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A calculation of the electronic structure of the bases of DNA has been performed by an 
SCX~ procedure including simultaneously all the valence electrons. The results are analyzed 
and compared to those of previous calculations made in the ~ electron approximation. 

Die Elektronenstrukturen der DNA-Basen werden mit einer SCF-Methode unter EinschluB 
aller Valenzelektronen untersueht. Die Ergebnisse werden mit denen reiner z-Rechnungen ver- 
gliehen. 

Un calcul de la structure 61eetronique des bases de l'aeide d6oxyribonuel6ique a 6t6 
effeetu6 par un proc6d6 self-consistent traitant tousles 61ectrons de valence simultan6ment. Les 
r6sultats sont analys@s et compar6s s ceux de calculs ant6rieurs fairs dans l'approximation de 
la s6paration a-~. 

Introduction 

The electronic s t ruc ture  of  the  base components  of the  nucleic acids has  been 
tho rough ly  inves t iga ted  b y  different  ref inements  of  the  ~-e lec t ron a pp rox ima t ion  
[ l]  since the  first Ht ickel  ca lcula t ion  in 1956 [2]. Recent ly ,  the  a - f ramework  has  
been expl ic i te ly  in t roduced  [3, 4] in a semi-empir ical  fashion so as to  pe rmi t  the  
p red ic t ions  of  dipole  moments '  and  the calculat ion of in tc rmolecular  in terac t ions  
of  the  Van der  Waa l s -London  type .  I n  all these works,  however,  the  7~ and  
electrons were t r e a t ed  sepa ra t e ly  so t h a t  the i r  m u t u a l  influence could only  be 
t a k e n  into  account  empi r ica l ly  b y  a careful  f i t t ing of  the  pa rame te r s  on reference 
compounds .  

The deve lopmen t  of  high speed computers  and  of  new approx ima t ions  wi thin  
the  molecular  o rb i t a l  formal i sm [5--9] ,  nowadays  allows to t r e a t  a t  the  same t ime 
al l  the  valence electrons of  large conjuga ted  heterocycles.  

The use of  such techniques  appears  ve ry  a t t r ac t ive  for s tudy ing  the role of the  
t e rms  neglected or empi r ica l ly  in t roduced  in previous  calculat ions.  W e  have  
unde r t aken ,  f rom t h a t  v iewpoint ,  a sys temat ic  s t u d y  of the  pur ines  and  pyr imi -  
dines of  the  nucleic acids. I n  the  work  repor ted  in this  pape r  we have  chosen the  
CNDO procedure  [7] which is an  extens ion to al l-valence electrons of  the  well- 
known  Pa r i se r -Pa r r -Pop le  self-consistent  formalism. I t s  ma in  advan t age  over  the  

* This work was supported by grant no. 67-00-532 of the D616gation G6n6rale ~ la l~e- 
cherche Scientifique et Technique (Comit6 de Biologie Mol6culaire). 
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other procedures [5, 6] is tha t  i t  introduces explicitly the interactions between all 
valence electrons. 

We do not describe the procedure again since we have followed with no modi- 
fication the CNDO/2 method described by  POPLE and SEGAL [9]. The geometries 
of the bases [i0] required as input are the same as those used in our previous self- 
consistent ~-electron calculations [4]. 

The present paper  will be mainly concerned with adenine, guanine, cytosine 
and thymine (A, G, C, T). Similar data  on uracil (U) have been in par t  already 
reported in a previous publication [ i i] .  

Electron Distribution and Dipole Moments 

Fig. la,  b, c give the distribugion of the net atomic charges and of their a- and 
~-components, respectively. The numerotat ion in purines is the chemical number- 
ing. In  pyrimidines N 1 is the nitrogen linked to ribose in ribosides. 

a) Total Net Charges 
As would be expected, the most electronegative atoms bear the largest ne- 

gative charges: all the carbonyl oxygens carry charges of the order of 0.4 e; the 
pyridinc4ype nitrogens a t t ract  0.2 to 0.3 electron units whereas the pyrrole-like 
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* The charge of the hydrogen of the methyl group is calculated as the sum of the contri- 
butions of these hydrogens to the Jr orbitals 
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nitrogens are clearly less negative, l~H 2 groups show an interesting constancy in 
global appearance. Qualitatively all these findings are in fair agreement with the 
image of the total  net populations obtained previously by  the semi-empirical 
approach [3, 4, i i ]* ,  in which an approximate t rea tment  of the a bonds was added 
either to a ttfickel or a Pariser-Parr-Pople representation of the z-electron cloud. 
The sole serious difference concerns the hydrogens bound to carbon atoms, which 
appear less discharged presently than in the semi-empirical approaches, and are 
even sometimes negatively charged, a feature which seems to be rather  charac- 
teristic of the CNDO procedure [ l i ,  12, 13]. 

b) Net a- and ~-Charges 

Even though the overall picture of the total  charges is similar to tha t  obtained 
by  simpler procedures, a separate examination of the a and ~ contributions reveals 
some interesting differences mainly due to the behavior of the atoms carrying non- 
bonding lone-pairs : in the CNDO results these a lone-pairs are strongly delocalized. 
This is especially illustrated by the slightly positive a charges of N3 of cytosine and 
N8 of guanine, as shown in Fig. lb. On the contrary in the localized-bond approxi- 
mation which does not touch the non-bonding electrons, these nitrogen atoms are 
strongly negative [i]. The same phenomenon is observed for oxygen, but  since 
BERT~OD and PCLL~A~'S parametrization for planar molecules leads to C=O 

bonds having a low polarity, the effect observed in the CNDO results is not so 
drastically different. I t  seems tha t  the CNDO procedure through either its para- 
metrization or the approximations used in the evaluation of the integrals, over- 
emphasizes the delocalization of the lone pair, especially in the case of nitrogen. 
For example, the a charge of the heteroatom in pyridine is -0 .081  e according to 
CNDO against --0.309 e according to BERTHOD-PuLLMAi~ [3] and -0 .216  e in a 
recent non-empirical all-electron computation [i4]. For the other atoms of the 
molecules considered here the localized-bond approach and CNDO give similar 
a charges. Both type of calculations agree for the a-polarity of C-NI-I and N - I t  
bonds as well as for the small a-charge displacement along the C=O bond. 

In  spite of the differences observed, there is an interesting feature of the CNDO 
results which gives support  to the fundamental  hypothesis of DEL RE's procedure 
for the s tudy of a systems : as already observed in uracil and 5-fluorouraeil [ l i ]  the 
a atomic charges are determined only by  the nature of the a tom and by  its nearest 
neighbors, and not  by  long-range interactions. 

As to the ~ electron displacements, the present results (Fig. 1c) confirm our 
previous observation [ l i ]  tha t  the ze-eharges are very similar to those calculated 
by  the Pariser-Parr-Pople approximation, in spite of an entirely different para- 
metrization. For thymine** we find only a very small contribution of the hydrogens 
to the ~ cloud of the ring (0.005 e). 

Thus, on the whole, with the exception of the delocalization of the non- 
bonding electrons which will be investigated further, the charges computed by  an 

* Diagrams of the a and ~ distributions which were not detailed in the original publications 
can be found in the review paper [l]. 

~* The configuration adopted for the hydrogen atoms of the methyl group is the one sug- 
gested by ttOOGSTEEN for l-methylthymine [t5]. 
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app rox ima t ion  including all the  valence electrons in an SCF formal ism are in 
qua l i t a t ive  agreement  wi th  the  resul ts  f rom separa te  t r e a t m e n t  of a and  ~ electrons.  

c) Dipole Moments 

The dipole momen t s  have  been ca lcula ted  f rom the  e lec t ron d i s t r ibu t ion  of  
Fig.  i b y  the  expression given b y  POPLE and  GORDON [12], so as to  t ake  into 
account  the  non-spher ic i ty  of the  a tomic  charges [i6].  W e  have  given in Table  I 

Table i .  Dipole moments (the first number is the moment in debye units, the second is its angle in 
degrees with N1 C4 in C, U, T, with N a C 6 in G and A. Sign as in Re/. [3]) 

exp. 
Molecule #Q~ /~b  /~a ~ p~ ~r + / ~  /~ + / ~  values a 

Pyrrole t.31 180 0.78 O 0.53 180 2.52 0 1.21 O 1.99 0 
Pyridine 0.22 180 t.60 180 t.83 180 0.33 180 0.55 i80 2.15 t80 

Adenine 1.1t - t 11  1.59 53 0.71 27 2.34 75 1.24 80 2.86 64 
Thymine 1.20 -173 1.45 32 0.64 86 3.94 33 2.92 43 4.35 39 
Uracile 1.21 -170 1.53 36 0.70 87 4.20 29 3.08 36 4.61 36 
Guanine 2.23 153 2.24 -20  0.28 63 7.27 -29  5.04 -30  7.26 -27 
Cytosine t . 7 8 -  89 3.t7 84 t.41 75 6.39 108 4.70 t t 5  7.6i 102 

Contribution obtained from the net charges. 
b Contribution obtained from the atomic dipoles. 
o Sum of the first two components. 

As in Ref. [4]. 

1.8 
2.2 

3.0 

3.9 

the  detai ls  of  the  different  cont r ibu t ions  to  the  mome n t s  of the  nucleic bases 
(pyrrole and  py r id ine  are a d d e d  for comparison) .  The inclusion of  the  con t r ibu t ion  
of  the  a tomic  dipoles  is c lear ly  quite i m p o r t a n t  and  is in fact  necessary  for a good 
agreement  wi th  the  exper imen ta l  values  of  the  momen t s  (the d a t a  concerning 
pyr id ine  and  pyr ro le  are pa r t i cu l a r ly  ins t ruc t ive  in this  connection).  

B u t  the  mos t  s t r ik ing  fea ture  of the  d a t a  is t h a t  the  t o t a l  dipole momen t s  of 
the  nucleic bases  ob ta ined  b y  the  CNDO procedure  follow the  same t r e n d  as t h a t  
d i sp layed  b y  the  values  ca lcula ted  prev ious ly  b y  BERTttOD, GIESSNER and  PVT,L- 
mAN [4] a n d  a l r eady  presen t  in the  ear ly  s impler  eva lua t ions  [3, 17]: cytosine and 
guanine are predicted to have dipole moments o / the  same order o/ magnitude, much 
larger than uracil and thymine, themselves with a larger moment than adenine. 

The absolu te  values  themselves  are ve ry  s imilar  to  the  values  calcula ted 
previously .  The agreement  wi th  exper imen t  is sa t i s fac tory  for the  known cases of  
adenine,  t hymine  and  uracil*.  

Energy Levels and Transi t ion Energies 

a) Molecular Orbitals and Ionization Potentials 

Table  2 gives the  ind iv idua l  o rb i t a l  energies for A, G, C, U and  T. Al though  
such d a t a  mus t  ce r ta in ly  be t a k e n  with  caut ion,  i t  is no doub t  permissible  to  look 

* In the case of uracil the calculated value given in Ref. [ i l l  did not include the atomic 
dipoles. 
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Table 2. Occupied energy levels in the ground states o/the 
nucleic bases (eV) (sign reversed)~ 

U T C G A 

$g 

52.87 53.03 52.36 55.49 55.33 
45.09 45.87 44.91 51.27 50.39 
43.64 43.96 41.69 48.23 44.13 
40.22 41.59 38.85 42.73 38.86 
36.88 39.61 36.61 39.50 37.34 
32.25 32.88 31.66 38.98 33.94 
27.41 3t .98 27.75 32.08 30.41 
26.38 27.38 25.74 30.57 29.94 
26.36 z 26.90 zz 25.53 28.50 27.73 
25.71 26.75 25.45 27.82 z 27.07 
21.39 24.74 20.96 z 27.60 25.64 
20.07 ~z 22.21 20.01 26.48 22.62 
19.83 21.35 ~ 19.91 z 22.82 ~z 21.15 
t9.12 20.00 18.40 22.46 20.51 
18.65 z 19.66 t7.91 21.61 19.82 
17.72 19.22 ~z 17.20 20.60 t8.07 
t6.42 18.58 15.56 z 19.66 z 17.89 
13.83 g 17.56 13.68 19.55 17.31 
13.18 17.42 z 13.21 t7.38 t5.76 
t2.90 15.88 tl.81 16.75 15.11 
11.88 13.74 z~ 10.78 t5.65 ~ 14.14 

n t3.10 n 15.34 13.11 
12.85 15.08 z t2.57 
11.37 ~ 14.21 11.46 

13.11 z t0.08 
t2.77 
11.55 

z~ 9.06 

~ orbitals are indicated as such. All other orbitals are a. 

for t rends  and evolut ions  in such a family  of  compounds.  The highest  occupied 

orbi tal  ( "homo") ,  the energy of  which is an indicat ion of  the value  of  the ionizat ion 

po ten t ia l  of  the molecule and whose s y m m e t r y  is an indicat ion of  the s y m m e t r y  of  

the ionized species, is found to be ~z for all four D N A  bases as well as for uracil. The 

order of  decreasing energy (in absolute value) of  the " h o m o "  is the same as the  one 

obta ined  by  Par iser -Parr -Pople  ~z calculat ions [4], t h a t  is: 

U > T > C > A > G .  

In  par t icu lar  CNDO confirms the ve ry  low value calculated for guanine for which 

no exper imenta l  da ta  are available.  Al though  the numerica l  values are too large 
and too widely spread, there  is no contradic t ion with  the order of  the exper imenta l  

da ta  which indicate  for the ionizat ion potent ia ls  [18]. 

U > T > A = C .  

Whereas  the  highest  occupied and lowest e m p t y  orbitals  are ~z-orbitals for the 
four molecules, the  second highest  in energy is a a-orbi tal .  CNDO/2 cer ta in ly  
overes t imates  the  energy of  the  q orbitals  compared  to the z orbitals since this 
m e t h o d  indicates  a a homo for pyr idine and e thylene [13, 19]. H ow eve r  the inter-  
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mingling of the a and Jr orbitals calculated is strong enough to suggest tha t  par t  of 
the a electrons have an energy of the same order of magnitude as the z except the 
ones located on the highest orbitals. Similar results have been obtained in non- 
empirical all-electron computations on other conjugated molecules [14, 20, 21]. 

The examination of the coefficients of the atomic orbitals in the second homo 
shows that  in all carbonyl compounds, this orbital contains an important  contribu- 
tion of the oxygen atomic orbitals, the purest ones occuring in uracil and thymine. 
This second homo gives thus a rough measure of the relative value of the oxygen 
"lone-pair" ionization potentials : it is interesting tha t  uracil appears as the poorest 
n(0) donor and guanine as the best n(O) donor among these oxygenated bases in 
conformity to an earlier prediction of PVLL~A~ and RossI  [22] which also indicated 
that  in a given compound the oxygen lone-pairs should be more ionizable than the 
nitrogen lone-pairs, a conclusion supported by the present data. I t  is not really 
possible, however, to speak of nitrogen lone-pairs in the present calculation since 
they appear as strongly mixed with other atomic orbitals in the molecular orbitals. 
Thus "energy-wise" there are no lone-pairs on nitrogen in the sense tha t  they do 
not appear as separately ionizable insofar as the energies of the molecular orbitals 
can be taken as meaningful from the point of view of ionization. I-Iowever "popula.  
tion-wise" the total a-population of each pyridinie nitrogen shows very little loss 
or gain of electrons with respect to the classical image of three sp ~ orbitals occupied 
by four electrons. In  fact, strangely enough, at  the end of the calculation a typical 
a-population of the pyridinie nitrogens is s 1.4 (xy) ~.6, wery close to sat a (xy)S/a. 
Whether this is the real image of the electron distribution remains to be elucidated 
and will be discussed further elsewhere. 

b) Exc i ted  States 

The transition energies calculated from the ground state orbitals are given in 
Table 3. As to be expected from the parametrization of CNDO/2 [19] the calculated 
values are too large by  an order of magnitude. Nevertheless they indicate that  
guanine and cytosine absorb at  longer wavelength than 
adenine and thymine, in agreement with experiment Table 3. Calculated values o/ 
[23] and with previous ~ calculations [24--26]. In  the /irst transition energies 
addition, the bathoehromie shift observed from uracil (eV) 
to thymine is very well reproduced. The inspection of Base Singlet Triplet 
the orbital energies in thymine and uracil shows tha t  
this bathochromie shift is only due to a rising of the A 9.2 6.5 

U 9.3 5.9 
highest occupied orbital; the two compounds have T 8.9 5.6 
their lowest empty  orbital at  the same energy. As con- G 7.6 6.0 
cerns the triplet states, thymine is the base having the C 8.3 6.6 
lowest first triplet. This result is in accord with the 
experimental result which attributes to this molecule the phosphorescence of 
DNA [27]. Further calculations are in progress by  improved CNDO procedures 
with a particular emphasis on the improvment  of the calculated energy values and 
will be reported later. 

I t  seems tha t  the numerical discrepancy of the calculated energetic quantities 
with the experimental data does not affect appreciably the wave function obtained. 
This is suggested by  the comparison of the distribution of the unpaired electrons 
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Fig. 2. Unpaired electron distribution in the firs$ SCF excited states 

in the first excited state (Fig. 2) and the corresponding result obtained in the 
Pariser-Parr ~r-electron approximation [25]. In  addition to the large fraction of 
unpaired electrons located on the Ca-C s bond of thymine, CNDO/2 confirms tha t  
a net decrease of the C5C 6 ~ bond order accompanies the excitation of this molecule 
(0.842 in the ground state and 0.348 in the first excited state), features which 
appeared in all the different refinements of the ~-clectron approximation [28]. 

Conclusion 

The present work confirms tha t  the CNDO/2 procedure is appropriate for the 
calculation of dipole moments  and tha t  even though the numerical values of the 
energies cMculated are not accurate, they reprodnce in a reasonable qualitative 
fashion the most outstanding features of the experimental facts. 

On the other hand, it has been shown tha t  a simultaneous t rea tment  of all 
valence electrons with no hypothesis on the valence state of the atoms involved 
led to an image of the electron distribution quite similar in many  respects (dipole 
moments,  7~ electron displacements, spin densities) to the image obtained by  more 
empirical procedures. I t  seems tha t  a localized-bond procedure for the a electrons 
added to an adequately parametrized SCF procedure for the z electrons gives a 
global representation of the electronic structure of this kind of molecules which is 
quite satisfactory, probably owing essentially to the fact tha t  the choice of the 
Pariser-Parr-Pople 7~-integrals was carefully made [4] on a series of reference 
compounds, taking into account the presence of the underlying a structure [i], so 
tha t  one could not speak of a completely independent t rea tment  of the (; and 
systems. 
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