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Abstract. The self association of various purine- and pyrimidine-derivatives in D~O has been 
studied by means of NMR technique. The thermodynamic quantities have been calculated 
using an isodesmie NMI~ model. 

Among the nueleobases investigated, the adenine-derivatives were found to be most 
suitable for quantitative determination. A comparison of methylated adenine-derivatives and 
the pH-dependence of the selfassociation lead to the conclusion, that the stacking associates 
are stabilized by special van der Waals interactions based, essentially, on the polarizability 
of the z-electron-system of the associated molecules. 
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Introduction 

The stacking selfassociation of nucleobases in aqueous solutions has not yet  
been elucidated. Apparently, the solvent water is the "driving force" and would 
be, therefore, an indispensable condition for stacking interaction (Ts'o, t970; 
PSrsehke and Eggers, 1972). The complexes, however, will be stabilized most  
probably by  special van dcr Waals forces (Ts'o, 1970; Lawaczeck and Wagner, 
1974). 

I n  order to compare stacking associates, several thermodynamic quantities 
have to be determined. Various experimental techniques have been used in order 
to obtain these thermodynamic quantities, for instance vapor  pressure osmometry 
(P6rschke and Eggers, t972), microcalorimetry (Marenchic and Sturtevant,  1973), 
and NMt~ spectroscopy as well. 

In  the nuclear magnetic resonance (NMR) studies conducted (Broom et al., 
t967; Lawaczeck, 1972; Antonovsky et al., t973; Dimicoli and I-Ielene, t973), 
different models and methods of calculation have been applied. As has been 
pointed out previously (Schimmack et al., 1975) the isodesmie NMR model of 
Dimicoli and I-Ielene (t973) seems to be quite appropriate for the calculation of 
thermodynamic quantities of stacking associates. In  the present study, this model 
is applied to the sclfassociation of some derivatives of nucleobases in aqueous 
solutions. The results are compared with those obtained by  other authors using 
different experimental techniques and are discussed in regard to the current 
hypothesis of stacking interaction. 
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Materials and Methods 

The purine- and pyrimidine-derivatives used in this study are abbreviated 
as "nucleobases" or, simply, as "bases". Ng-ethyladenine (e9Ade), N6,Ng-dimethyl- 
adenine (m6m~Ade), N6-dimethyl-Ng-ethyladenine (m~egAde), Ne-dimethyladenine 
(m~Ade), and Ng-ethylhypoxanthine (egHyp) have been purchased from Cyclo 
Chemical Company, Los Angeles, USA. Coffein, tetramethyl-nric-acid (TUA), 
Nl-methylcytosine (mlCyt), and N1,NS-dimethyluracil (mlm3Ura) were obtained 
from Fluka, Buehs, Switzerland. N6-dimethyladenosine (m~Ado), D20, the buffer 
components, and tertiary butanol (tB) were purchased from Merck-Schuehard, 
Darmstadt, Germany. 

The nueleobases have been used without further purification with the exception 
of coffein, which has been recristallized from H20. 

All spectra have been recorded on a Varian HA-100 spectrometer equipped 
with a variable temperature system. The temperatures have been calculated 
according to a calibration proposed by Van Geet (t968 and 1970). 

All chemical shifts in D20 were measured relative to tB used as an internal 
standard. The investigations concerning the pH-dependency were performed 
without using tB because of its ability to react with some buffer components. In 
this case the chemical shifts were measured relative to the It20-1oek and, then, 
referred to shifts relative to tB measured in a separate probe. 

All calculations have been performed on a Wang computer 600-14. 

The thermodynamic quantities, the apparent equilibrium constants K (at 
25 C: K25c), the enthalpies AH, and the entropies AS have been calculated 
according to the isodesmie NMR model described recently (Schimmack et al., t975). 
This model has three NMI% parameters: the monomer shift dM, the dimer shift A2, 
and the trimer shift A a (both measured relative to ~M). The calculations have been 
simplified by choosing A3 = 2 �9 A~ that  is by selecting the special model proposed 
by Dimicoli and Helene (t973). 

In general, A 2 proved to be temperature dependent and was approximated by 
linear functions: 

=A~ + m ~ . T  A2(T ) co 

(T: temperature in C; mA : temperature coefficient). 

The average errors of the thermodynamic quantities of a certain proton of a 
substance investigated are _+ 15 % for AH and + 20 % for K and zJ S as well. I f  the 
values obtained for the different protons of the same molecule are averaged 
("proton-averaged values"), the errors are less than _+ 10% for AH and + t5% 
for A S, resp. 

Results 

The proton magnetic resonances of all nucleobases investigated were shifted 
upfield with increasing concentration of the bases (Fig. t). The upfield shifts of the 
adenine-derivatives were considerably more pronounced than those of the other 
bases due to the higher strength of their ring currents (Giessner-Prettre and 
Pullman, 1965). The adenine-derivatives (Fig. 2), therefore, are very suitable for 
quantitative evaluations. 
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From the other derivatives investigated egItyp and eoffein only have been 
ehoosen for the calculations since the upfield shifts of TUA and the pyrimidine- 
derivatives appeared to he too small for evaluation. 

The results obtained for the selfassoeiation in D20 are summarized in Tables 1 
to 3. Because of the basic and acidic/)K-values of the bases the selfassoeiation 
should be pH-dependent. This can be seen in Table 4 in the ease of m~Ade 
(pKa = 3.9; pKb = t0.5) and m6mgAde (no pKb due to the methylation at N-9). 

From the results obtained it can be seen: 
[. The enthMpies and entropies calculated from the chemical shifts of different 

protons of the same nueleobase agree within the experimental errors (Table t). 
The absolute values of K 25 c are more dependent on the proton observed than A H 
and d S  (see also Schimmaek et al., 1975). 

2. Within the adenine-derivatives the dimer shifts d~ of the H-2- 
protons are always more pronounced than those of the other protons (Table 2). 
The dimer shifts of the protons ti-8 and (not shown in Table 2) R-9 in units of 
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Table 1. Selfassociation of various nueleobases in D~O: thermodynamic quantities of the 
protons observed (1%-6 and I~-9 see Fig. 2; pD-values see Table 3) 

Base Proton 

H-2 It-8 1%-6 R-9 
K 25c - A H - A S  K ~5c - A H - A S  K ~5c - A H - A S  K ~5c - A H - A S  

ePAde 17.0 4.9 10.9 10.1 6.t 16.0 11.3~ 4.9 11.7 
mSmPAde 32.0 7.3 17.8 21.5 7.7 19.6 25.8 6.5 15.4 21.0 6.6 16.1 
m~%PAde 65.4 6.6 13.7 4t.8 6.7 14.9 43.2 6.2 13.4 37.1 ~ 6.2 13.7 

m~Ade 46.5 9.0 22.6 35.3 9.9 26.t 34.0 9.4 24.5 
m~Ado 35.9 6.1 13.3 13.1 6.5 16.6 22.8 5.6 12.6 20.8 b 6.6 16.1 
ePIIyp 3.2 4.6 13A 2.5 4.4 12.9 1.6~ 4.1 12.7 

CH3-1 ~ CI-Ia.3 Ctta-7 

Coffein 8.3 3.5 7.6 9.8 4.0 8.8 8.9 3.2 6.4 

CH2 of the ethyl-group 
b t I - l '  of the ribose 

not determinable 

units: K 25c [N-l] 
A H  [kcal �9 tool -1] 
A S  [ca1-1. mo1-1, degree -1] 

A~ are  qui te  s imilar  for these  de r iva t ives  and  v a r y  be tween  0.5 and  0.7. 
The d imer  shifts  of  the  me thy l  p ro tons  of  the  e thy l  groups are no t  l i s ted  in Table  2, 
since t h e y  are  ve ry  smal l  (~< t0  t Iz )  and  exh ib i t  considerable  errors. W i t h i n  the  
aden ine-der iva t ives  A ~ (It-2) decreases as follows: 

mSmPAde > m~Ade > ePAde > m~ePAde > m~Ado. 

3. The  p ro ton -ave raged  a p p a r e n t  equi l ibr ium cons tan ts  K 25c are  a lways  
smal ler  t h a n  those  ones ob ta ined  b y  o ther  au thors  (Table 3). This  m a y  ind ica te  
t h a t  t he  calculat ions  have  to  be per formed  wi th  a va lue  of  7 ( t r imer  to  d imer  shif t ;  
Seh immack  et al. ,  1975) g rea te r  t h a n  2. A compar ison  of  the  K 2ac values  of  the  
subs tances  inves t iga t ed  seems to  be possible  since the  sequence in t he  K 25 c 
values  can be cor re la ted  to  the  one o b t a i n e d  b y  o ther  au tho r s :  

m~ePAde > m~Ade > mSmPAde > m~Ado > ePAde > eoffein > O t t y p .  

4. The  p ro ton -ave raged  e n t h a l p y  values  agree ve ry  well wi th  t he  resul ts  
ob ta ined  b y  the  o ther  au thors  (Table 3). A n  except ion  is mSmPAde, of  which 
s imilar  resul ts  have  been  ob ta ined  using phospha t e  buffer ( pD  7.4) (Seh immack 
et al., i975).  The  sequence of  t he  e n t h a l p y  values  is:  

m~Ade > mSmPAde > m~ePAde > m~Ado > ePAde > ePtIyp > coffein, 

a resul t  which differs s l ight ly  f rom the  sequence of  the  K ~5 c values.  
5. The  selfassociat ion of  the  bases is d imin ished  b y  e i ther  de p ro tona t i on  or - -  

to  a larger  e x t e n t  - -  b y  p ro tona t i on  (Table 4). Thus,  t he  selfassociat ions are,  in 
mos t  of  the  cases, too  smal l  for eva lua t ion  a t / ) D - v a l u e s  less t h a n  4. Because of  
the  pK-va lues  near  t 0  and  4, resp.,  the  selfassociat ion of  the  pur ines  exhib i t s  i t s  
m a x i m u m  a t  neu t r a l  p H .  Pur ines  subs t i t u t ed  a t  t he  N-9 pos i t ion  are no t  depro-  
tonable ,  mSmPAde, e.g., shows, therefore,  no decrease  in selfassoeiat ion wi th  
increas ing pD-va lue  (Table 4). 
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Table 3. Selfassociation of various nucleobases in D~O: comparison of proton-averaged 
NMl~-values (this study) with values obtained by  other authors 

Base This s tudy Other authors  l~eferences 

pD K 25c - A H  - A S  K 25c - A H  - A S  

egAde 7.8 t2.5 5.3 t2.9 
m6mgAde 7.9 24.7 7.0 17.2 

m~%gAde 7.9 45.9 6.4 t3.9 
m26Ade 7.9 38.0 9.4 24.4 
m26Ado 7.6 2t.7 6.2 t4.6 
egItyp 7.1 2.3 4.4 12.9 

Coffein 7.8 9.0 3.6 7.6 

45.3 8.7 21.6 PSrschke and Eggers, 1972 
26.4 8.2 21.0 Antonovsky et al., 1973 

56.6 9.1 22.5 Marenchic and  Stur tevant ,  1973 
33.3 6.4 t4.5 Bretz et al., 1974 

t5 .2  3.4 6.0 Gill et al., 1967 

units:  K ~ c  [IV[ -1] 
2 H  [kcal �9 mol -x] 
z~S [cal.  tool -1-  degree -x] 

Table 4. Selfassociation of m~Ade and  m6mgAde a t  various pD-values (calculations have been 
done wi thout  using an  internal  reference) 

Base pD Proton  

H-2 I-I-8 I t-2 H-8 

~M A2~ ~M A2~ K 25c - A H  - A S  K ~5c - A H  - A S  

m26Ade 

m6mgAde 

t3.4 8.089 21.7 7.893 12.8 5.0 8.6 26.9 3.6 6.9 22.0 
10.4 8.194 54.5 8.077 41.3 34.8 9.5 26.3 28.8 8.0 21.7 

7.6 8.201 52.8 8 . t t l  39.1 40.4 i0A 27.9 39.8 9.3 25.4 
5.4 8.242 63A 8.157 49.9 20.2 6.9 18.5 17.6 5.9 15.6 
3.9 8.261 3t .5 8A72 a 3.6 3.5 t0.5 

13.4 8.284 59.7 8.046 38.9 27.7 8.5 23.2 28.2 6.9 18.0 
:i0.4 8.275 59.5 8.051 39.5 26.2 8.5 23.4 27.5 6.7 17.1 

7.4 8.294 62.8 8.029 39.2 32.7 7.2 17.2 21.1 7.8 20.1 
5.4 8.302 64.4 8.037 40.2 21.4 6.6 15.9 10.4 8.0 22.3 
2.9 8.429 a 8.273 41.3 ~ 2.9 2.3 5.6 

not  determinable units :  see Tables 2 and 1 
The pD-values (pD: = p H  + 0.4) have been adjusted as follows: 

pD t3 .4:  0.05 m •aOD 
pD 10.4 and  pD 7.6: Brit ton-l~obinson buffer I 
pD 7.4: phosphate  buffer 
TD 5.4: acetate buffer 
pD 3.9 and  pD 2.9: 0.02 m citric acid 

Discussion 
F r o m  t h e  r e s u l t s  o b t a i n e d  i t  is e v i d e n t ,  q u a l i t a t i v e l y ,  t h a t  t h e  s e l f a s s o e i a t i o n  

o f  t h e  a d e n i n e - d e r i v a t i v e s  is m o r e  p r o n o u n c e d  t h a n  i n  t h e  cases  o f  e i t h e r  t h e  o t h e r  

p u r i n e - d e r i v a t i v e s  or  t h e  p y r i m i d i n e - d e r i v a t i v e s .  T h e  s e l f a s s o c i a t i o n  o f  nuc l eo -  

bases ,  t h e r e f o r e ,  d e c r e a s e s  as  fo l lows :  

A d e  > t t y p  > C3% > U r a .  
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The total dipole moments, the total polarizabilities, or the ionization potentials 
don' t  seem to be the determining factors of the selfassociation of the nucleobases 
as has already been pointed out by other authors (Ts'o, t970; Lawaezeck and 
Wagner, 1974). I t  may  be noted, however, tha t  the resonance energy of the bases 
calculated by Pullman and Pullman (t963) agrees very well with the intensity of 
the selfassociations observed. 

Since the resonance energy is a measure of the delocalization of the z-electron- 
system (delocalization energy), it may be correlated to the polarizability of the 
z-eleCtron-system. Then, the correlation between thermodynamic quantities and 
delocalization energy would be consistent with the current hypothesis of stacking 
interaction. Ts'o (1970), e.g., assumes that  the z-electron-polarizability is involved 
in the stabilization of stacking associates. Lawaezeck and Wagner (1974) assume 
that  the dipole-induced dipole interaction due to the polarizing effectiveness of the 
substituents and the polarizability of the aromatic ring systems is fundamental for 
stacking interactions. 

As can be seen from the /)D-dependence of the monomer shift of the ring 
protons H-2 and H-8 in the cases of m~Ade and m6mgAde (Table 4) the shielding 
of the whole ring system is influenced by protonation or deprotonation. Therefore, 
it  may be suggested that  protonation as well as deprotonation influences also the 
polarizability of the z-electron-system. Deprotonation enhances the delocalization 
energy and, therefore, may enhance the polarizability, too. On the other hand, 
protonation may diminish the polarizability. Thus, the stacking selfassociation of 
the completely deprotonated bases will be impeded due to the repulsion of the 
negative charges, yet  it is not impossible as has been observed in the cases of 
completely protonated bases. 

Moreover, the negative charges of purines deprotonated at N-9 can be separated 
enough to allow, for instance, an antiparallel stacking. In  the case of protonation 
which is not limited to a definite side of a molecule such an appropriate arrange- 
ment seems not always to be possible. In  this case, the average overlapping of 
aromatic systems o]~ selfassociating molecules is diminished and, therefore, the 
van der Waals interaction may be reduced. 

The thermodynamic quantities obtained for the adenine-derivatives also 
support the hypothesis tha t  a stabilization by van der Waals forces is important  
for the stacking effect. Among the adenine-derivatives investigated m~Ade 
exhibits the greatest value of - AH and m~egAde the one of K ~5~. The latter 
agrees with the well established rule that  alkylation, especially methylation, 
enhances the tendency of association (PSrsehke and Eggers, i972 ; Helmkamp and 
Kondo, i968) : m~egAde is the most alkylated compound. 

As can be seen from the results obtained for egAde and m~egAde methylation 
enlarges the enthalpy values. Obviously, additional factors might influence the 
selfassociation tendency since the enthalpy values decrease in the following order: 

m~Ade > m6mgAde > m~egAde > m~Ado. 

In  regard to the hydrogen atom in the five membered ring of the adenine- 
derivatives a substitution at N-9 might interfere with an equivalence of the 
nitrogen atoms N-7 stud N-9, and can, thus, result in a decrease of the polarizability 
(Ts'o, t970). Moreover, larger substituents, such as ribose and ethyl groups in the 
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cases of  m~Ado and  m~ePAde, resp.,  can interfere  wi th  an over lap  of  the  ~-electron-  
sys tems  of  t he  bases. The d imer  shifts  of  m~Ado or m~ePAde are  less t h a n  those  ones 
of  m~Ade. This m a y  ind ica te  a somewha t  increased  d i s tance  be tween  the  r ing  
planes  of  the  bases.  A smal l  increase in t h a t  d i s tance  can resul t  n a m e l y  in  a 
considerable  decrease  in t he  b inding  energy caused b y  the  dependence  of  t he  v a n  
der  W a a l s  forces on the  d i s tance  of  the  in te rac t ing  ~nolecules. 

Summar iz ing  i t  m a y  be concluded t h a t  t he  resul ts  ob ta ined  are bes t  unde r s tood  
b y  corre la t ing the  s tab i l i za t ion  of  s tack ing  selfassoeiates to  special  van  der  W a a l s  
in te rac t ions  based  essent ia l ly  on the  po la r i zab i l i t y  of  the  7~-electron-system of  the  
bases.  
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