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Abstract. The selfassociation of N~,Ng-dimethyladenine and N6-dimethyl-Ng-ethyladenine 
has been studied by means of :NSIP~ technique. The thermodynamic quantities have been 
calculated using an iso4esmic NMR model with three ~ R  parameters (the monomer shift ~M 
and two complex shifts A 2 and A3). 

The dependence of the thermodynamic quantities on the ~ i R  parameters is discussed. 
Special attention is given to the determination of ~M and its temperature dependence. 

Calculations with A 3 = 2 �9 zl 2 and (~M taken independently of temperature result in an 
average entropy AS = - t7.9 _+ 1.8 e.u. for N~,Ng-dimethyladenine and AS = - 16.7 _+ 1.7 
e.u. for Ne-dimethyl-Ng-ethyladenine and in an average enthalpy AH = - 7.2 _+ 0.6 keal. 
mo1-1 for both substances investigated. 
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Introduction 

The selfassociat ion of nucleobases  in aqueous solut ion represents  a special  ease 
of the  so-cMled s tack ing  in te rac t ion ,  which has  been s tud ied  b y  several  au thors  
using different  exper imentM techniques  (An tonovsky  et al., 1973 ; Bre tz  et al., 1974; 
Dimicol i  and  t te lene ,  t973;  Lawaczeck,  t972;  Marenchie  and  S tu r t evan t ,  t973;  
PSrschke  and  Eggers,  1972 ; Ts 'o,  t970). The de t e rmina t i on  of the  t h e r m o d y n a m i c  
quant i t i es  of th is  in te rac t ion  requires  however ,  cer ta in  simplif icat ions in regard  to  
the  t h e r m o d y n a m i c  model  app l ied  and  the  charac ter i s t ic  pa r a me te r s  of the  

t echn ique  used. 
I n  the  nuclear  magne t i c  resonance  (NMR) techn ique  these  pa r a me te r s  are t he  

chemical  shifts  of a p ro ton  of a monomer  (monomer  shift) and  of the  var ious  
associates  exis t ing in  t he  solut ion (complex shift).  

F o r  the  exp lana t ion  of the  selfassociat ion phenomena  the  app l i ca t ion  of the  
isodesmic model  seems to be mos t  a p p r o p r i a t e  (Bretz et al., ~974; PSrschke and  
Eggers,  1972). This  model  is based  on the  a s sumpt ion  t h a t  an  infini te n u m b e r  of 
equi l ibr ia  exis ts  in  t he  solut ion which all have  the  same [or two  a t  t he  mos t  
(P6rschke and  Eggers ,  1972)] equi l ib r ium cons tant .  The  corresponding 
model  exhibi ts ,  then,  an  equiva len t  n u m b e r  of complex  shif ts  as equi l ibr ia  exis t .  

* Part  of the Ph.D. Theses of W. Schimmack and H. Sapper. 
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Obviously, it is necessary to simplify the model. The most simple assumptions 
consider the existence of only one chemical shift as average of all possible shifts in 
the associate (Antonovsky et al., 1973) or two chemical shifts (Dimicoli and 
ttelene, 1973) resulting from the protons of both molecules at the ends of an 
associate (dimer shift) and from the protons in the other (n-2) molecules of the 
associate (trimer shift). 

In  this study, an isodesmic ~ model with two complex shifts is used. The 
quotient of these shifts is varied since there is no physical reason for keeping it 
constant. Some of the models proposed previously are special cases of this model. A 
trimer-to-dimer shift quotient of 2 corresponds to the model applied by Dimicoli 
and Helene (t973) while a quotient of t means the existence of only one chemical 
shift taken as average of all possible chemical shifts (Antonovsky et al., t973). The 
model is tested on the selfassociation of N6,NP-dimethyladenine and NG-dimethyl- 
NP-ethyladenine. 

H3C~. N'/R 

N N 

H- 

I~ 2 
I 
R 

/~ = H: ~s,Ng-dime~hyladenine 
R = CHs: hTS-dimethyl-Ng-ethyladenine 

The dependence of the thermodynamic quantities on the NMR parameters is 
discussed. Because of the importance for the evaluation of NMR data of self- 
association, special attention is given to the determination of the monomer shift 
and its temperature dependence. 

Materia ls  and  Methods  

N6,NP-dimethyladcnine (m6m92kde) and N6-dimethyl-NP-ethyladenine (m~ePAde) 
have been purchased from Cyclo Chemical Company, Los Angeles, USA, and used 
without further purification. D20 , the reference substance TPA (2,2,3,3-tetra- 
deutero-3-(trimethylsilyl)-propionic acid Na-salt), and the buffer components have 
been purchased from Merck, Darmstadt, Germany. 

Eight samples of each, m6mPAde and m~ePAde, in the concentration range 
between 0.002 and 0.2 M have been measured relative to the lock H20 (8%) at 
pD 7.4 (phosphate buffer, ionic strength 0.3) at six various temperatures between 
2 and 88 ~ C. 

All spectra have been taken on a Varian ttA-100 spectrometer equipped with a 
variable temperature system. The temperatures have been calculated from the 
methanol- and glycol-shifts (Van Geet, t963 and 1970). 

All calculations have been performed on a Wang computer 600-14. 
In this paper, the determination of the thermodynamic quantities of self- 

association is based on the isodesmic model: each attachment of a monomer A 1 
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(concentration al) to an associate An (concentration an) Of n molecules A 1 has the 
same equilibrium constant K. 

An ~- A 1 ~ An+l 

/ ;  = a~+~ = const, n = l ,  2, 3 . . . .  
an  a 1 

With two additional assumptions: n--~ c~ and x =  I~. a l<  i K and x are 
related according to 

K t_.  x 

ao ~1 - x)~ ( l )  

I (~__ VV~4x0)  (2) 
x = ~ + ~ x  ~ 

whereas x 0 = K .  a 0 (ao: total  concentration). 
A difficulty occurring in thermodynamic NMR studies is the calculation of x 

using the observed chemical shift 0 observed for a proton which, normally, is the 
average of the individual chemical shifts of tha t  proton in all associates An. This 
problem m a y  be simplified by  considering only three different chemical shifts: 

or, since ~gt ~ 1 : 
A = gsA~+ g3A~ 

with A = 0--01,  Al = ~ - - 0 1 ,  and ~ z -  0 i  ("monomer shift"). A s is the relative 
chemical shift in the dimer complex ("dimer shift"). The protons in both of the 
molecules at the ends of an associate An have the same complex shift A2; there- 
fore, 

gs=  ~ 2 am". 
n=2 a0 

The protons in the other ( n - - 2 )  molecules in the associate have the average 
complex shift/la ("tr imer shift") resulting from the additive superposition of the 
magnetic anisotropy of the neighbouring molecules: 

g~= ~ (n - -2 )  a~ 
~,=S a0 

Antonovsky et al. (1973) suppose A3= A 2 tha t  is, they assume an average 
chemical shif t /Is  of the protons in all of the associates while Dimicoli and ttelene 
(i973) consider the special case o f / I  a = 2 A s. 

Using a = A/As and y = zla/zj s the following equations can be derived: 

~ =  ( 2 - - y ) §  [ 2 - - ( 2 - - ~ ) ( 2 +  i/x0) ] �9 x (3) 

x = 1 + V~ - (2 - ~) ~" (4 )  

According to Eqs. (i) ~nd (4) K can be calculated from the chemical shift (~ 
observed for a proton if the following three NMR parameters  of tha t  proton are 
known: the monomer shift ($M, the dimer shift A 3, and the quotient y (ol the tr imer 
shift). Whereas (~M can be determined, to a certain degree, by  graphical extra- 
polation, a prediction for the absolute size of zJ s and A a as well cannot be given. The 
quotient ~, however, should not be too large since a value near two seems to be 
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reasonable according to the considerations of Dimicoli and tIelene (1973). Ob- 
viously, the dimer shift A s is, like K, a free parameter and was used, therefore, in 
this study for minimizing the average deviation 2, of the shifts calculated from the 
observed values at each temperature measured according to Eqs. (2) and (3) : 

N :  number of samples. 
The minimum of 2' determines t h e / s  values. The temperature dependence of 

these has been used for calculating the enthalpies and entropies according to the 
van ' t  t Ioff  equation. 

An exact determination of chemical shifts requires an appropriate reference 
substance. Using an internal reference the frequencies of reference and solute as 
well are altered due to interactions between them. When the frequencies are 
measured relative to an external standard changes of the susceptibility of the 
solution caused by the solute must be taken into account. In  order to avoid inter- 
actions between reference and solute the chemical shifts observed in this in- 
vestigation have been measured relative to the H~O lock and, then, have been 
reduced to shifts relative to TPA measured in a separate probe. 

Results and Discussion 

The chemical shifts of the various protons of a compound are differently 
influenced if the concentration of the compound and/or the temperature of  the 
sample are varied. The evaluation according to the :model used results then, 
generally, in temperature dependent values of z]~ and K which are different for the 
various protons observed. 

The temperature dependence of A, can be ~pproximated, in general, by linear 
functions (max. 0.3 t tz  deg-1). Furthermore, the absolute size of A~ depends on the 
values of 7 and 6M as well. At r = 2 and 0 ~ C the A S values vary from i0 t tz  
(CHs-t0 of m~eSAde) to 60 Hz (H-2 of m6mPAde). The relative size of zJ~ of the 
various protons of one molecule seems to reflect ~he different sensitivities of ~he 
protons (Lfidemann and yon Goldammer, t973). 

The temperature dependence of 1~ satisfies the van ' t  t toff  equation (correlation 
factors > 0.99). Therefore, it is possible to calculate the enthalpy AH and the 
entropy zJS from the chemical shifts of each proton./~,  AH, and AS depend on the 
values of 7 and ~M as well. 

When the quotient T is varied, at a constant ~M, x]H as well as K depend on y 
as shown in Fig. i for the H-2 proton of m6mSAde. Qualitatively, the same curves 
have been obtained for all of the protons of m6mPAde and m~ePAde. K increases 
almost linearly with y,  whereas zJH and (not shown) zJS increase up to ? ~ 2 and 
are about constant for 2 < r _~ 4. In  this region of 7 Mso the average deviation 2' 
is about constant and is considerably less than for y < 2. Therefore, the enthalpy 
and the entropy are calculated at 7 = 2. I t  should be emphasized, however, tha t  the 
K values depend strongly on ?. 

If, on the other hand, 8M is varied at a constant value of ~, /s  increases and z]H 
decreases with increasing 8M (Fig. 2). The deviation 2, has a pronounced minimum. 
Similar curves have been obtained for all of the other protons of the compounds if 
the parameter ~M was chosen independently of temperature and, then, was varied. 
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Fig. 1. Enthalpy AH and apparent equilibrium constant K at  25 ~ C of the H-2 proton of 
m 6 m  ~ Ade versus ~ at  ~M = 8.302 ppm. 2': average deviation of the fit 

Fig. 2. Enthalpy  A H  and apparent equilibrium constant K at  25 ~ C of the H-2 proton of 
g x .  ~n6~ 9 Ade versus dM at y = 2. F.' average deviation of the fit. dMO monomer shift extrapolated 

at 88 ~ C 

The monomer shift 6M is usually obtained by graphical extrapolation to zero 
concentration. This is, however, very difficult in the case of a strongly curved 
function 6(a0) in the lower concentration range (that is large/C values). Therefore, 
~M has been varied :in order to obtain an optimum fit according to Eq. (3) using a 
computer. For some protons, these 6M values shifted 0.2 I-Iz �9 deg -1 or more down- 
field with increasing temperature. Since this temperature dependence was related 
to the concentration range selected for the extrapolation the assumption seems to 
be reasonable tha t  the effect can be simulated by the evaluation method. This has 
been confirmed by :measurements concerning the temperature dependence of ~M. 

Like in the case of the other NMI~ parameters also the monomer shift ~M 
seems to be temperature dependent. Since water interacts, at least, with the 
solute by hydrogen, bonds the 6M values are the chemical shifts of monomers 
complexed with surrounding water molecules. These complex shifts will be 
dependent on temperature, especially, when the observed proton is directly 
involved in a hydrogen bond. 

In  order to determine the influence of bound water, m6mgAde and m~egAde have 
been measured in raethanol. A concentration dependence of the chemical shifts 
(i.e. stacking) could not be detected. Since the solvent shifts of m6mgAde and 
m~egAde relative to CC14 in phosphate buffer (pD 7.4) and in methanol are of the 
same direction and order of magnitude (Table i) it can be concluded that  the 
solvent-solute interactions in water and methanol are similar. Therefore, the 
temperature dependence of the chemical shifts in methanol should resemble that  
one of the monomer shifts in water. 

As can be seen from Fig. 3 only the chemical shift of H-8 of m6mgAde and 
m~egAde is moved upfield 0.i  to 0.2 Hz �9 deg -i  while the one of NCI-Ia-6 of m6mgAde 
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Table ! ,  The monomer shifts of m6~ 9 Ade and m2% 6 Ade, resp., in methanol and phosphate 
buffer (pD 7.4) relative to the chemical shifts in CCIr 

m6m9Ade H-2 H-8 NCH3-6 CH3-9 

CCt/, 8,185 7.486 3.201 3.787 pprr I 

Methanol *6.3 *51,3 -8.4 +1.6 Hz 

D20 +11,? +55.1 -7.0 +2.7 Hz 

m62e9Ade H-2 H-8 N(CH3)2-6 CH2-9 CH3-10 

CCl/~ 8.099 7.512 3.495 4.191 1.509 ppm 

Methanol 110.3 *50.0 -0.4 +5.7 -/*.7 Hz 

D20 .13.3 *56.6 -4.1 +Z,.9 -4.1 Hz 
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Fig. 3. Temperature dependence of  the chemical shifts of  m~m 9 Ade (3a) and m26e 9 Ade (3b) in 
methanol relative to chemical shifts at - 20 ~ C 

is moved downfield 0.i  H z .  deg -1 with increasing temperature. The chemical 
shifts of the other protons are more or less independent of temperature. The 
response of the H-8 shift confirms the suggestion of Hruska et al. that  this proton 
is directly hydrogen bonded to solvent molecules (ttruska et al., i968). The dowm 
field shift of the NCtta-6 protons results from hydrogen bonds of the neighbouring 
NH-6 to the solvent. 

In  any ease, it  is evident that  downfleld shifts of about 0.2 H z .  deg -1 or more 
with increasing temperature are caused by the computer extrapolation. Therefore, 
the thermodynamic quantities have been calculated, in general, with ~M values 
independent of temperature and extrapolated at the highest temperature used as 
has been done e.g. by Antonovsky et al. (t973). Only those protons whose ~M has 
been observed to be temperature dependent in methanol have been evaluated with 
(~M dependent and independent of temperature. 

The thermodynamic quantities of memgAde and m~egAde calculated with 7 = 2 
are summarized in Table 2. The apparent equilibrium constants K calculated from 
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Table 2. Apparent equilibrium constant K at 25 ~ C and enthalpy AH of selfassociation of 
mere g Ade and m~% 9 Ade in phosphate buffer (pD 7.4) at ~ = 2. ](T) : the monomer shift 6M taken 

as temperature dependent 

m6mgAde H-2 H-8 NCH3-6 CH3-9 

5,,~,lppm] 8.302 8.037 f{T} 3.131 if'f) 3.814 

K 25r -I ] 32.9 22.1 50.9 23,0 1/,.8 18.5 

/H[kcat.m51] -7.1 -7.0 -6.1 -7.7 -6.5 -7.1 

m6e9Ade H-2 H-8 N(CH3)2-6 CH2-9 CH:)-10 

5,~[ppm] 8.232 8.078 fiT) 3.45/, /,.2/,0 1./'68 

K25~ ?3./, /,2.1 107.9 .47.3 41.6 29.2 

,dH[kcat.mo] 1] -7.5 -7.h -7.1 -6.8 -7.3 -7.2 

the chemical shifts of different protons of the same molecule disagree by a factor 
of two or more. The corresponding enthalpies, however, are about -- 7 kcal.  reel -1 
for all protons of both of the substances. The enthalpy of a proton is slightly less if 
~M depends on the Vemperature. The entropies of the different protons of m6m9Ade 
and m~ePAde are about - 18 e.u. and - i7 e.u., resp. 

Whereas the thermodynamic quantities of m~ePAde, to our knowledge, have not 
yet been measured those of m6mPAde have been determined by several authors 
using different experimental techniques. PTrschke and Eggers (i973) have obtained 
the values A H =  - 8 . 7  + i.5 kcal.  me1-1 and A S =  - 2 i . 6  + 3 e.u. for m6mPAde 
using vapor pressure osmometry; similar values were obtained by Bretz et al. 
(i974) using equilibrium ultracentrifugation. Antonovsky et al. (1973) have 
obtained A H =  - 8 2  + 0.6 ken1. me1-1 and A S =  - 2 1 . 0  e.u. by means of NMI~ 
technique but at y = I. 

The errors of AH and AS calculated fl'om the chemical shift of one proton are 
caused mainly by ~he error of the 6M value. Considering also all of the other 
experimental errors depending essentially on the range of the saturation factor s 
(as defined in analogy to Deranleau (1969) s: = complex concentration to weighted 
concentration) the average error of AH of one proton is about _+ 15% and that  of 
AS is about • 20%. The errors of A H  and AS averaged from the values of the 
various protons are about • 8% and • t0% resp. Therefore, the enthalpy of 
selfassociation of mTmPAde as well as of m~ePAde as determined in the present 
investigation is AH = - 7.2 _+ 0.6 keal reel -1, the entropies are A S  = - i7.9 _+ 
i.8 e.u. for m6mPAde and AS = - 16.7 _+ i.7 e.u. for m~e 9 Ade. 

Conclusions 

Using ~VIR data for evaluating the selfassoeiation of nueleobases in aqueous 
solutions each proton of a substance has to be considered separately. The tem- 
perature dependence of the monomer shift 8M may be simulated by the evaluation 
method and has to be confirmed by separate experiments. The values of A~. and 1~ 
are different for the various protons of a molecule. The temperature dependence 
of these K values, however, satisfies the van ' t  Heft equation and yields an enthalpy 
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A H  and  an  e n t r o p y / I S  which r ema in  a b o u t  cons tan t  for all  p ro tons  observed  
w i th i a  the  expe r imen ta l  errors.  

The average  dev ia t ion  2'  of the  fit is min ima l  for 2 ~ y _~ 4. W h e r e a s / ~  depends  
s t rong ly  on y, A H  and  A S  are abou t  cons tan t  in  th is  region of ~. Therefore,  the  
t h e r m o d y n a m i c  quant i t i es  zJH a n d / I S  can be ca lcu la ted  according to  t he  model  of 
Dimicol i  and  I te lene  (1973) using y = 2. 
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