed non-zero
value of 0’°AK /9T is statistically significant.
The apparent contribution of the ribose moiety
to AK,, can be calculated by subtracting the
value of AK,, of a heterocyclic base from that of
its corresponding ribonucleoside. We determine
the apparent AK, contribution of the ribose
residue by comparing the pairs uracil /uridine,
cytosine /cytidine, adenine/adenosine, and hy-
poxanthine /inosine. Fig. 2 presents the average
values of the AK,, contribution of the ribose
residue (o) as a function of temperature. For
comparison, Fig. 2 also presents the temperature
dependence of AK,, for free ribose (M) and
free 2'-deoxyribose (00) [57]. Inspection of Fig. 2
reveals that the temperature dependence of the
apparent AK  of the ribose residue of a ribonu-
cleoside is significantly distinct from that of AK
of free ribose. There are two plausible explana-
tions to account for this differential compressibil-
ity behavior of the ribose residue of a ribonucleo-
side and free ribose. The first possibility is related
to the fact that the ribose residue of a ribonucleo-
side contains one less hydroxyl group (in the
1-position) than free ribose. The second possibil-
ity is that the ribose and base moieties of a
ribonucleoside may interact with each other which
would bring about a weakening of the solute
hydration. To discriminate between these two
possibilities we compare the apparent AK , of
the ribose residue of a ribonucleoside with K,
of free 2’'-deoxyribose which contains one less
hydroxyl group than free ribose (although in the
2-position) [57]. Inspection of Fig. 2 reveals that
the temperature dependence of AK,, of the
ribose residue of a ribonucleoside is very similar
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Fig. 2. Temperature dependences the compressibility con-
tributions of polar groups of sugars: free ribose () [57]; free
2'-deoxyribose (O) [57]; the average value for the ribose
moiety of the ribonucleosides (e); the average value for the
2'-deoxyribose moiety of the deoxyribonucleosides (O).

(although not identical) to that of K, of free
2'-deoxyribose. Judging by this similarity, we pro-
pose that the main reason for the observed dis-
parity between the compressibility behavior of
free ribose and the ribose residue of a ribonucle-
oside is the absence of the 1'-hydroxyl group in
the latter which modifies its hydration structure
in a similar manner as the absence of the 2’'-hy-
droxyl group modifies the hydration of free 2'-de-
oxyribose relative to free ribose. We also propose
that interactions (if any) between the base and
sugar moieties of a ribonucleoside are not strong.
The same observation has been made by Buckin
et al. [38] based on the changes in sound velocity
accompanying protonation of nucleic acid bases
and ribonucleosides.

4.3.3. Deoxyribonucleosides

The deoxyribonucleosides (rows 13—18 in Table
8) are all characterized by positive values of AK
at 18 and 25°C, while at elevated temperatures
some of them (2’-deoxycytidine, 2’'-deoxyguano-
sine, and 2’-deoxyinosine) exhibit slightly negative
values of AK,,. In general, deoxyribonucleosides
exhibit much higher (more positive) values of
AK,, than ribonucleosides. Hence, compared to
ribonucleosides, deoxyribonucleosides are hy-
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drated less strongly, which is consistent with the
fact that, between 18 and 55°C, the value of K,
of free ribose is smaller (more negative) than that
of free 2’'-deoxyribose [57]. This observation may
have important implications for understanding the
differential hydration of DNA and RNA. Inspec-
tion of the data in Table 8 reveals that, judging by
the AK,,, values, at 25°C, the strongest hydration
is exhibited by 2’-deoxyinosine (1.5x10™* cm’
mol ™! bar ') followed by 2’-deoxyguanosine (2.8
X 10~* cm® mol~! bar™!), 2’-deoxycytidine (3.5
X 107* cm® mol ! bar~1), 2'-deoxyuridine (5.6 X
107* cm® mol™! bar™!), thymidine (9.3 x107*
cm?® mol™! bar™!), and 2’'-deoxyadenosine (10.8
X 10~* cm® mol~! bar~!). At elevated tempera-
tures this hydration hierarchy slightly changes.
However, at all temperatures studied, 2’'-deoxya-
denosine exhibits the weakest hydration, an
observation consistent with our conclusion which
was drawn above based on the interaction volume
data (see Section 4.3.3).

Inspection of Fig. 1c reveals that, for all the
deoxyribonucleosides studied in this work, AK
is a decreasing function of temperature with
the positive second temperature derivative,
9*A Koo/ dT?. Thus, the temperature dependence
of the compressibility of water solvating polar
groups of the deoxyribonucleosides is more non-
linear (more abnormal) than that of bulk water.
Comparison of Fig. 1b,c reveals that removal of a
single hydroxyl group (in the 1-position) from the
sugar moiety of a nucleoside (2'-deoxyribonuc-
leoside vs. ribonucleoside) leads to a drastic
change in the linearity of the temperature depen-
dence of AK,,,.

To obtain the apparent AK,,, contribution of
the deoxyribose moiety, we compare the deoxyri-
bonucleosides with their corresponding bases.
Specifically, we analyze the pairs uracil /2'-de-
oxyuridine, thymine /thimidine, cytosine/2’'-de-
oxycytidine, adenine /2'-deoxyadenosine, and hy-
poxanthine /2'-deoxyinosine. Fig. 2 presents the
average AK , contribution of the 2’-deoxyribose
residue of a deoxyribonucleoside (O) as a func-
tion of temperature. Fig. 2 also presents the tem-
perature dependence of K, for free 2’-deoxyri-
bose (O) [57]. As is seen from Fig. 2, the temper-
ature dependence of the apparent 2’'-deoxyribose

contribution to AK,, of a deoxyribonucleoside
significantly differs from that of K, of free
2'-deoxyribose. Analogous to ribonucleosides, we
propose that the main reason for the observed
disparity between the compressibility behavior of
free 2'-deoxyribose and the deoxyribose residue
of a deoxyribonucleoside is the absence of the
1'-hydroxyl group in the latter rather than the
interactions between the base and sugar moieties.

5. Concluding remarks

In this work, we have determined the partial
molar volumes, expansibilities, and adiabatic
compressibilities of six heterocyclic nucleic acid
bases (uracil, thymine, cytosine, purine, adenine,
hypoxanthine), five ribonucleosides (uridine, cyti-
dine, adenosine, guanosine, and inosine), and six
deoxyribonucleosides (2’'-deoxyuridine, thymidine,
2'-deoxycytidine, 2’-deoxyadenosine, 2’-de-
oxyguanosine, and 2’-deoxyinosine) within the
temperature range 18-55°C. For each compound
studied, we have evaluated the interaction volume,
that is, the contraction of water caused by
solute—solvent interactions in the vicinity of polar
groups. We found that the total contraction of
water caused by polar groups of the heterocyclic
bases and nucleosides depends on the proximity
and chemical nature of other functional groups of
the solute. In addition, we have calculated the
compressibility contributions of polar groups for
each compound studied here. The compressibility
contributions of polar groups greatly vary in both
sign and magnitude depending on the surround-
ing functional groups. In agreement with previous
studies, our results are suggestive of little or no
interaction between the sugar and base moieties
of a nucleoside.

Based on our compressibility results, we con-
clude that, at room temperature, the strongest
hydration among the heterocyclic bases is exhib-
ited by cytosine, followed by hypoxanthine, uracil,
thymine, adenine, and purine. Among the ribonu-
cleosides, the strongest hydration is exhibited by
cytidine, followed by guanosine, uridine, inosine,
and adenosine. Among the deoxyribonucleosides,
the strongest hydration is exhibited by 2'-de-
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oxyinosine, followed by 2’-deoxyguanosine, 2'-de-
oxycytidine, 2'-deoxyuridine, thymidine, and 2’-
deoxyadenosine. At elevated temperatures, these
hierarchies may somewhat change, but at all tem-
peratures studied, adenosine and 2’-deoxyadeno-
sine exhibit the weakest hydration within its cor-
responding class. This observation may be impor-
tant for understanding the hydration properties of
DNA and RNA.

Our results suggest that the hydration proper-
ties of individual heterocyclic bases and nucleo-
sides as reflected in volume, expansibility, and
adiabatic compressibility may vary greatly in
range, not only in the absolute values of these
volumetric characteristics, but also in their tem-
perature dependences. In general, such volumet-
ric characterizations should prove useful in devel-
oping an understanding of the role that solvent
plays in the stabilization /destabilization of bio-
logically important molecules.
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