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Abstract

The influence of the hydrogen bonds on the orbital energies and the distribution of charges in the
elements constituting those bonds, for « electrons is analysed. The distribution of charges in the 4 — T
pair separately considered is calculated by means of Hiickel's Extended Method. A simplified model to
calculate the interaction between 7 clectrons in one of the bases and o and n electrons in the comple-
mentary one is also considered. We have used the theory of separated electronic groups to calculate
that interaction.

The calculated variations are discussed.

1. Introduction

Investigation of the electronic structure of the 4 — T'and G — C bases of the DNA
molecule is of marked interest in proving certain facets of very important biological
processes, such as mutations, ageing, origin of tumors, etc. Of course, detailed com-
prehension of the whole physicochemical phenomena involved in the processes referred
to will require many years of varied investigation in various branches of biology, physics,
chemistry and mathematics, but amongst the many queries arising, the charge distribu-
tion in the pairs of bases is of special interest, since a reasonable approximation, or at
least a semi-quantitative one, may be arrived at from the results obtainable through
the utilisation of certain common ordinary working methods in quantum chemistry,
such as those of Hiickel, Pople, the separated electronic groups theory, etc.

In recent years various authors have undertaken this task of analysing the electronic
structure of the constituents of DNA, amongst whom we may cite PULLMAN and PULLMAN
[14], REIN and Labpik [16] and REIN and HArris [15]. The numerical results obtained
can be used as adepuate material to analyse the accuracy of the hypothesis developed
by LOwDIN [9, 10], as one of the more interesting possiblities.

The problem of determining the electronic structure of the 4 — T and G — C base
pairs is very difficult because of the number of electrons involved ; therefore, the methods
used in this determination are of a semi-empirical character. If to this difficulty we add
the fact that the electronic structure of the base pairs also depends on their location
in the DNA molecule and of the surroundings in which the molecule is placed, it is
evident that investigation of the electronic structure of the base pairs is far from exhaust-
ed, and this fact has led us to undertake our own studies in the manner described below,
enabling us to arrive at the conclusions we have set down.
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2. Method Employed

Since the determination of the structure of DNA, considerable work has been done
towards the calculation of its electronic structure. One approach has been to apply
approximate molecular orbital calculations to the base pairs; in this paper the calcula-
tions are performed using the Hiickel Theory. In this approximation each molecular
orbital is given as a linear combination of atomic orbitals:

¢ = Z,QJ'I’J 1)

Minimization of the total energy by the variational principle leads to the set of secular
equations:

Z [HU - ES”] C‘J = 0

The basis set is built up of Is orbital of H, of one 2s and three 2p for each C, N and O
atoms present. The diagonal matrix elements (Coulomb integrals of the type H|,

= "w,Hw, dr) are usually chosen as valence state ionization potentials, and the parti-

cular values used are given by JORDAN and PULLMAN [7], the off-diagonal matrix ele-
ments are approximated by the use of the Wolsberg-Helmholtz formula:

Hu = O'SK(H“ + HJJ) SU (2)

where H,’s are the orbital valence state ionization potentials and S,, is the overlap
integral. A value of K = 1-75 is generally used as suggested by HOFFMANN. Hoffmann’s
method will have to be throughly investigated before its advantages and disadvantages
are fully revealed. The possibility of including o electrons in the theory have been
seriously criticized by DEWAR [5, 6]. Nevertheless, we have used this method for x elec-
trons. The system was assumed to be planar for all calculations, then the orbitals of
s-type symmetry can be separated since ¢ — m matrix elements vanish. The starting
approximation was taken to be that of two separated bases and the off-diagonal matrix
elements were assumed to be zero for distances larger than 4 A.

The interaction between the complementary bases was calculated using the theory
of separated electronic groups and this theory proved clearly applicable for the follow-
ing reasons:

Having calculated the orbital energies and their corresponding eigen-functions, we
are faced with the problem of calculating the interaction effects between the = electrons
of one of the bases and o and = electrons of the complementary base. The applicability
conditions of the theory (cf. BALLESTERO and SORARRAIN [1]), are very satisfactorily
fulfilled since the overlapping integrals between the orbitals o of one of the bases and
the orbitals x of the other are eliminated by reasons of symmetry, while the overlapp-
ing between orbitals x belonging to the complementary bases is practically nil, since
their inter-atomic distances exceed the 3 A, that is, they fulfil validity conditions demand-
ed in a very satisfactory way.

Prior to the application of the theory of separated electronic groups, we will briefly
summarise the elements of the theory referred to which have been used:
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a) The wave function for a system of N electrons is expressed as an anti-symmetriced
product of partial wave functions, each one of which corresponds to a particular elec-
tronic group within the molecule:

A1L,2. . N)=[A4,(1,2 ... N) AN, + 1 .. N, + Np) ... A ...] 3)
or else:
A(1L,2 .. N)=(NYN TN, L Ng! ...)Z(—l)" PA A, ... A ..) “4)
P
with
Z Nl\' = N
K

where P is the permutation operator for electrons corresponding to different groups,
and (—1)P is their parity.
b) The wave functions corresponding to the different groups are normalised

.|' 1A,(1.2, ..., N)? dyy = 1 (5)

¢) There is a set of molecular orbitals {¢,} which can be assigned to different {¢.}
sub-groups, where 7 denotes the particular electronic groups, and « is the corresponding
molecular spin orbital. Therefore, the .1, wavefunction corresponding to the group /
can be expressed as:

A(1,2, N) =Y 41D)(1,2, ... N) (6)

where

D12, ... Ny) = (61,(1) $1,(2) ... $ry(x) ... dow (VD)) @)

is the Slater determinant, built up with functions {d::a}, where r indicates the configura-
tional determinant, « is the molecular spin orbital, and 7 is the corresponding electronic

group.
Condition (c) is equivalent to the orthogonality condition between groups:

[A,*(l,z, oy NYAL, 2, v, Nj)dr, =0 (8)
From the above consideration we can infer that the total wave function is normalised:

[14(1,2, ... N)f? dr, dr, ... dry = | )

d) The orbital energies and their corresponding wave functions can be resolved
regardless of the remaining groups.

When the interaction between groups is considered, a correction for the orbital
energies becomes necessary. Therefore the following operator, characteristic of this
interaction, appears:

Hi(1) = =3 (Z,/ry,) + 3 G(1) (10)
n 1¥K

where 7 denotes the set of nuclei belonging to the remaining groups, Z, are their positive
charges; 1 is the set of coordinates relative to the electron described by molecular spin
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orbital ¢4 within K group, when the coupling between the various groups is not con-
sidered.

The corresponding correction to the orbital energy £, will be:

s = =L 2, [ () Wiriy) Sl dry + T [ () GO (D dey - (1D

where
Gi(n) = Y, A7 A4,GL"(n)
a(r,s)
and
N
My
Y = (I (term with & = »)
alr,s)
(IIT) a factor Ox

I. when the determinants are identical, i.e. @, = @}; II. when the determinants differ
only in the molecular spin orbital, v, i.e., when only ¢}, + ¢.,, and IIl. in the remaining
cases.

Further

GL(1) = J™(1) — KE()

a

where

1) §(1) = [ 422 L02) (112 H1) dr (12
KL (D) $) = [ $122) $L(1) (1fr,) $2) d 3

Operators (12) and (13) are usually called Coulomb and exchange operators.

In order to apply the theory of separated electronic groups, we shall consider, for
each molecular orbital, as significant only the interaction between atomic orbitals
belonging to the same hydrogen bond.

The interactions considered in these bonds involve the analysis of ¢ and 1 electrons.

For instance, let us take a hydrogen bond having the following form:

as it is seen between the 8th. and 11th. atoms of the adenine-thymine pair. Thus if,
for example, we wish to correct the orbital energies corresponding to the molecule to
which N, (adenine, in this case) belongs, the electronic and electron-nucleus interaction
between both molecules must be considered. For the electronic interaction, the correct-
ing terms for the orbital energies have the form:

[ 81 $502) (1/r,2) $(1) $562) dr — [ S()B)(2) (1/r12) $(2) $i(1) dryz (1)

If it is assumed that ¢, is the molecular spin-orbital corresponding to level ¢, in one
of the pairs, adenine for instance, ¢} is the orbital corresponding to level ¢; in thymine.
The first integral is independent of the spin states corresponding to orbitals ¢, and ¢;;
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while the exchange integral will be zero if the spins corresponding to both orbitals are
antiparallel. When correcting the orbital energies in one of the base pairs, we shall
consider significant only the interaction with the occupied levels of the complementary
base; this renders all coefficients A, corresponding to “excited configurations” neg-
ligible.

If we consider the type of interaction @ — = between both molecules, the integrals
taken into account are reduced to Coulomb and exchange integrals between the orbitals
7 of the nitrogens N, and N, multiplied by the coefficients corresponding to them in
their respective molecular orbitals. The 0 — 7 interactions are more complex and require
a more detailed analysis. For instance, if we wish to correct level ¢, in adenine, in a
general way, valid for # — 7 or 0 — 7 Coulomb interactions, we can write:

[ erpaD [eiyil2) + ci912) + 39D + capin@) + c5piD)] (1/r12)
o ' ’ ' ' (15)
clwn(l) [01%(2) + CZ'Pn'(Z) + CJ'IJ n(z) + C-twﬂ(z) + C;w;(z)] dTlZ
where orbitals y,, ¢ 7,y -, ., are supposed to be located in N, belonging to thymine
and yy is in the hydrogen of the bond. Orbital % is pointed in the N, — N, direction,
while y. . are supposed to be forming orthogonal triad with g, that is to say, Kotani’s
notation has been used; (KoTANI, AMEMIYA and SIMOSE [8]) where y, indicates the
atomic orbital (2s).
Thus, in applying the approximation proposed by MULLIKEN for the integrals located
in three centres, we have:

2 12 ’ ’2 2 ’2 r 2
3! [Cl Dnono+ C1C4Sothdno+ C2 Dm:’rm’+ C3 Dm:mz+ Ca M1m+ clcSSsthm'*' Cs Dnsn-s]

(16)

Proceeding in the same way with the exchange terms, the result is:
’ ' ' 2 ’
Cf [clzcnoun + 2(‘1 CSCnosn + CZZCm'n’n + Cq Nm’: + CSZCﬂ:ssn] (17)

For the hydrogen bond N--H------ N between the 8th. and 11th. atoms of the
adenine-thymine pair, for the adenine correction, integrals D and C have been taken
for a distance R = 3 A, while S,,, S, must be taken with R = 1A, and M, N,
should be taken for R = 2 A. The notation used in formulas (16) and (17) is also the
same as given by KOTANI. AMEMIYA and SIMOSE (8].

Formulas (16) and (17) are of a general character, and are valid foro — mand n — =
interactions. Thus, for the ¢ — =z interactions. C; = C; = 0, but if, to the contrary,
the interaction is of the 7 — w type, C; = C3 = C4o =C5 = 0.

The coefficient C, is equal to C(i, 8) for the adenine, where i is the i-th level of this
base. The coefficient C; = C(j, 11) has the same meaning for thymine, where we must
sum over all the occupied levels, multiplying by two in the Coulomb terms, while in
the exchange terms only a simple addition will be necessary.

The determining of the coefficients corresponding to the o pairs of electrons requires
a more detailed example. Thus, for instance, considering N,--H-—--N,, there are
two pairs of electrons establishing the hydrogen bond. If the correction of the orbital
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energies and the eigenfunctions corresponding to adenine are sought, only the inter-
action of this base over the localised N, : H pair will be considered, as pair H: N,
would be included within the first approximation established when calculating the bases
separately be means of the above mentioned method given by JORDAN and PuLLMAN [7].

In the same way, if the corrections corresponding to thymine are considered, the same
preceding arguments are valid when N, interacts with the localised H: N, pair, but
the integrals S,,, S,, must be taken with R = 2 A, and M, N, with R = 1 A.

The interatomic distances have been taken as equal to 3 A in all hydrogen bonds.

To calculate the coefficients corresponding to the atomic orbitals used, let us proceed
as follows:

Assuming a hydrogen bond in the form X--H------ Y, the atomic orbitals will be:

w; = (1V3) (S, + V2 P,,) (18)
wy = (1N3) (S, + V2 P,y (19)

The atomic orbitals S,, P,, are presumed to be located in the X atom, whilst S,, P,,
will be located in the Y atom.

It is easy to associate either orbitals (S, = y;; P,, = yo) or (S, = y.; P,, = w,) with
the orbitals used in the preceding discussion, depending upon from which base the inter-
action 1s considered.

We then have, following a somewhat similar treatment to the one given by PAOLONI

(i,

| m,w,dz, = 0 (only approximately) (20)
_|’ 0,0, dr, =8, = (1/v'3) (Sxs + \'2 Sy on) (1)
[wbide, =6, = AIN3(S, +25,0) (22)
fﬂ, dr, =1 (23)

where 0 are the overlapping integrals between the orbitals located in H and the X and
Y elements.

The orbital (1s) pertaining to the element H has been taken as orbital 6, located
in H.
Let us considerer the molecular orbitals:

¢, = Ny(w, + 20,)

¢, = Nx(w, + 16))
where
Ny = +2+238,)" Y2 N, =( + 5 +296)" 12

If ¢, and ¢, are assumed to be orthogonalised. the result is:

8,
o, + 4

"= - (24)
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with these two spatial orbitals four molecular spin-orbitals can be built up, having the
form:

$1$:1$292

which allow us, within (16) and (17), to identify the coefficients corresponding to atomic
orbitals y;, v., ¥., yn, depending upon whether we deal with the interaction N, with
N,;:H or N, with H: N,. The stated model is not in fact rigorous but it seems to us
a plausible approach, particularly if it is taken into consideration that the fundamentally
unknown coefficient A can be varied within reasonable limits.

The matrix elements between the eigen-functions corresponding to different states,
necessary to calculate the disturbed terms introduced by operator (10), resolve themselves
immediately by analoguous considerations to those given in the preceding remarks. For
example, for the matrix elements between ¢, and ¢,, in adenine, ¢ must be replaced
by c,c,, where C, = ((i, 8), C, = C(/, 8) in formulas (16) and (17).

For one electron operators the matrix elements follow at once. The effective nuclear
charges for the elements in each hydrogen bond have been estimated by means of the
expression Z — s, s being the corresponding value, according to Slater’s rules for the
electrons which had not been considered.

For the calculation of the disturbed eigen-functions, the theory of perturbations has
been used up to the first order. For each perturbated state its interaction with all other
available orbital levels was considered.

The charge density on atom r can be expected to be given by

q = Z qrj d’! = Z CieWr

where
qry =10y f ¢7¢/ dv

is the fractional part of the n; electrons occupying the jth MO associated with a given
atom r, (g,, is given in units of electron charge e).

The integration is limited to a space in the immediate neighbourhood of atom r.
Expressing the above quantity in the basis y, and assuming that for integration in
the neighbourhood of atom r

J. 'P:‘ws dv = Ssr

—

[ ¥t o

[ tviar

I
=

we have for ¢, the same formulas given by CHIRGWIN [4], or PILAR [12]. These formulas
were used with the coefficients {c,} obtained before and after the application of the
theory of separated electronic groups.
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3. Numerical Results and Discussion

Taking into account that the initial values corresponding to the separately considered
bases depend upon semi-empiric constants obtained from other molecules. we have
principally analysed the variation order introduced by the hydrogen bonds.

The resultant values for the elements involved in the hydrogen bonds are as follows:

H
Cy
|
Y c "y
N _/wN\ L/ 0 RN
Cis ¢ ~y H
| vy
y . ‘10
_— 15 N
H \17/ H<

3
Oy ‘ l $C—H
¢’ Cz 1/
NG S T
H
Thymine Adenine
Fig. 1.

Table 1. Electronic distribution

Adenine-Thymine

Separated
Extended
Hiickel Method
8 1-314
10 1-866
11 1-783
13 1-502

For the calculation of Table 1, the elements H,, given by (2) have been considered
as non-zero for each pair of i, j elements belonging to the same ring, or in general for
distances larger than 4 A.

The attainable approximations, applying the above method, is based upon the trans-
ferability of semi-empirical parameters in molecules, assuming also that they are cha-
racteristic for each union type, independent of their location within the molecule.
These circumstances can lead to considerable differences with the actual values; thus,
we consider it more adequate to analyse the variations arising from the distribution of
charges corresponding to n electrons as a consequence of the formation of hyvdrogen
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bonds connecting the complementary bases in the DNA, than to presume these varia-
tions to be less sensitive to the above mentioned factors. Considering that the previously
definided 2 does not have a known value, we take into our consideration the interaction
effects corresponding to several values of A. The 4 values been taken as having the same
value for all hydrogen bonds belonging to the same type. That is why the paraméters
A for N--H---N and 1’ for N--H----O have been used. The combinations in-
volving different values of the parameters corresponding to the same type hydrogen
bonds are, in general, comprised within the range of tabulated values.
The following values have been obtained:

Table 2. Electronic distribution

i 08 09 095
08 1355 1357 1358
8 o9 1362 1368 1369
o 98 1821 1819 1817
0 o9 1819 1817 1816
08 1725 1724 1723

1 09 1721 1721 1721
08 1-546 1547 1-547
13 09 1542 1-544  1-545

The results obtained show the variations of charges and orbital energies introduced
by the hydrogen bonds. There are only slight variations in the electronic levels (s. Tables)
and the wave functions have only a little change for each base. (We have considered all
levels up to the second excited one on each of the bases.)

Table 3

Adenine A—T Thymine A—T
—13-8753 —13-6125 —16-3063 —16-0824
—12:5845 —12:2542 —13-5104 —13:5501
— 6-8654 — 6-5453 — 64956 — 6-3148
-- 6:0550 — 6-2561 — 3-1939 -~ 32197

Two highest filled and two lowest empty orbitals in both
bases (ev).

In any event, the most attainable conclusion, from the numerical results given in
Table 2, seems to be that the electronic charges corresponding to the elements under
consideration show a small variation in terms of 4 and A'. The range of obtained values
implies that the variation produced in the elements under consideration remains fairly
independent within the variation interval of 2 and 4’. (This range has been selected in
view of the relation between, and the dipolar moment for, N--H given by CouLson [3].)
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4. Last Comments and Final Conclusions

The theory of separated electronic groups proves to be adequate for the treatment of
the influence of hydrogen bonds in the A — T pair. The introduction of the theory
of perturbations by use of the perturbations by use of the perturbation operator defined
by means of formula (10) and (11) is particularly rigorous, since the ¢ and x electronic
configurations fulfill the orthogonality condition (8). Furthermore, the started treatment
has other advantages:

a) The treatment is valid for any starting approximation in calculating the separately
considered bases, with no restriction other than the expression of the corresponding
molecular orbitals through linear combinations of atomic orbitals. It can be used,
therefore, with different methods, and not only with this given herein.

b) It allows of considerable improvement with very slight modification, or none at
all, in its essential delineation. For instance:

I. The integrals located in more than two centres can be calculated in a more satis-
factory manner than through Mulliken’s approximation.

1I. It easily allows the analysis of dependence of the perturbations obtained by inter-
action between both bases in terms of the semi-empirical constants used in the
calculation of the separately considered bases.

ITI. Hiickel’s method applied to o’ electrons still presents very serious doubts in our
mind, and we have, therefore, given up using it. However, if this method should
succeed in proving its validity, the formalism here used permits *ab-initio”’ calcula-
tions with no necessity to estimate the coefficients corresponding to ¢ orbitals by
means of plausible *“ad-hoc” hypotheses. The authors consider this possibility
of improvement to be by far the most important one.

c) The theory of perturbations allows a faster determination of the orbital energies
than the distribution of charges or the bond orders, particularly if all electrons (o and =)
are included.

The orbital energies are very important because of the formula

E¥ =Y ng + G-

for the total energy of the state & it is possible to analyse the variation of EX from the
position of the hydrogens in each one of the hydrogen bonds, if it is assumed that G
is independent of k£ and the hydrogens position. The change of EX as a function of the
hydrogens position is closely linked with the possibility of the proton transfer in the
considered state. Specifically, it is very interesting to determine the conditions under
which protons may transfer from one member of the base pair to the other, thus alter-
ing the genetic code. These results should be compared with those obtained from other
authors, e.g., BLizZARD and SANTRY [2] whose calculations were performed using
CNDOJ/2 method described by PopLE and SEGAL [13].
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