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Summary. - -  The doable-minimum potential generated by the proton 
motion involved in the two hydrogen bonds of the adenine-thymine base 
pair can be accounted for through the orbital-energy spectrum. The 
results show that the greatest interaction between the molecular orbitals 
is found when the interprotonic distance of the protons is optimum, i.e. at 
the top of the barrier of the double-minimum potential. This raises the 
question of charge transfer electronic transitions as a possibility of 
modelling the behaviour of the double proton transfer in the excited states 
of this base pair. 

PACS. 31.20. - Specific calculations and results. 

1 .  - I n t r o d u c t i o n .  

Semi-empirical quantum-mechanical  calculations have been recently used 

to determine the double-minimum potential originated by the double-proton- 
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t ransfer  (DPT) process in some hydrogen-bonded complexes (~-e). The results 
were qual i ta t ively similar to those obtained by  ab initio techniques (7). In  
part icular,  the  form of the  potent ial-energy curve and the  height of the  bar- 
r ier  separating the  two minima are sometimes believed to influence the bio- 
logical behaviour  of DI~A (~). The present  paper  deals with the  in terpre ta t ion 
of the  double-minimum-potent ia l  barr ier  of the adenine(A)-tbymine(T) base 

pair  through an analysis of the  SCF orbital  energies. 

2 .  - T h e o r y .  

Recent ly  RUE])E~E~G (9) building upon a work by  POLITZER (:o) has sug- 
gested tha t  the  to ta l  Har t ree-Fock SCF energy 

k 

where ek is a SCF orbital  energy with occupation number  v~, V is the  
nuclear-nuclear repulsion energy and V~o is the  electron-electron repulsion 
energy, can be approximated  by  

E = 

at  equilibrium nuclear separations. Rat ional izat ion is thus provided for the  
extended Huckel  method  and for discussions of Walsh's rules in which to ta l  
energies are replaced by  orbital  sums. 

In  more recent  studies it  was shown (1:) t ha t  relat ion (2) with c ~ 1.55 
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is still inadequate  to discuss geometric molecular stabilities and tha t  any quan- 

t i t y  defined as a multiple of ~ vks k does not  even show a minimum at least 

along a stretching co-ordinate within a molecule. Moreover, on using eq. (2) 
only for valence orbituls, it was predicted tha t  c takes its maximum value when 
the  molecule is in its equilibrium configuration (~2). Fur ther ,  it  was shown tha t  
relat ion (2) is valid with v = 1 when all the eigenvalues (valence plus inner 
orbitals) are included. But ,  when only the valence eigenvalues are considered, 

the constant relating the total  energy to the sum of the eigenvalues t imes 
their  occupancy can be used analytically, since it is related to the stabili ty 
of a given conformer and reflects the bond length variat ion in nonstable con- 
formers. 

From the relation 

(3) AE = Ae ~ vkA % 
k 

it  can be observed tha t  the variat ion of the molecular energy in DPT processes 
can be characterized by  the orbital-energy shifts Ask. Therefore, as a continuation 
of our studies on the double hydrogen bonding in the A-T base pair (2,4)7 we 
wish to present our findings on the SCF orbital-energy correlation and orbital- 
energy shifts of this part icular  hydrogen-bonded complex. 

3.  - R e s u l t s  a n d  d i s c u s s i o n .  

Computations were performed with the CNDO/S-CI procedure (la) as de- 
scribed earlier (s-'). The numbering structure of the hydrogen-bonded system 
under consideration is shown schematically in fig. 1. Bond lengths and angles 
were obtained from ref. (14) and references cited there.  The interatomic dis- 
tances for the  atoms involved in the hydrogen bonds were taken  from ref. (15). 
The problem in some of these studies is that ,  since the exact geometries of the 
rare tautomerie  forms are not known experimentally,  the energies were de- 
termined by  using assumed geometries, which retained the ring structure of 
the  normal form for the  rare form. Protons H~9 and tI3. (fig. 1) were allowed 
to move independent ly  along the lines joining Nlo and Oss and joining N1 
and N15, respectively. All other nuclei were held stationary. 

(12) M. A. WHITEHEAD: J. Chem. Phys., 69, 497 (1978). 
(13) Calculations were performed on an IBM 360/50. The closed-shell CNDO/S program 
was obtained from the Quantum Chemistry Program Exchange, Indiana University, 
Bloomington, In. 47401. 
(14) L. E. SUTTON: Chem. Soc., Spec. Publ., 11 (1958); 18 (1965). 
(15) S. ARNOTT, S. D. DOVER and A. J. WONACOTT: Acta Crystallogr., Sect. B, 25, 2192 
(1969). 
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Fig. 1 . -  Adenine-thymine base pair. Hydrogen bonds are shown as dashed lines. 

Figure 2 shows the orbital-energy correlation curves of both normal and 
tautomeric configurations of the A-T base pair. I t  can be observed that  the 
behaviour of the a- and ~-MOs is quite different. 

The rr and ~r* orbitals are localized on the same molecule (A or T) through 
the DPT process. In general, the interaction takes place between pairs of 
rr-orbitals close in energy and localized in different molecules (A-+A* or 

T -+ T*). 

The maximum interaction is observed at the position of minimum inter- 
protonic distance, which in turn corresponds to the top of the double-minimum- 
potential well. The behaviour of the MOs is particularly interesting which in 
the normal form of the base pair correspond to the HOMO-3 and HOMO-4 
localized on A and T, respectively. These are correlated with the HOMO-3 
and HOMO-4 (~r character) localized on T and A, respectively, of the tautomeric 
configuration. We postulate a nonallowed intercrossing at the position of 
maximum protonic approach. This behaviour can be rationalized as due to the 
variation of the lone-pair character of the MOs involved in the hydrogen bonding. 
The ttOMO-3 is localized on the nitrogen of the 1~--I~-- -- --1~ bridge with 34 % 
of relative localization in the normal configuration; it increases to 39 % at the 
top of the barrier and decreases to 26 % at the tautomerie position. The lone- 
pair character of the HOMO-4 is somewhat modified during the DPT process. 
In fact, its relative localization at the nitrogen of the other N - - - - - H - - O  
hydrogen bridge is 53 % at the tautomeric position, 48 % at the top of the bar- 
rier and reaches 53 % at the normal position. 

Similar behaviour show the LUSIO and LUMO+lr r  virtual eigenvec~ors. 
This accounts for the existence of singlet and triplet ~r*+- z charge transfer 
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Fig. 2. - Correlation of the SCF orbital energies for the double proton transfer of the 
adenine-thymine base pair. N normal position, M maximum approach of the protons 
involved in the double hydrogen bonding, T tautomeric position. (A) adenine, (T) 
thymine, (D) delocalized. 
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Fig. 3. - SCF orbital-energy shifts for the double proton transfer of the adenine- 
thymine base pair. AE. stabilization energy, AE d destabilization energy. (A) adenine 
(T) thymine. 

electronic t ransi t ions  computed  through SCF-CNDO/S-CI  calculations (3,1e). 
As to the  behav iour  of the  g-MOs, i t  was observed tha t  dar ing the  D P T  

process they  modi fy  the i r  re la t ive  localization. These MOs were found to be 
localized on bo th  units  of the  pair  in bo th  normal  and t au tomer ic  configurations. 
I t  is impor t an t  to point  out  t ha t  the  SCF orbi ta l -energy correlation curves 
show, in general,  a change of the  slope a t  the  top of the  double-well potent ia l .  
I n  particulur~ this behaviour  is nea t ly  observed in the  MOs localized in the  
a toms  involved in both  hydrogen bonds. 

(16) j .  M.~A~dN, H. GRINBERG and N. S. NUD]~Li~IAN: Int. J. Quantum Chem., 22, 
69 (1982). 
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We have  also studied the  spectral  decomposit ion of the  orbi tal  energy shift 

(eq. (3)) as a function of the  orbi ta l  energy a t  the  posit ion of to ta l  m in imum 

energy of the  normal  configuration. The results are shown in fig. 3. ~We can 
see the  a-orbitals,  t h a t  in general are found to be delocalized on both  units,  
show a regular behaviour  in three  different energy zones: the  first zone 
(deepest energy orbitals),  f rom - - 3 2  eV to - - 5 1  eV; the  second zone, f rom 

- - 1 8 e V  t o - - 3 2 e V ,  and the  th i rd  zone, f r o m - - 1 0 e V  t o - - 1 8 e V .  In  each 

of t hem it  can be observed tha t  the  orbi tal-energy shift  has init ially a de- 
stabil izing character  and te rmina tes  with a stabilizing character ,  bu t  no re- 

pet i t ion of this t rend  was observed in other zones of the  orbi tal-energy spec- 

t rum.  To the  first zone contr ibute  bo th  the  2s orbitals of the heavy  a toms and 
the  l s  orbitals of hydrogens involved in bo th  hydrogen bondings. In  the  second 

zone an intercrossing is produced of the 2p orbitals, while in the  th i rd  zone the  

orb i ta l  interact ion is regulated by  the  lone-pair  contr ibut ion to the  eigen- 
vectors.  As to the  behaviour  of the ~-orbitals (localized e i ther  on A or on T) 

t h e y  do not  show a so pronounced regular i ty  us tha t  shown by  the  a-MOs in 
t he  th i rd  zone of orbi tal  energies. 

The contr ibution to the  to ta l  energy destabilization for the  a-orbitals is 

~kAsk = 1.712 eV 
kea 

and  for the  ~-orbitals 

vkAs k ---- 1.078 eV. 
kE~ 

Since the  var ia t ion of the  to ta l  energy in the  D P T  process is 2.289 eV (see 

~able I) ,  the  consequence which emerges is t ha t  the (( overall  change ,) of the  SCF 
orbi ta l  energy is the  determining factor  governing the  D P T  process. 

TABLE I. -- Total energies and sum of the SCF orbital energies ]or the adenine-thymine 
base pair. Energies are given in eV. 

Configuration - - E  (eq. (1)) --Evke~ (eq. (2)) c 
k 

A-T (normal form) 1912.176 2150.694 0.8891 

A*-T* (tautomeric form) 1909.887 2428.984 0.7863 

As to expression (2), i t  can be observed in the  table  tha t  the  results are 
consis tent  with what  was previously pointed out (1~), i .e ,  since the normal  
configuration is more stable, its c value has to be greater  than  tha t  of the tauto-  
merle  configuration. 

Leaving the  conclusions of purely biological interest  aside, one result which 
is re levant  for the  present  s tudy appears.  Since the  steric conditions are 
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favourab le ,  t he  h y d r o g e n  bonds  do no t  i n t e r r u p t  t he  con juga t ed  s y s t e m  en- 

t i re ly .  A small  a m o u n t  of con juga t ion  persists .  

F ina l ly ,  i t  should  be emphas i zed  t h a t  t h e  co-opera t ive  p r o t o n  mo t ion  in 

m u l t i c o n n e c t e d  h y d r o g e n  b o n d  s y s t e m  and  its coupl ing  wi th  electronic m o t i o n  

p lays  an  i m p o r t a n t  role in ferroelectr ic  sys tems.  This p rob lem,  which  is some- 

t imes  be l ieved  to  inf luence t he  b e h a v i o u r  of t he  pro te ins ,  ce r t a in ly  mer i t s  a 

t h o r o u g h  inves t iga t ion .  Obvious ly ,  t he re  is an  overa l l  se l f -consis tency be tween  

these  resul ts  and  t he  s imi lar  resul ts  p rev ious ly  discussed (1~). 

The  au thor s  are  g ra te fu l  to  C O N I C E T ,  l~epfiblica Argen t ina ,  for  a research 

g r a n t  in suppor t  of this  work.  

(17) See, for example, S. BRATOZ: Adv. Quantum Chem., 3, 209 (1967). 

�9 R I A S S U N T O  (*) 

I1 potenziale a doppio minimo generato dal movimento dei protoni eoinvolti nei due 
legami a idrogeno della coppia di basi ademina-timina pub essere preso in considerazione 
attraverso lo spettro di energia orbitale. I risultati mostrano c h e l a  maggiore intera- 
zione t ra  orbitali molecolari si t rova quando la distanza interprotonica dei prodotti  6 
ottimale, cio6 nel punto pid alto della barriera del potenziale a doppio minimo. Ci6 
solleva il problema della transizioni elettroniche con trasferimento di carica come una 
possibilit~ di regolare il comportamento del doppio trasferimento di protoni negli stati 
eccitati di quests coppia di basi. 

(*) Traduzione a eura della Redazione. 

Op6nTam, nbte SCF 3Hepnm B nponeece ~aofiaoro nepenoca HDOTOHOB ,~JISl napta 

OCHOBaHHfi a~emma t4 TIIMIIHa. 

Pe31oMe (*). - -  1-[OTeHItnan c ~BOHHbIM /r o6pa3OBaHUbl~ 3a cqeT ~B~I~CeHHn 
rlpOTOHOB, y~aCTByIOII1HX B ~ByX Bo~opo~H/alX CBfl3~tX napbI OCHOBaHH~ a~ermna n TnMHHa, 
MO~eT ~laITb 06~,~cHer~ c nOMOtUbro crleKTpa op6aTa~bno~ 3Heprna. Pe3yJmTaTbt noKa3bI- 
namr, aro Haa60nbmee B3aRMo]Ie~CTBHe Me)K~ty MOfleKysI~pItblMH op6HTa.rISMH BO3HHKaeT, 
~or~a paccTofli~He Mem)Iy npoTOHaM~ ffBnneTcff OHTHMa~BRBIM, T.e. na BepHmne 6apbepa 
rtoTeHi~nana c ~ayMa MI/HHMyMaMH. IIpH 3TOM BO3HRKaeT BoIIpoc O BO3MO)KHOCTII MO- 
~e~IHpoaarmn noBe2IeR~ ~aOi~noro nepeaoca npOTOHOB B ao36y~K]IeHribix COCTOJ~HRSX 
aTOR nap~t ocaoBanm~. 

(*) Hepesec)eno peOamlue~t. 


