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~~ 
Abstract 

The electronic structures of all possible tautomers of uracil, thymine, cytoaine, adenine and guaninc have hcen carefully 

examined within the MNDO-MO frame-work. Equilibrium geometries are determined and the relative stabilities are 

dibcuased. Allowance for solvent effect on the stabilities is made by assuming a tetrahedral solvent cage with the DNA base 
occupying its centre. The electronic absorption spectra of the studied DNA bases, in solvents of different polarities are 

recorded and discussed. Assignments of the observed bands are facilitated using MNDO-Cl computations. It is suggested 

that in solution the DNA bases are in some statistical mixtures of the most stable tautomers, and the Watson-Crick (WC) 

structure cannot account for the observed spectra alone. 

K~~\wwtl.~ DNA hascs: l‘automcric equilibria; MNDO; Electronic spectra 

1. Introduction 

Mutagenesis has remained an intriguing aspect to 
genetics since the beginning of this century, and its 
analysis has proceeded with the elucidation of gene 
replication and expression [l]. Although the bi-heli- 
cal complementary base paired structure of DNA 
implies mispairing events as the principle means for 
generating spontaneous mutations, a general mecha- 
nism for mispairing has not emerged [2]. 

Watson and Crick [3] postulated that a base of 
DNA may undergo a tautomeric shift that alters its 
pairing properties. It has been elaborated [4] on this 
speculation by proposing that keto-enol or amino- 

(‘orrcsponding author. 

imino and anti-syn-tautomerization (rotation of the 
base from its normal anti position through 1X0” to 
the uncommon syn position) enable a double helix to 
accommodate eight complementary mispairs without 
intolerable distortion. 

A correlation between the geometrical isomerism 
of tautomeric forms of cytosine and its internal 
structural parameters was predicted by Ha and Gun- 
thard [s]. 

By using matrix-isolation experiments Nowak et 
al. [6] have studied the tautomerism in the DNA 
bases. Base pair induced NMR shifts studies [7] in 
DNA indicated that rare tautomeric forms may be 
involved in mutagenesis. 

A considerable number of theoretical studies have 
been published on the subject of base pair associa- 
tions [8-l I]. In those studies, focus was concen- 
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trated on the relative stability of different associates 
in water and in nonpolar solvents. Little or no atten- 
tion has been paid, however, to the effect of medium 
on the individual nucleobases [121. 

Furthermore, no firm data exist concerning the 
frequency of the enol forms of guanine and thymine 
(or uracil), the imino forms of cytosine and adenine, 
either in neutral aqueous solution or in conditions 
that might be obtained in the immediate vicinity of 
the growing DNA chain. 

The present work, presents theoretical as well as 
experimental investigation of the tautomeric equilib- 
ria for all DNA bases. All possible tautomeric forms 
(including rare tautomers) are theoretically consid- 
ered. Electronic absorption spectra of DNA bases in 

solvents of different polarities are analyzed and 
quantitatively discussed. 

2. Experimental 

Merck analytical grade thymine, uracil, adenine, 
cytosine and guanine were used without further pu- 
rification. 

BDH spectral quality dioxane and absolute ethanol 
were used as solvents in all spectroscopic measure- 
ments which have been carried out on a 260- 
Shimadzu double beam spectrophotometer using 1 
cm length quartz cells. 

Stock solution of lo-’ M concentrations of the 
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Fig. 1. All possible tautomeric structures of the nuclcohases studied. 



DNA bases studied were prepared by quantitatively 
dissolving the base in the given solvent. UV spectra 
were recorded for solutions in the IO--’ - 10~i M 
concentration range prepared from stock solutions by 
direct dilution. No attempt has been made to adjust 
the pH of the aqueous solutions studied. The recorded 
spectra (absorbance vs. wavelength) are then recom- 
puted and reported as molar absorptivity (E) vs. 
wavelength. All spectra reported in this work are 
computer deconvoluted and Gaussian fitting of the 
broad observed bands were carried out. Deconvolu- 
tion of the spectra is based on both the least squares 
fitting procedure and differentiation. Accurate peak 
parameters ( A ,,,,,,, E ,,,, ~, ) are then extracted and re- 
ported [ 13,141. 

All calculations were performed within the MNDO 
frame-work [IS] using the MOPAC program version 
5.0. This version of MOPAC is supported by a 

MNDO, PM3 and AM1 Hamiltonians and calcula- 
tion can be carried out using any of the three Hamil- 
tonians quite simply. However, our previous experi- 
ence [If?] and various reports on MNDO computa- 
tions have demonstrated success in the ability of this 
method to calqulate isomerization and tautomeriza- 
tion energies, in various systems [17,18]. On the 
other hand, the PM3 approach is designed for the 
special case of hypervalent systems [19] and the 
AM1 appears in the literature with different parame- 
ters. Consequently results are heavily dependent on 
the parameters and/or program version used. Equi- 
librium geometries were determined by optimizing 
all (3N-6) variable parameters for each tautomeric 
form studied. Effect of electron correlation was taken 
into account using 100 X 100 CI computation that 
includes all singlet, doublet and highest multiplets 
arising from the higher three occupied MO’s and the 
lowest three unoccupied MO’s, 

3. Results and discussion 

.?. I. Theoretical computatims 

Fig. (1) presents all tautomeric structures consid- 
ered for the five nucleobases; equilibrium geometries 

Tahlc I 
Equilibrium geometries of the WC‘ structure and the most stahlc 
conformer (MSC) of the studied DNA bases 

DNA hxse Bontl R 6, Angle 0 (” ) 

WC MS<‘ WC‘ MS‘ 

Uracil C-Y, I.403 I .3hh (‘NC’ I74.X8 I I1 00 
(‘,-C I.?‘)7 I.350 NC.0 117.55 I I7 x0 
N2-N, I.420 I .3h5 
(‘;-0, I.72 I .3-k 

Thyminc (‘,-N> I.405 I..%,1 (‘NC‘ 171.f15 I I5 70 
(‘, -NI I.403 I.345 NC‘0 116.53 I III 7‘l 
N,- (‘; 1..3Y.3 I ..300 
(‘ i 0; 1.23 I .3-k 

Cyrohinc (‘,-NY I..iYX I.302 (‘NC’ I 19.65 I I5 37 
N , 6; I .3x> I .30X 
C-N, 1.373 1.372 NC.0 124.45 I I4 74 
(‘, Y- I.3X7 I.754 
(‘, 0, I.224 I.342 

Adcnine (‘,-N- 1.3xX 1.207 (‘NC’ ll)f,.70 III5 15 
N--C, I.412 I..?41 NC% __ I I :‘.‘i I 12.37 
(‘, N,, I .3.-d I .30X 

Guaninc (‘,-N, I .30X l.3S3 (‘NC‘ I2J..%i I IX.08 
N 7 (6 I .45-l I.354 OC‘N I II).X(l I 13.75 
C; N,, 1.37X I.351 
(‘;- 0 ,(, I.111 I..;41 

(‘I- N,, I.370 I .x14 

are summarized in Table 1. It is evident that thymine 
and uracil possess the same main geometric features, 
indicating that methyl substitution has no major ef- 
fect on the geometry in the tautomeric part. The 
equilibrium geometries obtained in this work using 
the MNDO-MO method are in excellent agreement 
with those obtained using ab initio MO methods [O]. 

Energetics for the tautomerization processes arc 
summarized in Table 7 for the five DNA hascs 

studied in this work. For adenine the Watson-Crick 
(WC) tautomer seems to be the most stable, how- 
ever, for the four other DNA bases, structures other 
than the WC structure predominate. In the C;ISC of 

uracil and thymine the all-enol structure is the most 
stable, the relative stability over the WC (all keto) 
form is 0.18 and 0.16 eV for uracil and thymine. 
respectively. Careful examination of the energetics 
of the other tautomeric forms of uracil ior thymine) 
indicates that enolization of the oxygen atom a- 
tached to carbon number I is energetically favoured 
over the cnolization of that attached to carbon 3 
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(numbering system is shown in Fig. 2). This is most 
probably due to the fact that the carbon atom 1 lies 
between the two more electronegative nitrogen atoms. 
This could facilitate the migration of charge away 
from C, and hence allows the keto-enol tau- 
tomerism to shift to the keto-side. 

Cytosine, on the other hand, shows a relative high 
stability for its enol form, C(1). This seems to be 
associated with the relative stability of the aromatic 
amine structure over the nonaromatic one. Guanine 
shows this same trend for its most stable structure, 
G(I). 

It is interesting to notice that the energy differ- 
ences quoted in Table 2 between the different tau- 
tomeric forms of the five DNA bases are all less than 
0.5 eV. Our previous dynamic NMR investigations 
on rotational energy barriers in amides [20] and 

Table 2 
Heat of formation (3H,), relative stabilities (Xl, ionization 
potential (I.P.1, dipole moments (~1 and solvent stabilization 
cncrgies (3E,,,,, ) of all tautomeric structures of the DNA bases 

DNA base Structure - 3H, LIE 1.p. P w,,,, 
(kJ molt ’ ) (eVl (eVl (Dl (cVl 

Uracil U(I) 289.36 PO.18 9.X6 3.61 Il.11 
U(H) d 271.71 
UUIll 277. IS 
uwl 245.93 
U(Vl 250.62 

Thyminc T(I) 3 17.30 
TtIIl ,’ 302.04 
TtIIIl 308.95 
TUV) 271.21 
T(V) 2X0.70 

Cytosinc C(I) 8Y.12 
C(II) i 48.03 
CUlll 31.63 
C(IV) 32.84 

Adenine AU) 
A(111 ’ 
AtlID 
AUV) 
A(V) 

- 265.47 
-231.33 
- 298.57 
~ 2Y4.76 
- 275.39 

Cuanine G(I) 
GUI) ,’ 
GUII) 
G(IVl 
G(V) 

- 14.39 
~ 42.38 
~ Y4.M 
- S6.48 
~ 74.35 

0.0 Y.Y.3 4.12 0.25 
~ 0.05 Y.47 2.02 

0.26 Y.73 6.93 
0.21 Y.46 5.99 

-0.16 9.70 3.49 0.13 
0.0 9.77 4.03 0.21 

-0.07 Y.32 263 
0.32 Y.62 6.85 
0.22 Y.3X 5.85 

-0.42 Y.26 2.88 0.09 
0.0 9.41 6.02 0.2Y 
0.17 8.98 6.91 
0.16 YSO 4.47 

0.35 Y.07 0. IO 
0.0 x.x.5 2.01 0.31 
O.hY X.X4 2.92 
1 .OO 8.61 X.38 
0.45 8.65 3.39 

~ 0.2x x.74 2.92 0.11 
0.0 8.56 5.6’) 0.28 
0.54 9.10 7.70 
t1.15 8.6X 1.‘)‘) 
0.33 Y.12 3.89 

’ The WC conformation (cf. Fig. 1) 
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Fig. 2. Numbering system for the studied bases 

various other theoretical and experimental 1211 stud- 
ies have come to the conclusion that energy barriers 
less than 1 eV can be easily overcome at room 
temperature [21]. Hence, one would expect that tau- 
tomerization of the DNA bases studied might very 
well take place between these forms, in the gas 
phase. Furthermore, the WC conformers although 
not predicted to be the most stable the present calcu- 
lation yet shows that WC forms have dipole mo- 
ments larger than that predicted for the most stable 
conformers for the DNA bases studied. This would 

indicate that in polar media, WC forms would be 
stabilized to an extent greater than that for the 
gas-phase most stable conformer. This additional 
solvent dependent stability might very well stabilize 
WC forms over all other possible tautomeric forms 
studied. It is well established that medium effects 
play an important role in DNA base associations 



[22]. Various studies suggest that in the gas-phase 
and in nonpolar solvents e.g. Ccl,, CHCI,, base 
associate mainly by H-bonding, whereas in water 
solution stacking configurations are preferred [2X,24]. 
Efforts were undertaken to reflect the experimentally 
observed differences between the most stable confor- 
mations of solvated molecules and those in the gas- 
phase. The complexity of the theories applied ranges 
from simple correlations of the approximated molec- 
ular volumes with the free energy of solution [25]. to 
quantum chemical calculations on stimulated associ- 
ations of a single solute with some solvent molecules: 
the super molecule frame work [26]. This super 
molecule approach has been adopted in the present 
work to evaluate the solvent effect on the tautomeric 
equilibria studied. 

In the present work, a cost-effective, yet symmet- 
ric supermolecule is proposed, in which a DNA base 
occupies the center of a tetrahedral solvent cage with 
four water molecules occupying the apices. The vo- 
ume of the solvent cavity, that has to be created to 
insert a single solute into the solvent cage, has been 
calculated using the method proposed by Birnstock 
et al. [27]. Computation for this solvated DNA base 
has been carried out for tautomeric forms studied for 
the five DNA bases. Full geometry optimization (see 
Table 2) have been performed for the tetrahedral 
cage assuming a frozen DNA base geometry. It is 
evident that in each and every case, the WC con- 
former has been stabilized to an extent much greater 
than any other conformer. This solvent stabilization 
exceeds the gas-phase energy differences between 
the WC and the most stable structures. 

3.2. I:‘lecttmic ahsorptiotl spectra 

The electronic spectra of the different DNA bases 
reveal a problem not encountered in the study of 
hydrocarbons even those having many more atoms. 
First. all have more 7~ electrons than centers making 
them isoelectronic with unknown hydrocarbon di- 
and tri-anions and therefore negating the possibility 
of simple correlations with better understood sys- 
tems. Second. the presence of numerous non bonded 
pairs and mobile protons allows for tautomeric equi- 
libria, both real and imagined for these DNA bases. 
The spectrum of uracil in dioxane, as a non polar 
solvent. shows one main envelope (Fig. 3) covering 
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b’is. 3. I’lectronw ahwrption spectra of ur;dI in: ( 1 cttwwt, 
(- -) dioaane ;mC ( ) w3Icr. 

the X30-235 nm region with a maximum at 250 nm. 
Upon increasing solvent polarity, using ethanol as ;I 
solvent, a red shift. a decrease in the intensity of the 
250 nm envelope and a new band centered at 215 nm 
are observed. As one increases the polarity of the 
solvent the main 250 nm envelope seems to show a 
more defined shoulder at 240 nm. 

Tahtc 3 

Experimcntatty ~~hacrved and thcorcticatty computed Iransition 

cncrgies (-IE) intcnsitics (f) of rhc WC‘ d MX‘ structures ~~1 

the studicd DNA hascs 

Uracit 1.7: 0. I2 4.75 0 IS 

5 I’ 0.07 - 5 ill 0. t I 
5 7’ 0. to 5.63 OIO 11. IX 0. t5 

Thyminc 4.5fl 0.17 4.55 I).‘1 

.i.Ol O.I.3 - 1.‘)7 II.15 

5.00 0. I5 5.80 O.IX i 71 ll.l’J 

C‘ytobinc 4.4’ 0. I3 4.40 (I.17 

5.1: 0.11 - 5.07 II. IX 

i.y1 0.15 5.75 0 2.5 5.Xh 0.30 

Adcninc 4.74 0.30 I.hl 0.35 

5.111 O.II - 4 CJ.3 0.71 
3.7’ 1t.35 >.3’) - o.io 5.ss 0 40 

Gwninc 13, O.Ih 4.31 Il.22 

4.81 0.20 4.82 Il.3 1.55 (I.31 
5.23 0.05 - 5.1’) II.12 
5.0’) 0.44 6.15 0. IS 5.86 ll.3X 
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Table 3 presents the energies of the allowed 
?r--7T * transitions observed experimentally and com- 
puted theoretically for both structures U(I) and U (II) 
of uracil. It is quite obvious that the computed 
spectrum based on structure U(II), WC structure, fits 
to a remarkable extent the experimentally observed 
pattern, with the exception of the 240 nm band. 
Circular dichroism (CD) and magnetic circular 
dichroism (MCD) spectra indicate [28] the existence 
of the 240 nm absorption, in the spectra of uracil and 
thymine. However, all calculations together do not 
predict any transition in this region. Hug and Tinoco 
[29] suggested that an n --) rr * transition might very 
well be the source of the 240 nm band. In the present 
work, the spectrum of uracil (and of thymine) has 
been recorded for a 0.1 M HCl solution of the base, 
and no detectable difference from the spectrum in 
pure water has been observed and the 240 nm band 
still persisted. This rules out the assumption of Hug 
and Tinoco that the 240 nm band is an out-of-plane 
n-m * transition, Theoretical computation of the 
spectrum of uracil, based on structure U(I), predicts 
a singlet 5r--7~ * transition at 242 nm. The aforemen- 
tioned observations seems to suggest a statistical 
mixture of both structures U(I) and U(II) of uracil 
and a detectable shift of the tautomeric equilibrium 
may be achieved by varying solvent polarity. This 
same trend has been observed in the spectra of 
thymine (Fig. 4) and cytosine (Fig. 5). Comparison 
between the theoretically computed and the experi- 
mentally observed spectra is reported in Table 3. 

200 250 300 

hlnm 
Fig. 4. Electronic absorption spectra of thymine in: (-_) ethanol 
and (- - -) dioxane. 

200 250 300 

X/nm 

Fig. 5. Electronic absorption spectra of cytosine in: (--_) ethanol 
and (- - -) dioxanc. 

The spectra of adenine and guanine show a very 
similar trend. A shoulder at 240 nm, which at first 
glance, was assigned as an out-of-plane polarization 
and thus an n + rr * classification 1301. Results of 
the present work indicates clearly that such an n + 
rrS assignment is quite misleading. Changing the 
solvent gradually from nonpolar to a polar hydrogen 
bonding, the 240 nm band appears to red shift, in 
contrast to the well known behaviour of n -+ 7~ * 
bands. The results of the present work elaborates on 
the polarized phosphorescence experiment of Cohen 
and Goodman [31] on purine which show no hint of 
out-of-plane polarization under 240 nm excitation. 
MNDO-MO computation on the WC conformation 
of adenine and guanine predicted the experimentally 
observed spectra successfully except for the 240 nm 
band which has not been theoretically predicted for 
both compounds. This same behaviour has been 
reported for other theoretical models (e.g. CNDO) 
and has been attributed to an inherent draw back of 
the semi empirical models. However, this seems 
quite misleading since these models were able to 
satisfactory predict the spectra of species very simi- 
lar to the studied DNA bases. Theoretical computa- 
tion of the spectra of adenine and guanine based on 
structures A(I) and G(I) predict moderate intensity 
band at the 240-250 nm region. This would lead to 
the conclusion that in solution, statistical mixtures, 
of WC and the most stable conformers of various 
DNA bases, exist and solvent polarity plays a pro- 
nounced role in shifting these tautomeric equilibria. 
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