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Abstract
Electronic density of states (DOS) histograms and of the nucleotide base stack regions of a segment of human
oncogene (both single and double stranded, in B conformation) and of single-stranded random DNA base stack (also in
B conformation), were calculated. The computations were performed with the help of the ab initio matrix block negative
factor counting (NFC) method for the DOSs. The neglected e!ects of the sugar}phosphate chain and the water
environment (with the counterions) were assessed on the basis of previous ab initio band structure calculations. Further,
in the calculation of single nucleotide base stacks also basis set and correlation e!ects have been investigated. In the case
of a single strand the level spacing widths of the allowed regions and the fundamental gap were calculated also with
Clementi's double 1 basis and corrected for correlation at the MP2 level. The inverse interaction method was applied for
the study of Anderson localization. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Most biopolymers, like proteins, DNA, RNA,
etc. are aperiodic. In several previous papers we
have studied di!erent aperiodic proteins by calculating their density of states (DOS) [1}7].
There is also an earlier DOS calculation of an
aperiodic base stack in the DNA B conformation
[8] with a random sequence [9].
In the case of 100 base pairs taking into account
the "rst 200 levels in the valence bands regions (all
of which originate from the highest "lled orbitals,
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HOMOs of the free bases) we have calculated the
DOSs. After that, using the inverse iteration
method [10] we have determined the localized (Anderson localization) wave functions belonging to
these levels.

2. Methods
In the calculations, the geometry of the bases was
taken from a data set determined by X-ray di!raction on a single crystal of DNA [11]. The rotation
angle between the nearest neighboring bases (base
pairs) is as usual 363 and the stacking distance
is 3.36 As . In this way, we have constructed the
geometry of the whole stack in which the main
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features of a DNA molecule could be maintained,
though the sugar}phosphate backbones were not
taken into account explicitly. In this connection it
should be mentioned that according to earlier band
structure calculations of periodic homopolynucleotides (sugar}phosphate and always the same
base) the resulting bands can always be classi"ed as
sugar}phosphate bands and as base stack bands
[12}14]. The valence (highest "lled) band and the
conduction (lowest un"lled) band of these systems
originated in all the three calculated cases [with
cytosine (C), thymine (T) adenine (A) as nucleotide
base] from the highest "lled or lowest un"lled levels
of the single bases. The highest "lled or lowest
un"lled sugar}phosphate bands were always below
or above the valence and conduction bands, respectively. Inspecting in more detail these
homopolynucleotide band structures, one could
notice that they are, in all the three cases, in a very
good approximation a superposition of the band
structures of the sugar}phosphate chain and of the
periodic base stacks. This is due to the e!ect of the
mutual screening of the charges on the subunits of
a nucleotide (&!1.2 e on the phosphate group
[15], +#0.6 e on the sugar units and +!0.2 e
on the bases [12}14] and #1.0 charge on the
counterions). These alternating charges on the
sugar and phosphate units do not change the charge
distributions signi"cantly on the base pairs (otherwise, the band structures of the homopolynucleotides could not be practically identical with those of
the superposition of the sugar}phosphate chain
and of the base stacks).
Concerning the e!ect of the water environment,
an early Hartree}Fock band structure calculation
[16] on a periodic C stack has shown that taking
into account the e!ect of the water molecules (in the
form of "ve water clusters in each plane of the
C molecules based on a Monte Carlo calculation
[17]), the water environment hardly in#uences the
band structure of the C stack.
On the basis of the above-described results one
can conclude that the presence of the sugar}phos-
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phate chains in DNA and the water environment
together with the counterions in#uence only to
a very small extent the band structure of the periodic base (pairs) stacks and therefore most probably also the level distributions of an aperiodic
stack. In other words, the electronic structure of the
free base or base pair stacks (both periodic or
aperiodic) provides a very good approximation of
the electronic structures of the same systems in
DNA (especially if one takes into account the aperiodic stack of at least 50, but possibly 100 units).
Two di!erent sequences (a) a fragment of 100 or
200 bases of the C end of a human oncogene [18]
and (b) a random sequence of 100 bases constructed
in the proportion A : C : G : T"1 : 1 : 1 : 1 and
without repeated bases, were calculated in their
single-stranded forms. A double helical fragment
was also calculated with the former sequence. The
"rst sequence is shown in Fig. 1. In this paper the
sequences are abbreviated as Sseq1 for the segment
of human oncogene and Sseq2 for the random
sequence without repeated bases (single chain) and
as Dseq1 for the double helical segment of the
human oncogene.
In the calculations, the overlapping dimer approximation was used as it was done in the calculations of proteins [19] (the stacks were partitioned
into overlapping dimers). Only the 16 di!erent
dimers were calculated (in a single DNA strand one
has 16 dimers along the strand, because in a X>
dimer X"C, T, G or A and > is also C, T, G or A.
In the double-stranded DNA there are 10 di!erent
dimers. The Fock (overlap) matrix of the whole
system can be constructed in the following way: all
dimers are calculated in the same local coordinate
systems de"ned by the "rst dimer. To build up the
helical structure not only do the nuclei have to be
rotated and translated in the direction of the z-axis
(assuming that the helical axis coincides with the
z-axis) by appropriate multiples of 363 and 3.36 As ,
respectively. In addition the basis functions have to
be rotated too, i.e. all matrix elements, in which p
x
and/or p functions occur, have to be transformed.
y

Fig. 1. (a) The sequence of a single strand of a human oncogene [18] (starting at the C end) with 200 bases.
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It should be mentioned that the overlapping dimer
approximation gives practically the same total absolute DOS for the Fock matrix constructed in this
way, than if one performs the negative factor counting (NFC) calculation on a Fock matrix constructed directly as it was checked on systems with
smaller unit cells [20].
The generalized eigenvalue equations of the
Fock matrix of the whole chain constructed in the
above-described way can be solved by the NFC
method [21}24]. The program extended negative
factor counting method, (ENFC) [24], which can
take into account also cross links, was used to
obtain the DOS and the energy levels of the whole
system. In the calculations 5377 and 5275 basis
functions (using a Clementi's minimal basis [25]),
respectively, were applied for the di!erent sequences in the single-stranded chain and 10 539
basis functions were used in the case of the doublestranded chain with 100 units. The number of basis
functions was 10 693 for a single-stranded and
21 088 for a double-stranded chain in the case of
200 units.
To investigate the e!ect of a better basis set we
have performed also a double f calculation with
Clementi's double f basis set [25] for the single
strand for Sseq1 of 100 units and also for a double
helix with the same basis, number of base pairs and
sequence.
In the case of the single strand also correlation
has been taken into account in the case of all the 16
dimers using the inverse Dyson equation in its
diagonal approximation [26] with a Moeller}Plesset [27] self-energy and taking into account also
relaxation e!ects [28]. For this calculation again
Clementi's double f basis was applied. This calculation was performed by substituting the original
Fock matrix of an AB dimer:

A

F"

FAA
53

FAB

B

FAB
FBB

(1)

by a new matrix F3 [29].
F3 "F#SUR U`S
$*!'

(2)

(where it is assumed that the o!-diagonal parts of
the self-energy matrix R can be neglected [26]).

Here S is the overlap matrix of the whole dimer,
the unitary matrix U is formed from the eigenvectors occurring in the subsequent equation
(3)
Fu "eHFSu
i
1
1
and R
is the diagonal part of the self-energy
$*!'
matrix. If we multiply Eq. (2) on the left-hand side
by U` and on the right-hand side by U, and take
into account the normalization conditions
U`SU"USU`"1

(4)

we obtain
U`F3 U"U`FU#R
(5)
$*!'
(x) "u "(eHF) #[R(u )] "eHF#[R(u )]
i
i i,i
i,i
i
i,i
i i,i
(6)
which is the diagonal part of the inverse Dyson
equation.
One can approximate the diagonal elements of
R by the MP2 expression (taking into account also
relaxation [28])
< (2<H !<H )
ijba
ijab
ijab
[RMP2(u )] " +
i i,i
u #eHF!eHF!eHF
b
a
j
j|occ i
a,bbocc
< (2<H !<H )
ijba . (7)
ijab
ijab
# +
u #eHF!eHF!eHF
b
a
j
jbocc i
a,b|occ
Here the star as a superscript indicates complex
conjugate and < is the exchange integral correijba
sponding to the matrix elements <
which are
ijab
de"ned as

T

K K

U

1
< " / (r )/ (r )
/ (r )/ (r ) ,
(8)
ijab
i 1 a 2 r
j 1 b 2
12
where the dimer orbitals / (r ), etc. can be written
i 1
in an LCAO form
g
/ (r )" + c s (r ).
1 1
i,t t 1
t/1
Eq. (6) is a non-linear equation which has to be
solved iteratively [30] (putting u(0)"eHF). Therei
i
fore we have several real solutions. The physically
interesting one ful"lls the condition for the pole
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strength

C A

P " 1!
i

R+MP2(u)
Ru

B D

~1
*0.6.

(9)

u/ui

In the case of molecules one can always "nd
a dominant solution with P &0.8}0.9. This is not
i
the case for metals. In our dimer calculations we
have always used Eq. (9) to "nd the physically
signi"cant u solutions.
i
The Anderson localization of the di!erent orbitals was investigated with the help of the inverse
iteration method [10]. We have found the orbitals
to be localized on one or two bases.

3. Results and discussion
3.1. Total density of states
Figs. 2 and 3 show the DOS of two di!erent
chain segments. The energy gaps are 8.7724 eV for
the double-stranded case with the oncogene sequence (Dseq1), 10.6090 eV for the single strand
with the oncogene sequence (Sseq1) and 10.7693 eV
with the random sequence (Sseq2). The di!erent
sequences hardly in#uence the energy gaps. However, the interactions between the bases in the base
pairs and between neighboring base pairs reduce
the energy gap by about 2 eV. One should point
out that these gaps are essentially larger than the
"rst singlet excitation energies of the single nucleotide bases (values between 4.5 and 5.5 eV). The
reason for this discrepancy is that the gap is not
identical with the u.v. excitation energies. Between
the valence band and the conduction band there
are two exciton bands in the case of a cytosine stack
in the DNA B conformation (the calculated values
are between 4.7 and 5.4 eV and 5.9 and 6.2 eV,
respectively [31]).
The gap values could be measured with the help
of inverse photoelectron spectroscopy (the di!erence between the average ionization potential of
the disordered nucleotide base stacks in the ground
state and the ionization potential of injected electrons in the conduction band region). Such experiments are, however, unfortunately not available for
the nucleotide base stacks.

Fig. 2. The electronic density of states for (a) double-stranded
DNA (100 units) with sequence 1 (human oncogene), (b) the
same for a single strand of DNA with sequence 1 and (c) the
same with sequence 2.

The main features of the DOS of the di!erent
systems are shown in Fig. 2 in which the energy grid
is 0.45 eV. One can see that the di!erent sequences
in the single-stranded case do not in#uence their
DOS histograms signi"cantly. In the double helical
case, the DOS curve has obviously di!erent features to those of the single-stranded cases due to
the larger number of states (higher peaks in the
histograms).
In Fig. 3a and b the DOSs of a 200 base (or base
pair, respectively) long stack of DNA with sequence
1 is shown.
On comparing the DOS histograms of the base
pair stacks (Fig. 2a) with those of the single base
stacks one sees that the fundamental gap is smaller
in the latter case. This is mostly due to the di!erent
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Fig. 4. The DOS of single-stranded DNA (100 units) with sequence 1 using Clementi's double 1 basis (valence bands and
conduction bands regions).

Fig. 3. Density of states of DNA with 200 units using sequence
1 (a) single-stranded chain and (b) double-stranded chain.

positions of the HOMO and LUMO levels of the
four bases and not due to the H-bonded interactions between the members of the base pairs. On
the other hand, the gap is nearly the same and the
forms of the DOS histograms are very similar for
the two di!erent sequences in the case of a single
strand both in the valence band and conduction
band regions (compare Fig. 2b and c) showing that
the electronic structure of an aperiodic DNA chain
is rather sequence independent. Comparing further
Fig. 2a with Fig. 2b (same sequence) one sees that
the level distribution is not very di!erent with two
exceptions. (1) For the base pair stack one "nds
a somewhat stronger level distribution broadening
(which is, according to our previous experience,
typical for aperiodic chains [2,9]). (2) The heights of
the peaks in the histograms are generally larger in
the double nucleotide base stack than in the single
one due to the larger (about double) number of
levels falling in the same energy intervals. One can
see both e!ects if one compares the DOSs of a base
pair stack with that of a single base stack both
containing 200 units and the same human oncogene sequence (compare Fig. 3a and b). One
should point out that in the case of the double
f calculations the shapes of the DOSs curves are
similar to those in Fig. 2 (see Fig. 4).

On the other hand, the fundamental gap especially in the correlation corrected case of the single
strand (Sseq1 with 100 units; see Fig. 5) and the
spacings between the peaks of the histograms in
Fig. 5a and b and the whole breadth of the histograms (both in the case of the valence levels and
lowest un"lled levels region) are considerably
smaller. For instance, the fundamental gap for
single-stranded DNA with sequ 1 using a minimal
basis is 11 ev (see Fig. 2b). With the double 1 basis it
decreases by &0.5 eV (see Fig. 4b) and with correlation by further &1.3 eV. This is in agreement
with the usual experience in periodic chains that the
fundamental gap, the bandwidths and the other
gaps (between the bands) become considerably
smaller, if one uses a better basis and corrects the
band structure for correlation [32].

4. Conclusion
From the previous results one can conclude that
with the help pf present-day techniques one can
calculate DOSs and one-electron wave functions
for quite long sequences of nucleotide bases or base
pairs, respectively, which we consider reliable at
least if one uses a better basis and introduces also
correlation corrections. We have found that the
DOS curves are rather sequence independent, but
of course they are strongly in#uenced by the level
spacings (a double strand or a larger single strand
has quite di!erent DOSs than a shorter single
strand).
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the case of a C stack band structure calculation
[16].
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Fig. 5. The DOS of single-stranded DNA (100 units) with sequence 1 using Clementi's double 1 basis. The levels were corrected for correlation at the MP2 level (a) valence bands region and
(b) conduction bands region.
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