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The autoassociation of 2-aminopurine ribosidc (m’Pur) and its 5’-mom.- ( P-m’Pur) and S’-diphosphatc ( PP-m’Pur) in 
neutral aqueous solutions was inl-estigated using fluorcacence quenching and ESR spin-lahc! methods within the range 
276-358 K. Respective equilibrium constants and thcrmodvnamic functions were dcrivcd therefrom assuming two medcls of 
infinite autoassociation: (i) an isodesmic one ( li, = X’l = . . K,). and (ii) one in which K, = f;, = li, = Kp_ Comparative 
analysis of these data and that of the parcnr 2-;minopurinc. ohtaincd previously. allcxvcd us to formulate the folloxvinp 
conclusions: (1) the mechanism of autoassociation of m’Pur varies wirh tcmperaturc in such a way that at f=31S K ihc 
isodesmic model is fulfilled ( K2=K,): at higher temperatures K,/K, > 1. i.c.. the process is coopcrativc. while at Io~vver 

temperatures it becomes anticooperative (K,/K, < 1): (2) at 29X K the tcndcncy to auroassociarion dccrcnzcs in the order: 
m’Pur>P-m’Pur>PP-m’Pur: (3) m’Pur forms highly packed complexes with the base* stnckcd and the rihofuranow 
residues inieracting via hydrogen bonds or water bridges: (4) autozssociation of P-m2Pur and PP-m’Pur is mainly goxcmed 
by stacking of the bases. u-bile the ribose phosphate residues attain a ITUIU configurakn corresponding IO the lowcsr 
electrostatic repulsion between charged phosphate groups: cvcn at high ionic strength (I=O.SL a poaitivc cluctro.ctatic 
contribution to the free enthalpy of autoassociation is obsenxd: (5) the two methods cmploycd gave similar results for 
P-m’Pur_ but somewhat different cmes for m’Pur became the presence of the spin label (nitroxidc stahlc radical) at the 
2’(3’)-OH group of the ribosc residue prevents its interaction via hydrogen bonding with an unlahelcd one of an adjacent 
nucieoside. 

1. Introduction 

Investigations on homo- and heteroassociation 
of nucleic acid bases in aqueous solutions help in 
the understanding of the nature of their stacking 
interactions and allow evaluation of the contribu- 
tion of these interactions to the thermodynamic 
stability of ordered polynucleotide structures (for 
a review, see ref. 1). In the light of equilibrium and 
thermodynamic data accumulated so far the in- 
volvement of both polarization and hydrophobic 
effects in stacking interactions seems to be well 
documented. The actual balance of the two effects 

* To whom correspcmdence should be addressed. 

varies with the structure of interacting bases. Di- 
pole-induced dipole forces are particularly im- 
portant in interactions of purine derivatives. owing 
to the high polarizability of their heteroaromatic 
rings and large bond-dipole moments of polar 
substituents [2,3]. Substitution with alkyl groups 
induces around base molecules specific changes in 
the hydration shells typical of essentially hydro- 
phobic solutes. thus increasing the contribution of 
hydrophobic interactions to stackicg association 
14-73. In fact, hydrophobic interactions were shown 
to govern predominantly self-association of al- 
kylated uracils and thymines [7], the diketo- 
pyrimidine skeleton of which exhibits iow polariz- 
ability. 
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Perhaps the least understood effects remaining 
are those of substitution of the bases with strongly 
hydrophilic carbohyarate groups like ribose or de- 
oxyribose and their various phosphate esters, im- 
portant for the formation of complementary poly- 
nucleotide-mononucleotide complexes. Compara- 
tive equilibrium and thermodynamic data are 
available only for a limited number of related 
base-nucleoside pairs [ 1.7.81. Therefore. the 1 ecent 
generalization [9] that ‘ribose (deoxyribose) does 
not materially affect aggregation of nucleosides’ is 
certainly not justified_ Effects of phosphorylation 
were studied more extensively only for adenosine. 
with the main emphasis being placed on the geom- 
etry of the complexes formed at neutral pH [IO- 161 
and the effects of protonation of adenine residues 
on association of nucleotides [ 17- 191. Strong elec- 
trostatic interactions between the positively 
charged adenine ring nitrogen atom and the ionized 
phosphate group of the adjacent nucleotide bring 
about a large increase in association_ 

In this paper we present results of fluorescence 
quenching studies on the self-association of 2- 
aminopurine riboside. its 5T-monophosphate and 
5’-diphosphate in neutral aqueous solutions. Re- 
sults of a similar study on self-association of the 
parent 2-aminopurine were published previously 
(201. along with a detailed description of the prin- 
ciples of the fluorescence method then developed. 
This method. because of its sensitivity and accu- 
racy. allows interpretation of experimental data 
according to more reliable molecular models of 
association. The results of a parallel study of self- 
association of spin-labeled 2-aminopru-ine riboside 
and its 5’-monophosphate by the ESR method, 
recentIy developed and applied to associations of 
adenine nucIeotides [19]. are also presented and 
compared with those obtained from fltiorescence 
quenching experiments_ 

. 

2. Materials and methods 

2-Aminopurine riboside (m’Pur) was obtained 
by reduction of Cthioguanosine with Raney nickel 
1211. Its S-monophosphate (P-m’Pur) and S-di- 
phosphate (PP-m*Pur) were synthesized by phos- 
phorylation of m’Pur according to refs. 22 and 23, 
respectively. The purity of the compounds was 

x: -H. --Pop 

Scheme I. 

checked chromatographically in several solvent 
system. Their aqueous solutions appeared homoge- 
neous with respect to the fluorescence lifetime, for 
the fluorescence quantum yield varied with con- 
centration of the quencher, KBr, according to the 
Stern-Volmer relationship_ 

Derivatives of m’Pur and P-m’Pur spin labeled 
with the pyridoxal stable radical at the 2’(3’)-OH 
group of the ribose residue were prepared as de- 
scribed previously [24] for adenine nucleotides. 

Stock aqueous solutions of known concentra- 
tions of the studied compounds were prepared by 
weighing and then appropriately weight diluted. 
Experimental conditions (range of solute con- 
centrations and temperatures investigated, ionic 
strength and pH of solutions) of fluorescence and 
ESR studies are given in table 1. 

The apparatus and methods used in fluores- 
cence studies have been described previously 
[20,2S]. Fluorescence spectra were obtained by ex- 
citation with a xenon XBO 150 lamp at the ab- 
sorption maximum at 304 nm, while fluorescence 
signals were recorded at an apparent emission 
maximum at 370 m-n. Absorption spectra were 
measured with a Car-y I 18 spectrophotometer using 
an interference filter in order to cut off fluores- 
cence from the samples. 

ESR spectra were obtained with a model PE 
1306 spectrometer, equipped with a storage acces- 
sory and a sample thermostat_ Rotational correla- 



tion times rc of the spin label were derived from 
parameters of ESR spectra according to: 

where 4H, is the width of the central component 
of the ESR spectrum in gauss. and II I , 11, and h _ 
the intensities of the ESR spectrum components 
corresponding to spin numbers of the nitrogen 
nucleus + I .O and - I, respectively. 

Calculations were performed with a Com- 
pucorp 425 G Scientists calculator and also on an 
Odra 1204 computer using a Mincon-20 pro- 
gramme [26.27] in a version without derivatives. 

Variation of the fhrorescence quantum yield. Q. 
of a solute A with its concentration owing to 
formation of nonfluorescent excimers ‘A a _ _ _ ‘A, 
by (i) excitation of stacked complexes A -_ _ _ A,, 
preformed in the ground state. and simultaneously 
(ii) in a diffusion-controlled reaction between an 
excited molecule ‘A and one(s) in the ground state. 
can be described [20] by: 

in which e” is the quantum yield of fluorescence of 
A at infinite dilution; ‘X= T&,, the quenching 
constant, where ~a is the natural fluorescence life- 
time of the excited molecule ‘A and k, an average 
rate constant of excimer formation; C, C’ and C, 
are stoichiometric, colligative and monomer con- 
centrations of A, respectively; y the probability of 
excimer dissociation. and a the hypochromicity 
coefficient_ 

C, and C’ are determined by the stoichiometric 
concentration C and association equilibrium con- 
stants, K, = [A,]/C,[A,_ ,I, defined according to 
an assumed model of molecular association. 
Parameters K,, X, y_ a, and Go of eq. 1 can in 
principle be calculated by an iterative procedure, 
provided that the values of the + =f(C) function 
have been found experimentally. Parameters K, 
and 5-C are strongly coupled 1201, but their separa- 
tion can be achieved by the use of KBr as fhrores- 

cence quencher_ for Br - shortens the 70 value of 
‘A. thus decreasing ?K proportionally to the Br - 
concentration_ Comparison of the values of Q = 
f(C) and &, = f,( C) functions. measured for solu- 
tions without and with the quencher (+,). leads to 
separation of the parameters. provided that all the 
others remain unaffected by the presence of KBr 
in the solution. It has been shown [20] that KBr up 
to 1.0 M does not alter the stacking equilibrium of 
2-aminopurine, nor does Br - associate with it. 

The number of parameters. K,. describing the 
stacking equilibrium which can be iteratively 
calculated depends on the accuracy of the experi- 
mental data and the range of concentrations in- 
vestigated- It is necessary to assume a particular 
model of association in order to reduce realisti- 
cally the number of I\‘,: (i) either an isodesmic 
model in which all I(, corresponding to the con- 
secutive steps of indefinite polymerization are set 
equal to each other K, = K,... K,. or. at best. a 

model (ii) in Lvhich the dimerization constant K2 

differs from all the others set again equal. For the 
latter model. stoichiometric and colligative con- 
centrations of A in solutions are described as 
follows: 

where K, is the polymerization equilibrium con- 

stant and + = K2 /K,, the cooperativity parameter. 
For the isodesmic model += 1. and the above 
equations become simplified accordingly. 

In order to derive thermodynamic functions 
related to the stacking association of a fluoro- 
phore, values of Q = f(C) and +q =f,(C) functions 
are measured at various temperatures. @(C. 7) 
values determined for dilute solutions of A are 
then linearly extrapolated to C= 0 and the @O(T) 
values thus obtained are interpolated by fitting 
with a function of the form: 

(2) 



where k, is the fluorescence rate constant, kEr the 
sum of all temperature-independent rate constants 
of radiationless A +- ‘A transitions, Y the preex- 
ponential frequency factor and AE the activation 
energy. Constant parameters of eq. 2 are calcu- 
lated iteratively. 

Having determined independently the natural 
lifetime and fluorescence quantum yield e” of the 
fluorophore at one temperature, values of r0 = 
(a”)-’ at all. other temperatures are then calcu- 
lated using eq.2 and so are subsequently also the 
corresponding excimer formation rate constants 
k, =:X/T,. The latter are in turn interpolated 
according to the Noyes treatment 12.51 of fast 
processes. as described in detail previously 1201. In 
this treatment X-, can be expressed as the following 
function of temperature: 

x-, = k,,,, 
( 

1 + X-,irr 
QpZ(sZTkT/p)‘/2 exp( - QE/RT) I 

--t 
(3) 

where @ is a steric factor, p the reduced mass of 
the reacting molecules, p the encounter distance 
and AE the activation energy. Whereafter, fluores- 
cence quenching constants k, are calculated. using 
the Stern-Volmer equation. and interpolated simil- 
arily to X-,. With the knowledge of k;“’ fluores- 
cence quenching constants, -Xtl can be calculated 
from the relationship +“/# = ‘X/Y&. Interpolated 
values of r$“’ and X$ are then used to calculate 
from eq. 1 the final values of K,(T) and/or K,(T) 
and KJ T) = K,(T)/+(T) equilibrium association 
constants_ Fitting of the latter with either a linear 
can’t Hoff equation or, if necessary, the corre- 
sponding AG with a higher order function of tem- 
perature leads to determination of the enthalpy 
and entropy of the stacking association_ 

2.2. ESR spin-label method 

Formation of associates between spin-labeled 
A’ and unlabeled A molecules brings about a 
decrease in the rotational diffusion frequency v=+, 
of the spin label, derived from parameters of the 
ESR spectrum. Provided that the stoichiometric 
concentration of spin-labeled molecules C,- in 
solution is kept sufficiently Icw as compared with 
that of unlabeled ones (C’- a C,) and that only 

complexes of the type A,At can be considered. 
then velp - X,X= ,pnd{, where v,, and f, are the rota- 
tional diffusion frequency and the relative fraction 
of an associated species of the type AnAT, respec- 

tively. By assuming the isodesmic model of associ- 
ation characterized by one equilibrium association 
constant Kisod and one average rotational diffusion 
frequency v,, for all A, AT complexes, it was 
shown that the dependence of vcXp on the stoichio- 
metric concentration of compound A can be de- 
scribed [ 191 by the following analytical equation: 

(4) 

where v, is the rotational diffusion frequency of a 
spin-labeled monomer. From the plot of {(v, - 
v,,,)/C,)“’ versus (Y, - v,,,) the two unknown 
parameters Ki, and v,, can be determined. 

3. Results 

3.2. Fluorescence studies 

Fluorescence quantum yields, (5, of m’Pur, P- 
rn’Pur and PP-m’Pur were measured for two 
series of neutral aqueous solutions. one of which 
contained 0.2 M KBr as the fluorescence quencher, 
as a function of solute concentration and tempera- 
ture under the experimental conditions specified in 
table I. The ionic strength of solutions of both 
nucleotides was kept high and constant at I = 0.8 
in order to shield effectively negative charges on 
the phosphate groups and thereby to minimize 
electrostatic repulsion between the solute mole- 
cules, expected to affect stacking of their base 
residues, as observed recently for adenine nucleo- 
tides [ 191. 

It was found that quenching of fluorescence by 
Br- in solutions of all three compounds investi- 
gated obeyed the Stem-VoImer relationship up to 
O-8 M KBr, both at low and high solute concentra- 
tions. This observation indicated that the fluores- 
cence of molecules in stacked complexes is fully 
quenched so that the probability of excimer dis- 
sociation, y. in eq. 1 can be set equal to zero. The 
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Table 1 

Experimental conditions of fluorescence quamum yield +(C. T) and ESR spectra determination 

Compound Method Solution 

Range of solute 
concentrarions h 

(W 

Electrolyte 
concentration 

(W 

PH’ 

Temperature 
range h 

(K) 

&Pur 

P-m* PUr 

PP-m’ Pur 

mz Pur 
spin labeled 

P-m’ Pur 
spin labeled 

fluorescence 

fluorescence 

fluorescence 

ESR 

ESR 

5x 10-4-9x IO-’ 

(15) 
5x 10-4-9x 10-Z 

(15) 

8X 10-5-9x 10-X 

(21) 
8X 10-4-9x 10-3 

(16) 

1 x 10-J-3x lo-’ 

(19) 
ix 10-J-3x lo-’ 

(19) 

IX IO-‘-1.2x 10-l 

(11) 

1 x IO-‘-1.2x 10-l 

(11) 

none 

KBr. 0.2 

KCl. 0-S 

KCI. 0.6 
KBr. 0.2 

KCI. 0.8 

KCI. 0.6 
KBr, 0.2 

none 

KCI. 0.6 
KBr. 0.2 
NaCI. 0. I 

7-o-7.5 

7.0-7.5 

7-o-7.5 

7.0-7.5 

7.0-7.5 

7.0-7.5 

7.5 

7.5 

7.5 

275-358 

(IO) 
278-358 

(IO) 

276-358 
(19) 
‘76-358 
(19) 

276-358 

(19) 
276-358 
(19) 

277-325 
(10) 

277 and 
305 
276-334 

(12) 

= Measurements of +(C, 7) ar h =322 nm (isosbesric point) indicated that it remains constant in the pH range 6.4-9.2 for P-m’Pur 
and PP-m’Pur solutions; without buffer. 

h The number of solutions or temperatures investigated are given in parentheses. 

hypochromicity coefficients were evaluated using 
as an initial value o = 0.97 determined for 2- 
aminopurine (n’-Pur) stacking association [20]. In 
trial calculations the followmg values were found 
to introduce the least systematic errors not exceed- 
ing 2.5% into K, values: a = 0.95 for m’Pur and 
a = 0.90 for both nucleotides. They were used in 
further calculations as established parameters_ The 
parameters GO”, K, and ‘X: were then calculated 
iteratively by fitting the function eq. 1 to the ex- 
perimental +(C, T) data, as described in section 
2.1_ Empirical parameters of the functions (eqs. 2 
and 3) used for interpolation of @O(T), k,(T) and 
kg(T) data are shown in table 2. Values of fluores- 
cence quantum yields 9 were determined relative 
to the quantum yield of the parent 2-aminopurine. 
+’ = 0.844, in aqueous solution at 20.1 “C [20]. In 
view of the close similarity of the absorption and 

emission spectra of 2-aminopurine and all its three 
derivatives studied, the same value of the fluores- 
cence rate constant k, = 6.95 X IO’ s- ‘_ as found 
for n*Pur [20], was assumed in calculations of their 
natural fluorescence lifetimes ro( T). 

Both models of association defined in section 
2.1 were tried in computations. The two-parameter 
model (ii) gave distinctly better results for rn’Pur. 
Fitting of either of the two models to the experi- 
mental data for PP-mZPur was equally satisfac- 
tory, while in the case of P-m’Pur only the isode- 
smic one (i) was applied, because of the relatively 
narrow range of the solute concentrations investi- 
gated. 

The calculated K, and K, = KJaJ values for 
rn’Pur and the eq&ibrium constants obtained 
according to the isodesmic model, K,, for P-rn’Pur 
and PP-m2Pur association are shown in tables 3 
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Table 3 

Experimental and interpolated (int) dimerization ( K2) and polymerization (K,) equiiibriom constants of rn’Pur self-association 

Kp calculated from the equation: AC, =2007.9-28.33T+0.0588b7T2; Kr,“’ calculated from the equation: AC, = 35300 - 259.5 IT-i 
0.457T2. 

Temperature 

(K) 

K 
(t2mol-‘) 

Ki”’ K I”% 

(lmol-‘) 
AK,/K;n”’ K, An-,/K: 

(8) (I mol-‘) (1’mol-‘) CR) 

278.78 11.098 10.741 2.7 
282.43 10.334 10.102 2.2 
295.19 7.683 8.080 -5.2 
304.26 6.536 6.840 -4.6 
313.32 5.738 5.757 -0.3 
322.35 5.020 4.822 3.9 
334.96 4.019 3.829 4.5 
343.93 . 2.991 3.097 -3.6 
352.88 2.489 2.560 - 2.9 
358.20 2.327 2.281 2.0 

15.473 35.033 2.8 
14.094 14.80 1 -5.0 
11.904 11.960 - 0.5 
9.122 8.944 1.9 
6.36 1 6.032 5.2 
3.696 3.715 - 0.5 
1.602 1.626 - 1.5 
3.827 0.825 0.3 
0.376 0.391 - 3.9 
0.246 0.243 1.2 

- 

Table 4 

Experimental and interpolated (intj isodesmic equilibrium constants (K;) of P-m’Pur and PP-rn’Pur self-association. and related 
thermodynamic functions 

Temperature P-m’ Pm 

(K) 
Ki 

K>“’ 

(1 mol-‘) (I’mol-‘) 

276.96 9.41 8.20 
282.44 7.60 7.87 
286.09 7.40 7.66 
291.56 6.91 7.38 
295.19 6.96 7.20 
300.65 6.48 6.94 
304.27 6.83 6.78 
309.71 6.46 6.56 
313.33 6.66 6.41 
3 18.75 6.22 6.22 
322.36 6.39 6.09 
327.77 6.03 5.91 
331.37 6.04 5.80 
334.97 5.26 5.69 
340.35 5.77 5.53 
343.94 5.69 5.43 
349.91 5.51 5.30 
352.89 4.84 5.21 
358.25 5.01 5.08 

AHi (van? Hoff)= - l.O’-0.1 kcal mol-’ 
ASi =0.0’0.3 CU. 

A ici /K,‘“’ 

(B) 

14.80 
- 3.48 
- 3.49 
- 6.29 
- 3.36 
- 6.68 

0.67 
- 1.43 

3.80 
0.00 

4.86 
2.10 
4.18 

- 7.49 
4.19 
4.60 
4.05 

- 7.03 
- 1.26 

PP-l-n’ Pur 

K, 
K I”, AK,/K:“’ 

(I mol-‘) (I’IXlOl-‘) (8) 

6.17 5.47 12.69 
5.26 5.1 I 2.94 
4.90 4.89 0.16 
4.40 4.58 -4.01 
4.26 4.40 -3.23 
3.94 4.14 -4.85 
3.79 3.98 -4.92 
3.57 3.76 - 5.05 
3.49 3.63 - 3.89 
3.35 3.44 - 2.78 
3.37 3.32 1.41 
3.16 3.16 0.00 
3.15 3.06 2.83 
2.95 2.96 -0.68 
3.01 2.83 6.36 
2.89 2.75 5.09 
2.62 2.63 0.06 
2.59 2.55 1.40 
2.41 145 - 1.76 

Ani (van? Hoff)= -2.0~0.1 kcal mol-’ 
A_Si = -3.7=?0.3 e_“. 



Fig. 1. Temperature dependence of equilibrium constants for 
dimerization ( Kz) and polymerization ( ii,) steps of n’Pur [ZO] 
and m2 Pur self-z%ssociarion in water. Cures: ( 1) K ( T). n’! Pur: 
(2) K,(T). m’Pur. (3) K2(T), m’Pur; (4) K?(T), Spur. 

and 4 along with the respective interpolated val- 
ues_ The latter were obtained by numerical inter- 
polation assuming that in the case of m”Pur the 
free enthalpy of association can be correctly de- 
scribed by a second-order function of temperature, 
while for P-m’Pur and PP-m’Pur Ki values vary 
with temperature according to the van? Hoff 
equation. 

We shall first consider the effects of N(9) sub- 
stitution with ribose on the stacking association of 
n’Pur. As seen from fig. Ii in the case of n’Pur 
autoassociation the process is cooperative at all 
temperatures (K, > K,), while autoassociation of 
m’Pur is cooperative only at TC318 K and at 
higher temperatures becomes anticooperative (K, 
CKz)_ The mode of m2Pur autoassociation thus 
depends on temperature. As a consequence, Kp = 
j&T) functions describing the temperature depen- 
dence of the polymerization step of self-association 
of n*Pur 1201 and its riboside, nr’Pur, differ ap- 
preciably, indicating that the underlying mecha- 
nisms of association should also be different. 
Comparison of the K, values shows that in the 
case of the riboside association the dimerization 
step is at all temperatures more favorable. The 

Fig. 2. Variation with temperature of thermodynamic function 
of n’~ur self-association in water, calculated from the equa- 
tions [20]: AC, = - 72 13 +30.3T- 0.0308T’ (dimerization step): 
AC,, = - 7893.5 +45.396T-0.07971T’ (polymerization step). 
Curves: (1) AH,(T). (2) AS,(T). (3) AC>(T). (4) AGpV). (3 
Jl12t7-,. (6) AS,(T). 

similarity of the Kz =f,(T) functions might at 
first sight suggest that the molecular organization 
of n*Pur and m2-Pur dimeric species is similar. 
This is, however, clearly not the case, since the 
plots of AH, and AS, thermodynamic functions 
versus temperature (figs. 2 and 3) demonstrate that 
aAH2/i3T and aAS,/aT derivatives of the respec- 
tive functions have opposite signs. This observa- 
tion holds also for pairs of aAN,/aT and aAS,/aT 
derivatives. For a given compound the signs of 
aAH/iilT and aAS/aT functions are the same for 
both dimerization and polymerization steps. It may 
be thus safely concluded that the molecular mech- 
anisms of formation of dimeric and polymeric 
species involved in self-association of n’Pur and 
m2Pur must differ appreciably. 

It is worth examining in this connection the 
thermodynamic data for self-association of other 



Fig. 3. Variation with temperature of thermodynamic functions 
of rn’Pur self-association in water. calculated from the equa- 
tions: AC, =2007.9-28.33Tt0.0589T’ (dimerization step): 
AGP = 35300- 259ST+ 0.4577’ (polymerization step). Curves: 

(1) AGJT). (2) AG2(T). (3) A&(T). (4) AH,(T). (5) AS,(T). 
(6) AH,(T). 

nucleic acid bases and their corresponding 
nucleosides. Inspection of the available association 
equilibrium constants and related thermodynamic 
parameters (table 5) derived from vapor pressure 
osmometric studies according to the isodesmic 
model of association and by fitting the van? Hoff 
equation to the equilibrium data, leads to the 
conclusion that replacement of a hydrogen atom 
or a methyl group bound to a ring nitrogen by 
ribose (deoxyribose), both in diketopyrimidines 
and purines, brings about similar changes in the 
enthalpy and entropy of association. Namely. for 
nucleosides they become distinctly less negative as 
compared with those characteristic of association 
of free bases. In most cases this results also in a 
somewhat lower tendency of nucleosides to associ- 
ation at 298 K. Except for the latter point, sub- 
stitution of nzPur with ribose results in similar 
changes in thermodynamic parameters for the di- 
merization step at the same temperature_ These 
observations are clearly in contrast to the conclu- 
sion expressed in a recent review article [9] that 
ribose or deoxyribose do not materially affect ag- 
gregation of nucleosides. 

Before we try to rationalize the thermodynamic 
data for rnzPur self-association in terms of the 
possible molecular structure of the complexes 

Table 5 

Effects of ribose (deoxyribose) substitution on equilibrium conslant ( Ki. isodesmic model) at 298 K and thermodynamic functions of 
autoassociation of nucleic acid bases in aqueous solution 

Compound Kf98 (mold-‘) AH’ (van? Hoff) (kcal moi-‘) 

m’Ura 0.83 -5.2 
rUrd 0.64 -2.1 

m%ra 1.13 -4.9 
rrn%rd 0.65 - 2.7 

l-n’ Thy 0.93 -4.1 
dThd 1.03 - 2.6 

Pur 2.1 -4.2 
rPU0 1.91 -2.5 

n*Pur 4.7 = -4.5 h 
m2Pur 7.65 = -3.2’ 

il Corresponds to dimerization equilibrium constant K,. 
b At 298.15 K, temperature-dependent thermodynamic functions. 

ils” (ML) 

- 17.8 
-7-Q. 

- 16.2 
- 10.1 

- 13.9 
- 8.7 

-13 
-7 

-11.9h 
-66.8 h 

Reference 

7 
7 

7 
s 

7 
7 

38 
38 
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formed. it is first necessary to recall that by virtue 

of the fluorescence quenching method employed. 

only formation of associates involving stacking of 

the baFes has been measured. This is not neces- 

sarily the case when association is measured by 

techniques based on other molecular properties. 
particularly on colligative properties like osmotic 

pressure. 
In the case of free n’Pur base self-association. a 

small negative enthalpy and a positive entropy of 

polymerization at 293 K were interpreted previ- 

ously [20] as being due to an important hydro- 

phobic contribution to stabilization of some high- 

er-order stacked complexes. Plots of AH, and ASP 

versus temperature (cf. fig. 2) demonstrate that thts 
contribution increases with rise of temperature, in 

agreement with the Nemethy-Scheraga model of 
hydrophobic interactions (291. A hidden hydro- 

phobic contribution to the thermodynamic param- 

.eters of the dimerization step can be also inferred 

from the positive sign of &lh-,/aT= c_,2 and 
&Xi,/aT derivatives. The increase with tempera- 

ture of the partial heat capacity in aqueous solu- 
tions. of nucleic acid bases n2Pur and adenine 

derivatives inclusive. has been measured calorimet- 

r%ally [4,30]. 

The presence of the ribose residue in rn”Pur is 
expected to affect the stacking geometry of the 

bases in associated species and may in addition 

bring about direct and/or water-bridge-mediated 

hydrogen-bond interactions betiveen the furanose 

hydroxyl moieties of adjacent molecules. accompa- 
nied by changes in their hydration shells. Because 

of the difference between fhe bases hydration 
properties and those of sugar residues which are 
hydrophilic in nature, the thermodynamics of 

reorganization of their hydration shells upon as- 

sociation can also be expected to differ from those 

observed for stacking of unsubstituted bases. Un- 
fortunately. there is as yet insufficient knowledge 
about the thermochemical properties of carbo- 

hydrate monomers in aqueous solutions to allow 
any sensible predictions concerning changes in 

thermodynamic functions due to their association 

1311. 
For the sake of simplification of the ensuing 

discussion let us assume that the experimental 

enthalpies and entropies of nucleoside association 

can be represented as additive contributions aris- 

ing from: (i) stacking association of the bases, 
AH,, and &St_,,; (ii) hydrogen-bond interactions 
between sugar furanose rings. AH,,, and ASS: and 

(iii) changes in the hydration shells of these two 

nucleoside constituents. AH,,, .W&,. and AH,,, 
AShs_ respectively_ 

The number of mutual geometric orientations 
accessible in the process of vertical base-base as- 

sociation of nucleosides is necessarily somewhat 

limited by the presence of bulky sugar moieties_ It 

is thus possible that some configurations of the 
bases within stacked complexes. corresponding to 

the lowest negative enthalpies of their formation 
(AH,, -C 0). may become sterically excluded, while 

those characterized by a higher contribution from 
hydrophobic interactions (AH,,,, =C 0. AcY,,~ > 0) are 
favored at the same time. This would result in a 

smaller experimental enthalpy of the nucleoside 

association than that of the corresponding free 

base. In this way the differences in thermodynamic 
data for the dimerization step of n’Pur and rn”Pur 

as well as between those for association of other 
free bases and their nucleosides, shown in table5, 

can at first sight be rationalized. It should be 

noted that because of the relatively low concentra- 
tions of solutes used and the small equilibrium 
association constants of pyrimidine bases. the data 

in table5 are to a large extent related to formation 

of dimeric species. 

Ribose itself does not exhibit any appreciable 

tendency to self-association for its osmotic coeffi- 
cient in water is equal to unity up to 4M con- 

centration whereas xylose shows measurable solute 

interactions [32]. as do also some other polyhy- 
droxy compounds. It is thus highly probable that 

the detailed molecular stereochemistry of polyhy- 

droxy compounds determines their hydration and 

association properties [33]. Therefore, ribose in the 
form of a closed B-D-furanose ring, which it at- 

tains in nucleosides, may have quite different solu- 
tion properties_ Thus, once a nucleoside stacked 
dimer is formed, hydrogen-bond interactions be- 

tween adjacent furanose moieties may add cooper- 
atively, thereby inducing a rearrangement of the 

complex towards attainment of a more thermody- 
namically favorable and highly packed configura- 

tion in which both the base and ribose residues 



overlap extensively_ One can envisage several such 
configurations as being sterically possible. particu- 
larly for purine nucleosides in which internal rota- 
tion around the glycosidic C-H bond is relatively 
free. Such rearrangement of hydrogen-bonded 
structures, accompanied by concomitant relaxa- 
tion of the solvent shells around specifically hy- 
drated sugar residues. cannot be athermal as in the 
case of amide association [34.35], but is rather 
exothermic (AH,, + h H,, -=c 0). It results namely in 
formation of distinctly weaker hydrogen bonds 
between sugar hydroxyl groups (pK = 12- 13) than 
those involved in their hydration and interaction 
between water molecules themselves. after their 
removal from sugar surfaces in the process of 
nucleoside association_ As seen from fig. 3. the 
experimental total enthalpy of association of 
rn’Pur is dominated by the A HP term and com- 
pared with that of n’Pur association it is indeed 
more negative at all temperatures, while the sign of 
&.!.H,/aT and aAH,/aT functions supports the 
supposition that the most important enthalpic con- 
tribution to AC,,% is connected with changes in 
hydrophilic hydration of sugar residues. The nega- 
tive sign of ahS,/aT and aAS,/i3, functions also 
indicates that negative entropy of the rn’Pur as- 
sociation, particularly beyond the dimer stage. is 
dominated by the negative AS,, term_ At the di- 
mer stage, AG, apparently contains still important 
enthalpic and entropic contributions determined 
by stacking of nzPur base residues at such a 
selected geometry(ies) that 1 AH,, + AH,, 1 nuclco,,de 

< I AH,,, -L AH,,1 rrcctmsc and ]A&, i 

As,sl nuclroside< I*‘bb + AShbIfrecbnac- 
Substitution of m’Pur at the C-5’-OH of ribose 

with a negatively charged ester group. viz.. mono- 
phosphate or diphosphate, greatly affects the ther- 
modynamics of association of respective ribonuc- 
leotides, involving stacking of their nzPur base 
residues. As seen from tables 3 and 4. the tendency 
to association at 298 K, measured by free enthal- 
pies of association AG, decreases in the order: 
rnzPur > P-m*Pur > PP-rnzPur. At the same time, 
the absolute values of both enthalpic and entropic 
contributions to AG become significantly reduced 
as compared with those of the parent rn’Pur_ The 
values of the latter two thermodynamic functions 
at 298 K for P-m*Pur and PP-rnzPur seem to 

resemble rather those of n’Pur free base polymeri- 
zation. This can be taken as indirect evidence that 
association of both nucleotides is to a large extent 
controlled by stacking interactions of their n’Pur 
residues. Such interpretation of the thermody- 
namic data remains in agreement with general 
considerations on the possible molecular organiza- 
tion of stacked complexes formed between 
nucleotides and finds additional support in the 
results of earlier studies on association of adenine 
nucleotides [ 191. 

Under our experimental conditions of high ionic 
strength of nucleotide solutions. positive contribu- 
tion to the free enthalpy of association from elec- 
trostatic interactions is minimized as a result of 
effective shielding of the negatively charged phos- 
phate groups by counterions. It can be expected to 
remain still somewhat larger for PP-rn’Pur than 
for P-rn’Pur complexes_ From this point of view. 
the most favorable organization of complexes 
would be such a one in which the bases attain 
head-to-tail stacked geometry while the esterified 
ribose residues become trans oriented so that they 
point in opposite directions. This type of packing 
was suggested for complexes of adenine nucleo- 
tides at neutral pH on the basis of ‘H-NMR 
studies of AMP association [IO-131 and ultravioIet 
absorption and CD studies in the case of ATP 
[143. Evans and Sarma [13] performed detailed 
comparative studies of ‘H-NMR chemical shifts. 
using fast Fourier-transform spectroscopy, on 
AMP association and the conformation of ApA 
and poly(A) in water. They concluded therefrom 
that though there are several unique time-averaged 
orientations of AMP in stacked complexes. only 
one. characteristic of the conformation and pack- 
ing of adenine ribooligonucleotide single chains. 
seems more favorable than the others: namely. the 
one in which bases stack face to back while the 
ribose moieties of the adjacent molecule are near 
one another and the phosphate groups remain well 
separated_ It is, of course. impossible to dis- 
tinguish on the basis of thermodynamic data alone. 
which. if any. of the stereochemically possible 
complexes is more favorable in the case of n’Pur 
nucleotides. 

The observed temperature independence of A Hi 
and ASi functions for association of the two n’Pur 



nucleotides seems to be more apparent than real. 
These thermodynamic functions are certainly com- 
posed of several contributions which can be some- 
what arbitrarily related to various types of in- 
tramolecular interactions within complexes. So that 
aAHi/aT= 0 and aAS,/aT= 0 result most proba- 
bly from compensation of opposite temperature 
dependences of constituent terms. In addition to 
those enumerated in the case of rn’Pur, terms 
describing changes in hydration of ionic groups of 
nucleotides during association. AIf,, and AShi. 
should also be considered because anions of ortho- 
phosphoric acid are known to be strong stabilizers 
of water structure [36,37] and thereby may stabi- 
lize stacks of bases. The larger absolute values of 
AHi and ASi functions for PP-m’Pur than those 
for P-rn2Pur can thus in part reflect the stronger 
influence of the triply charged diphosphate group 
on stacking of n2Pur bases and hydration of the 
whole complex as well. In this connection, how- 

_ ever, it is necessary to note that in the light of ESR 
investigations of association of spin-labeled AMP. 
ADP and ATP adenine nucleotides in water at 
neutral pH and high ionic strength [19], the isode- 

Fig. 4. Concentrarion dependence of diffusion rotational 
frequency vCXr of spin-labeled m’Pur at various temperatures. 
Curves: (I) 331 K. (2) 318 K. (3) 309 K. (4) 297K. (5) 285 K. 
(6) 277 K. 

Table 6 

Experimental and interpolated (int) isodesmic equilibrium constants (K,) of spin-labeled m2Pur snd P-m’Pur self-association. and 
related thermodynamic functions 

Spin-labeled m2Pur Spin-labeled P-m’Pur 

Temperature 

(K) 
Ki 

Ki”’ 

(I mole’) (I’mol-‘) 

AK-/K+” 

(56)’ a 

Temperature 

(K) 
Ki 

Ki”t AK; /Ki”” 
(I mo1-‘) (I’mol-‘) (S) 

277 7.12 7.10 0.28 
282 6.18 6.09 138 
285 5.68 5.57 I.87 
290 4.79 4.83 -0.81 
297 3.87 3.97 -2.58 
302 3.56 3.48 2.41 
309 2.8I 2.91 -3.59 
313 2.50 2.64 - 5.23 
318 2.38 2.34 1x4 
325 2.09 1.99 4.86 

AH; = -4.73 kcal mol-’ (van3 Hoff) 
ASi = - 13.2 C.U. 

276 8.74 (9.8) = 8-42 3.71 
280 8.18 7.99 2.30 
285 7.15 7.50 -4.98 
289 7.11 7.15 -0.59 
295 6.69 6.66 0.50 
299 5.90 6.36 - 7.77 
30.5 6.07 (7-i) a 5.96 2.16 
310 5.85 5.65 3.47 
316 5.29 5.31 - 0.45 
321 4.99 5.05 - 1.32 
327 4.95 4.77 3.55 
334 4.41 4.47 - 1.34 

A Hi = - 1.98 kcaJ moJ- ’ (van? Hoff) 
ASi = -2.89 emu. 

a In 0.6 M KCJ+0.2 M KBr. 



Table 7 

List of equilibrium constants and thermodynamic functions of s+‘f-associ;ttion of n’Pur. m’Pur. P-m’Pur and PP-m’Pur ohtninrd 
from fluorescence quenching and EISR spin-label experiments 

Compound Fluorescence 

K 
(I mole’) 
(7=298.15 K) 

AHO 
(kcal mol-‘) 

ESR 

Ki 
(1 mo1-‘) 
(T=298.15 K) 

AS” 
(C.U.) 

n’Pur 

rn? Pur 

p-m= Fur 

PP-m’Pur 

4.7 (K2) - 4.48 -11.90 
11.45 (EC,) -0.81 +2.14 

7.65 ( Icz ) - 3.20 - 6.80 3.1: - 4.73 - 13.2 
11.5 (Kp) -5.32 - 13.01 
7.1 (K;) - 1.26 - 0.35 6.6 - 1.9x - 2.89 
4.2 (K;) - 1.95 - 3.7 

smic equilibrium constant Ki apparently does not 
depend on the number of phosphate groups. 

3.2. ESR studies; comparison of ESR and flue- 

rescence data 

Rotational diffusion frequencies vcXp of spin- 
labeled rn*Pur and P-rn’Pur as a function of 
solute concentration and temperature (fig. 4) were 
obtained from ESR spectra measured under the 
experimental conditions specified in table 1. The 
isodesmic association equilibrium constants, de- 
rived according to eq. 4 (table 6). proved to vary 
with temperature according to the van? Hoff rela- 
tionship. 

The thermodynamic functions calculated there- 
from (table6) agree generally with the respective 
data obtained from fluorescence quenching studies 
(tables 3, 4 and 7). However, some differences are 
observed between the absolute values of particular 
functions obtained for a given compound by the 
two methods. They can be attributed to the pres- 
ence of the nitroxide stable radical either at the 
t-ibose 2’- or 3’-OH group and can be explained in 
connection with the previously proposed model of 
intramolecular organization of association com- 
plexes. 

Under the experimental conditions employed, 
viz., c*- -=X c,, only formation of m’Pur com- 
plexes of the type A,AT . __ A,At should be taken 
into consideration_ In these complexes direct hy- 

drogen-bond interactions between ribose residues 
of the type postulated before seem rather improba- 
ble because of the bulkiness and different chemical 
nature of the nitroxide radical. This should be 
particularly significant for A, At dimeric species 
which. at the relatively low solute concentrations 
used in our studies, represent the largest fraction 
cf associates_ The lack of these interactions in 
complexes bearing spin-labeled m’Pur molecules 
is probably the main cause of the smaller free 
enthalpy of association obtained by ESR than by 
the fluorescence method. By the same token, one 
would not expect any appreciable difference to 
occur between free enthalpies of P-m’Pur associ- 
ation obtained by the two methods, provided that 
nucleotide molecules in stacked complexes attain 

the geometry discussed in the preceding section. 
Inspection of the thermodynamic data in table7 
shows that this indeed seems to be the case. 

In the light of the above discussion, application 
of the ESR method is advisable in investigations in 
which possible interference due to the presence of 
a spin label can be reasonably excluded. Associ- 
ation of P-m’Pur as well as of the adenine 
nucleotides referred to above is a good example of 
its usefulness. 
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