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The re la t ive  s tabi l i t ies  of the t a u t o m e r s  of nucleotide ba se s  in the gas phase and in aqueous 
media  were  e s t ima ted  by the se l f - cons i s t en t  field (SCF) MO method within the v - e l e c t r o n  approx-  
imation.  It is shown that  the solvat ion energy,  which depends substant ia l ly  on the o rde r  of the 
t a u t o m e r s  with r e s p e c t  to the i r  energ ies ,  mus t  be taken into account for  the accura te  eva lua-  
tion of the mos t  s table  t au tomer i c  s t ruc tu re .  The probabi l i t i es  of spontaneous mutat ions in the 
gas phase and in aqueous media  were  es t imated .  The ionization potent ials  and e lec t ron  affinit ies 
of the no rma l  and " r a r e "  t au tomer i c  s t r uc tu r e s  were  calculated.  

The development  of a ce r ta in  amount of spontaneous and induced genetic  mutat ions is assoc ia ted  with the 
convers ion  of the molecu les  of nucleotide bases  to " r a r e "  t au tomer i c  s t r u c t u r e s  [1]. Thus adenine in the e n e r -  
get ical ly l ess  favorable  (as c o m p a r e d w i t h t h e  amino form) imino s t ruc tu re  is pa i red  with cytosine instead of 
thymine,  and thymine in the " r a r e "  enol fo rm is pa i red  with guanine instead of cytosine.  A knowledge of the 
re la t ive  s tabi l i t ies  of the t au tomer i c  fo rms  makes  it poss ib le  to e s t ima te  the probabi l i ty  of mutat ions  for a 
spontaneous m e c h a n i s m  [2]. 

Quan tum-chemica l  methods with different  accu rac i e s ,  beginning with the s imple  Hiickel MO method [3] 
and ending with the ab initio method [4], have been used for the study of t au tomer i c  ba se s .  All of these  ca lcu-  
lat ions were  made within the isolated molecule  approximat ion and d i s r ega rded  the effect  of the solvent  on the 
re la t ive  s tabi l i t ies  of the t a u t o m e r s .  In addition, the r e su l t s  of expe r imen ta l  s tudies provide  evidence for a 
substant ia l  change in the pe rcen tages  of the " r a r e "  t au tomer i c  s t r u c t u r e s  in media  with different  po la r i t i e s  
[5, 6l. 

Our recen t ly  proposed  s imple  method for  taking into account the effect  of  the d ie lec t r ic  p r o p e r t i e s  of the 
medium within the v - e l e c t r o n  approximat ion  [7], which is a development  of the Klopman method [8], makes  it 
poss ib le  to e s t ima te  with good accu racy  the posi t ion of the t au tomer i c  equi l ibr ium in media  with different  
po la r i t i e s .  Despite  the fact  that  speci f ic  solvat ion is not taken into account in this method, our  calculat ions 
have shown [7] that  this approach is s a t i s f ac to ry  for  the es t imat ion  of the re la t ive  s tabi l i t ies  of t a u t o m e r s  in 
the azomethine  s e r i e s .  In the p re sen t  paper  the p roposed  method is used  to e s t ima te  the re la t ive  s tabi l i t ies  of 
all of the poss ib le  t au tomer i c  fo rms  of nucleotide b a s e s  I - IV (a-f) in the gas phase  and in the aqueous media .  

The r e su l t s  of calculat ions of the heats  of  a tomizat ion and solvat ion energ ies  a re  p resen ted  in Table 1. 
In con t ras t  to the th ree  other  bases ,  guanine (HI) has  12 poss ib le  t au tomer i c  s t r uc tu r e s .  The r e su l t s  of the 
calculat ion of only six t au tomer s ,  which, according to the calculat ions,  are  the mos t  s table  fo rms ,  a re  p resen ted  
in Table 1. 

G a s  P h a s e  

Fo r  isolated molecu les  the calculat ions p red ic t  that the comple te ly  a roma t i c  t a u t o m e r s  (In, IIa, IIIa,  and 
IVa) a re  the m o s t  s table  f o r m s .  A s i m i l a r  r e su l t  was obtained for  cytosine by Goddard and c o - w o r k e r s  [4] by 
the ab initio method and by Breen  and F l u r r y  [9] by the CNDO/2 (complete neglect  of d i f ferent ia l  overlap} method.  
We note that  the o rde r  of the cytosine t a u t o m e r s  with r e s p e c t  to the i r  ene rg ies  and the d i f fe rences  in the e n e r -  
gies  obtained by the ab initio and P a r i s e r - P a r r - P o p l e  (PPP} methods with the Dewar  ~, ~ pa r ame t r i z a t i o n  are 
in ag reemen t  with good accuracy:  (see following page).  

We note that  ~he r e s u l t s  of our  calculat ion are  not in ag reemen t  with D e w a r ' s  calculat ions [10], according 
to which the Ib, IIb,  IIIc,  and IVb t a u t o m e r s  a re  the mos t  s table  f o rms .  In con t ra s t  to the method in [10], we did 
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T a u t o m e r  a b c d e f 

ab inilio 0,00 17,7 23,7 28,8 41,4 29,3 
PPP 0,00 17,4 18,0 25,0 29,1 31,8 

not take  into account  the effect  of ~ po la r iza t ion  on the a tomic  p a r a m e t e r s  in connect ion with the fact that  the 
p r o c e d u r e  for  the de te rmina t ion  of the cr cha rges  on the a toms  by means  of the d i f ference  in the e l ec t ronega -  
t iv i t i es  is unsa t i s f ac to ry  and also in view of the fact  that,  as l a t e r  noted by Dewar  [11], allowance for ~ p o l a r -  
izat ion does not affect  the magni tudes of  the heats  of  format ion .  

A q u e o u s  S o l u t i o n s  

The avai lable  expe r imen ta l  data  on es t imat ion  of the re la t ive  s tabi l i t ies  of  nucleotide bases  per ta in  p r i -  
m a r i l y  to aqueous solutions [ i2-18].  In this connection, we calculated the energ ies  of  atomozation of the t a u -  
t o m e r s  and the  solvat ion energ ies  for  e = 80. 

The mo~t s table  f o r m  of cytosine in wa te r  [16] is the "keto" t au tomer  Ib, which is conf i rmed by the r e -  
sul ts  of  our  calculat ions (see Table 1), 

In the case  of  u rac i l  (thymine) in solution t au tomer  IIb becomes  p r e f e r r e d  ove r  enol t au tomer  IIa  due to 
the high solvat ion energy;  this  is in a g r e e m e n t  with the data  f r o m  the UV s p e c t r a  [17]. 

Guanine also has  a di f ferent  r e l a t ive  o rde r  of t a u t o m e r s  (with r e s p e c t  to energy)  in aqueous solutions 
than that  obse rved  for  the gas  phase.  St ructure  IIIc becomes  the mos t  s table  form;  this is conf i rmed by the 
avai lable  expe r imen ta l  obse rva t ions  [16, 19]. 

In the case  of  adenine the re  is a d i s c r epancy  between the r e su l t s  of the calculat ions and the exper imenta l  
data on the s t ruc tu re  of  the mos t  s table  t au tomer .  According to the d a t a i n  Table 1, t au tomer  IVa should r ema in  
the mos t  s table  f o r m  also in aqueous solution; this cont radic ts  the exper imen ta l  NMR spec t r a l  data  [15], accord -  
ing to which the N(9)H t a u t o m e r  should have the lowest  energy .  The d i s a g r e e m e n t  between the conclusions drawn 
on the ba s i s  of the calculat ions and the expe r imen t s  is assoc ia ted ,  f i r s t ,  with the fa i lure  to take into account in 
the ca lcula t ions  the ene rgy  of the ttNI-I...N hydrogen bond, which develops in the N(9)H s t ruc tu re ,  and the r a t h e r  
s t rong  H - H  repuls ion  in the N(7)H t au tomer ,  which also was d i s r ega rded  in the v - e l ec t ron  calculat ion.  

N NH ~Ni'l NH 

OH 0 ~ N ~ O  O.  O.  OH 
It H H 

l a  I b  Ic  I d  le  I f  I l a  

0 0 0 OH OH OH 
H II II I 

H N ~ N H  flN'f~N N/ '~N l! N~"~N H H N ~  
I 

N ~ " ~ ' ~  N ~I 

I I  b I1 r I I  d I I  e II  I I I I  a 

OH O O O O 
I I] 19 li I 

H H H 

I I1  b I11 c I I I  d I I I  e I I I  f 

NH 2 NH 2 Nit NH NH Ni t  

Fl H H H fl 

I V a  I V b  I V c  I V d  IVe  I v  f 

Of all of  the nucleotide bases ,  only adenine in aqueous solutions has  predominant ly  an a romat i c  s t ruc tu re ;  
this  is a s soc i a t ed  with the r e l a t i ve ly  low solvat ion ene rgy  in this  case .  

The data in Table 1 provide  evidence that  the s imple  method for taking into account the effect  of  the so l -  
vent on the re la t ive  s tabi l i t ies  of  the t a u t o m e r s  leads to conclusions that  a re  in ag reemen t  with the r e su l t s  of 
calcula t ions  with r e s p e c t  to the scheme  in [7], which r equ i r e s  an inc rease  in the counting t ime by a fac tor  of  
two to th ree .  
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TABLE 1. 
Tautomers  of Nucleotide B a s e s  

Nu-  Eat ' Esolv , 
baseCte~ Tautomer  kea l / mo le  kca l /mo le  

a t 350,1 24,8 
b t 332,7 43,5 

o c 1332,1 42,5 
-~ d 1325,1 36,5 

c 1321,0 22.8 
(2 >" f 1318,3 22,3 

a 1273,5 24,5 
b 1258,1 53,1 
e 1256,0 43,0 

:"A d 1255,4 42,2 
e 1255,0 40.9 
f 1251,9 40,4 

a 17t7,3 37,3 
b 1714,8 33,0 
c t702,3 54,8 

= d 1700,1 54,t 
"~ e 1698,0 47,9 
'~ i 1696,0 50,7 

a 1620,8 35,9 
b 1618,4 31,8 
c 1594,6 33,8 
d 1592,8 33,3 
e 1591,3 28,6 
f 1589,3 29,8 

q) 
E 

< 

Heats of Atomizat ion  and Solvation Energ ies  of the 

Eat.+ Esolv I Eat +  olv" 

1374,9 1395,l 
1376.2 1396,~ 
1374,6 1394,3 
1361,6 1379,6 
1343,8 
1340,6 

1298,0 1317,6 
1311,2 1325,6 
1299,0 1318,8 
1297,6 1318,6 
1295,9 1318,0 
1292,3 1310,3 

1754,6 1784,7 
1747,8 1775,3 
1757,1 1788,2 
1754,2 1783,9 
1745,9 1774,0 
1747,3 1775,6 

1656,7 I686,9 
1650,2 1677,6 
1628,4 1656,1 
1626,1 
1619,9 1651,4 
I619,1 

* The calculation was ca r r i ed  out with minimization of the total 
energy of the molecule in a medium with a die lectr ic  permeabi l i ty  
(~) o f 80. 

TABLE 2. Ionization Potentials and Electron Affinities of the 
Bases in the Gas Phase and in Aqueous Solutions 

Nucleotide 

base 

Cytosine 

Uracil 

Guanine 

Adenine 

]Tautome: 
Gas 

f, eV A, eV 

e=80 

I, eV A, eV 

2,29 
2,02 

2,15 
1,96 

1,75 
1,04 
1,55 
1,67 

11.45 
11,73 
12.30 
11,01 
10,44 
10,16 

10,64 
10,06 

0,91 
1,t4 

1,08 
0,52 

0,36 
0,22 

0,51 
0,41 

t 1,79 
11,81 
11,90 
11,48 
11,05 
10,56 

11,15 
10,28 

E• [28] 

I I, eV 

8,94 

9,50 

8,24 

8,44 

The resul ts  of the calculations make it possible to observe  the probabili ty of the mutations that ar ise 
when one of the tau tomers  in a pair  of bases  exists in an unfavorable tau tomer ic  s t ructure .  Taking into account 
the fact that  one of the hydrogen atoms ha DNA is replaced by a carbon residue,  it is sufficient to observe,  
respect ively ,  the b -~ d t au tomer i sm for cytosine,  the b ~  c t au tomer i sm for uraci l ,  the e ~ b  t au tomer i sm for 
guanine, and the a-- c t au tomer t sm for adenine. Using the data in Table 1, one may conclude that the probabi l -  
ity of the development of the s t ruc tures  n e c e s s a r y  for the mutations dec reases  in the o rde r  uraci l  > guanine > 
cytosine > adenine or  in the o rde r  of differences in energies  of 6.8, 12.9, 16.8, and 20.8 kcal/mole.  Thus, uraci l  
should be considered to be the base most  liable to undergo tau tomer ic  t ransformat ions  in aqueous media, under 
the assumption that the probabil i t ies  of ba r r i e r - su rmoun t ing  and tunneling mechanisms for proton t ransfer  are 
identical for all of the nucleotide bases .  

The corresponding ra t ios  of  the percentage of the stable tau tomer ic  s t ructure  to the percentage of the 
" r a re"  form are as follows: 

kura c = [ b ]  -~_ 104.8; b _ it] _ 092; [b] 1012.o; ~ [a] [c] ~guan-- ~]'-- 1 kcy t [-~= = ~den-~[-~] = 10148. 
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The re la t ive  o r d e r s  of the values for  u rac i l  and cytosine a re  in agreement  with the exper imenta l  con- 
clusions [20, 21], according to Which t au tomer i sm should develop more  eas i ly  for urac i l  than for  cytosine,  and 
re fu te  the data of Lee  and Chan [12, 13], which were  c r i t ic ized  by Wong [14]. The calculated values a re  sub- 
s tant ial ly  higher  than the exper imenta l  values.  

According to the mutation mechan ism proposed by Lowdin [22], proton exchange does not take place 
within the base as proposed by Watson and Cr ick  but r a t h e r  be%ween pai rs  of bases ,  and this leads to the 
s imultaneous development  of two "rare" t au tomer i c  fo rms .  Assuming that the energy  of interact ion in the pai r  
does not change substant ial ly  on passing to the t au tomer ic  fo rms ,  which requ i res  ver i f icat ion by theore t ica l  
calculat ions,  it  may  be concluded that the probabil i t ies  of the development  of r a r e  pa i rs  of bases are  prac t ica l ly  
identical  for  a d e n i n e - u r a c i l  and guan ine -cy tos ine  s t ruc tu re s  (AE 27.6 and 29.7 kca~]mole, respect ively)  

In the molecu la r  d iagrams presented  below there  a re  charges  on the a toms in the guan ine -cy tos ine  pair  
for  the gas phase and for the aqueous solution. Similar  r esu l t s  for  a " r a r e "  t au tomer ic  pair  a re  also presented  
in the diag~2ams. It is ea sy  to see that substantial  r e a r r a n g e m e n t  of the e lec t ron ic  s t ruc tu re  occurs  in a polar  
solvent;  in pa r t i cu la r ,  the charges  on the he te ra toms  that  infroduce one ~ e lec t ron  increase  ve ry  markedly.  
The hydrogen bonding in aqueous media should become much s t ronger  because of these effects .  

I o n i z a t i o n  P o t e n t i a l s  a n d  E l e c t r o n  A f f i n i t i e s  

The ionization potentials  and e lec t ron  affinit ies play an impor tant  ro le  in charge t r an s f e r  p ro ce s se s  be-  
tween the nucleotide bases .  The calculated ionization potentials and e lec t ron  affinities of the nucleotide bases  
for  the gas phase and aqueous solutions are  p resen ted  in Table 2. The o rde r  of the bases  with r e spec t  to in- 
c reas ing  ionization potent ial  does not change on passing f rom the gas phase to solution and is in agreement  
with the exper imen ta l  o r d e r  [23]: I(uracil) > I(cytosine) > I(adenine) > I(guanine). The ionization potentials were 
calculated by means  of Koopman's t heo rem and are  ~ 2.50 eV higher  than the exper imenta l  values.  

The o rde r  of the bases  with r e spec t  to the ionization potentials  changes substantial ly for  the " r a r e "  
t au tomer i c  forms~ I(cytosine) > I(uracil) > I(guanine) > I(adenine). 

Thus the calculat ions provide evidence for the substantial  effect  of the solvent  on the t au tomer i sm of the 
nucleotide bases  and, despite the crudeness  of the solvent model, make it possible to give the c o r r e c t  o rde r  of  
the t au tomer i c  fo rms  with r e spec t  to increas ing energy.  

H -0,544 0~046 
.N 0,121 O H--N--H 

0,3~I / \ - 0  ~=2/ 

N <""~'076N--H N-0,402 ) 0,122 
-o,~s \ - ' -Z. . .  \ . I  ra3 

o, 57-- 0,075 
-o,.5 o 

/ -0~540 
H H 

H 0 113 -0,855 H__N/0~062 ~N. , O 
0,747~ ~ , 6 6 3  ~0,480 

N - - H  \ '  . /  Boclo 
o,,o6 

-0,792 ~N--H O-0~B77 
/ 0t069 

H 
H 

. -0,305 N / ~N O ~  H - 0~302 

0,0SB N_.~,_~;,,49~N H--  N" 0,065 )0,029 
~N~-~o,4,3 \ '  / ro, 

-0~498 N--H O-0,491 
/ 0~036 

N-O'764 O~H - 0,840 Nk--'H 
0,694 ( ~0,030 ~0,387 

\ / BOaO 
N - ~  0~7z.6 x ) ~  N _/ H 0~099 

-0,805 N--H 0_0,858 
/ 0,055 
H 
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M e t h o d s  o f  C a l c u l a t i o n  

The heats of atomization and the solvation energies were calculated by the self-consistent field (8CF) MO 
method within the v-electron approximation with the Dewar ~, ~ parametrization [24]. The parameters and 
calculations were given by us earl ier  [7, 25]. The effect of the solvent was taken into account through the di- 
electric permeability (e) of the medimn; the matrix elements of the Fock operator have the following form [7]: 

Ftttt=Wtt +..~-Pltp),tt), + ~. (P~,v-Zx,)ytt~- l-- ~,tu ~ ( Pm~- Z)3 + 

(1) 
+0,75 ~ (P. , , t -Zv)yw..  

~'.,-~',LL 
1 

Pity = ~},v-- "~PitvY~tv. 
The Wg, P/~v and Zg values have their usual significance (for example, see [24], and r/x are the van der Waals 
atomic radii). 

In addition, to ascertain the possibility of taking the medium into account for the relative stabilities of the 
tautomers without variation of the electronic and geometrical structures of the molecule we calculated the 
solvation energy from simple formula (2), which is a development of the Born equation for the solvation of ions: 

where qg is the charge on atom ~, and Y~v are the Coulombic integrals. 
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