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Received 6 February 2008; accepted 10 June 2008
Published online 10 September 2008 in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/qua.21846

ABSTRACT: The1 Hartree–Fock crystal orbital (CO) method in its linear combination
of atomic orbitals form was applied to determine the band structure of histone proteins
taking 0.041e charge transfer per nucleotide base from the PO⫺
4 groups of poly(guanilic
acid) to the arginine, and lysine side chains in histones (see text). Assuming that there
are inﬁnite COs, perpendicular to the main chain, formed by the amide groups of one
segment of the protein chain bound together by H-bonds with the CAO groups of
another segment of the chain, we have calculated the band structure. From this, we
have determined the mobility using the deformation potential approximation.
Multiplying this with the mobile electron concentration due to the charge transfer
between the PO⫺
4 groups of DNA and the positive side chains in histones, we have
obtained for the direct current (D.C.) electron conductivity ﬁb ⫽ 1.07 ⫻ 10⫺9 ⍀⫺1 cm
for a single ﬁber and after division by the cross-section of 9.10 ⫻ 10⫺16 cm2, spec ⫽
1.18 ⫻ 106 ⍀⫺1 cm⫺1 for the speciﬁc conductivity. © 2008 Wiley Periodicals, Inc. Int J
Quantum Chem 109: 612– 617, 2009
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BAND STRUCTURE AND D.C. CONDUCTIVITY OF AN INFINITE CAO䡠䡠䡠HON CHAIN

Introduction

I

n two articles [1, 2], the crystal structure of the
nucleosome core particle (NCP)[1] consisting of
nucleohistone proteins and the structure of DNA
around it [2] were reported. They were determined
with the help of X-ray diffraction at 2.8 and 1.9 Å
resolution, respectively.
NCP consists of eight histone molecules, which
are in the form of ␣-helices and loops [1]. Around
the NCP, a 147 base pairs long DNA-B superhelix is
wrapped (for further details, see [1, 2]).
The interactions between DNA and the histone
molecules is ﬁrst of all caused by the charge transfer
(CT) between the negative PO⫺
4 groups or of the O
atoms of thymine and guanine bases and the positively charged side chains (lysine, arginine) of the
protein molecules. These interactions are signiﬁcant
only, if the negative sites of the DNA double helix
face the positive side chains of the histones. It was
found that in a nucleosome this happens 120 times
[3], that is, at every 1.3th base pair.
The authors of articles [1, 2] assume that if due to
external perturbations (binding of molecules, radiation) the relative conformation of DNA and proteins may change in such a way that the CT cannot
take place. In this case, the DNA superhelix unwraps from the nucleohistones. This happens, because the hole conduction in DNA and the electronic one in the proteins due to the CT gets
interrupted and therefore the interaction between
them disappears or weakens. If this happens (most
probably simultaneously in a number of neighboring nucleosomes), the genetic information in DNA
becomes freely readable. In reality, in the case of
chemical carcinogens this takes place simultaneously at many places of a chromatin (which is
built up from the nucleosomes). This procedure can
lead to the occurrence of a number of proteins in the
wrong time and location (oncoproteins). The occurrence of oncoproteins through a number of biochemical mechanisms can lead then to the disturbation of the self-regulation of the cell [4]. This may
be one of the main mechanisms of cancer initiation.
To understand the details of these processes, we
have started large-scale quantum mechanical calculations on the CT, on the electronic structure, and on the
conduction properties both of DNA and proteins.
In a recent article [5], we have calculated the CT
between the PO⫺
4 group and between the lysine and
arginine molecule, respectively, at the HF⫹MP2
level, using a triple  basis with polarization func-
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FIGURE 1. The inﬁnite crystal orbitals through the
H-bonds in the NOH䡠䡠䡠OAC units. These orbitals are
perpendicular to the main protein chain in an ␣-helix.
They are formed between the CAO group of the nth
peptide unit and the HN group of the n⫹4th peptide
unit in an ␣-helix (see text).

tions on the valence shells of the atoms. We have
found 0.26e and 0.21e, respectively, in the absence
of water. The same calculation was repeated in the
presence of 3 H2O molecules and 1 K⫹ ion. In this
case, the CT was 0.10e for the ﬁrst case and 0.095e in
the second one [6]. Taking the average of the CT in
the latter two cases (0.10e), the facts that in the 147
base pairs long superhelix there are 120 H-bonds
between it and the histone molecules, we have to
multiply this number by 120/147 ⫽ 0.82 (0.82 ⫻
0.10 ⫽ 0.082). Finally, we have to divide this number by 2, if one considers that we calculate the
number of electrons going from the PO⫺
4 groups of
DNA single helix to the histones. In this way, one
obtains ﬁnally 0.041e CT per nucleotide base.
In a recent article, we have also calculated the ab
initio HF band structures of the four homopolynucleotides in the presence of water and
Na⫹ ions [7, 8].
In this article, we report the band structure calculation of the CAO䡠䡠䡠HON system (its elementary
cell is shown in Fig. 1).
Here, we have depicted three unit cells of the
inﬁnite crystal orbitals (COs) that are perpendicular
to the main chain of proteins. Such COs are formed
between the CAO and HON groups of neighboring turns of a protein main chain in an ␣-helix (Fig.
2) or between the units of an antiparallel ␤ pleated
sheet as it was assumed ﬁrst on the basis of experimental biophysical evidence [9]. Afterward, the
␣-helix was discovered by Pauling through model
building. In an ␣-helix, there are 3.6 residues per
turn with a pitch of 5.4 Å [the helix built up from
L-␣-amino acid residues is right-handed (with torsion angels of ⌽ ⫽ ⫺57° and ⌿ ⫽ ⫹47°)]. This
arrangements leads to H-bonds between the CAO
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group of the nth residue and the HON group of the
(n⫹4)th residue. These hydrogen bonds are strong
(with an N䡠䡠䡠O distance of 2.8 Å) and have nearly the

direction of the helix axis (see also Fig. 2) (for the
description of the ␣-helix, see for instance [10]). The
ﬁrst tight binding band structure calculations for proteins were performed on the basis of this model [11–
13]. It should be emphasized that by obtaining the
D.C. conductivity through the H-bonds perpendicular to the protein main chain in an ␣-helix is only the
ﬁrst step. Most probably, the charge transport along
the main chain (mostly by hopping) is more important to understand the movement of charges in a
protein. To take into account both this and the electron transport in the 䡠䡠䡠OACONOH䡠䡠䡠OACONOH䡠䡠䡠
system, one has to treat proteins as 2D system in
which in one-dimension it is highly aperiodic and the
other one periodic.

Methods
For the band structure calculations, the standard
ab initio Hartree–Fock (HF) crystal orbital method
[13–15] has been used in the general case of combined symmetry operation [16]. (The symmetry
group of a combined symmetry operation is isomorphic with the group belonging to simple translation. For more details, see [17]).
Having the band structure, the mobility of the
breathing motion of the 䡠䡠䡠OACONOH䡠䡠䡠OA
CONOH䡠䡠䡠 system was calculated in complete
analogy to the mobility calculation in the case of the
breathing motion of a G-C base pair [18]. Multiplying this with the elementary charge and the concentration of the mobile electrons in the conduction
band due to the CT from DNA, the D.C. conductivity in proteins has been computed (for details,
see [18]).
For the ab initio HF CO method with not only a
simple translation but with a combined symmetry
operation for a periodic chain, the references were
given in the Introduction. The basis set applied was
Clementi’s double  one [19]. The number of kpoints in the half Brillouin zone was 12. The geometry was created with the help of Molden 4.6 program [20] and after that it was optimized with the
help of the Gaussian 03 program [21].

FIGURE 2. Inﬁnite periodic crystal orbitals on the
mantle of a cylinder in the case of an ␣-helix (schematic). They are perpendicular to the protein main
chain and nearly parallel to the main axis of the helix.
[Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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For the determination of the D.C. conductivity
the usual

 e ⫽ e  en e

(1)

equation was used, where e is the elementary
charge, e the mobility of the electrons, and ne their
concentration.
The mobility e was calculated from the expression

e ⫽

冑

2


G̃ប 2 e
1

2
 c,l
共me*兲3/ 2共kBT兲2

(2)

derived before for quasi 1D systems [22]. Here c,l is
the value of the deformation potential [23] (which
approximates the electron-phonon interaction and
is applicable if the band in question is broad
enough; see below) at the lower edge of the conduction band, taking for the shifts of the unit cell
length ⫹0.1 Å and ⫺0.1 Å, respectively,
 c,l ⫽

␦c,l 0.016
⫽
⫽ 0.75 eV.
⌬l
0.1
l
4.812

(3)

the algebraic mean value of the total energy
differences, (兩⌬E⫹兩 7.58 ⫻ 10⫺3 eV, 兩⌬E⫺兩 9.38 ⫻
10⫺3 eV. Taking the algebraic mean value of
these two numbers and converting them to
erg-s, one obtains ⌬E 1.5 ⫻ 10⫺14 erg). Dividing this by the square of relative length
changes (0.1/4.812)2, one obtains for the mechanical stress D ⫽ 3.13 ⫻ 10⫺8 erg [24].
2. Dividing this by the volume of the unit cell
V ⫽ 4.812 ⫻ 10⫺8 ⫻ 5.14 ⫻ 10⫺8 ⫻ 1.77 ⫻
10⫺8 cm (length ⫻ breath ⫻ thickness) ⫽
4.38 ⫻ 10⫺23 cm3 (see Fig. 1), one obtains the
theoretical elastic constant G ⫽ D/V ⫽
3.13 ⫻ 10⫺8/4.38 ⫻ 10⫺23 ⫽ 7.15 ⫻ 1014 dyn
cm⫺2. (We had to divide D by the volume of
a unit cell to obtain the number of unit cells
per cm3 if we wish to calculate the speciﬁc
conductivity).
3. Approximating the interactions of the electrons with the movement of the lattice in a
ﬁber-like 1D system, we have ﬁnally multiply
G by the cross section q ⫽ 5.14 ⫻ 10⫺8 ⫻ 1.77 ⫻
10⫺8 ⫽ 9.1 ⫻ 10⫺16 cm2, G̃ ⫽ Gq ⫽ 0.65 dyn.
This value has to be substituted into Eq. (2).
To obtain the concentration of mobile electrons
one has to calculate it on the basis of equation [22]

In the numerator, we have the average energy shift
of the lower edge of the conduction band and in the
denominator the length shift divided by the length
of the unit cell 4.812 Å; see Fig. 1. For ␦c,l one
obtains 兩0.016兩 eV for both ⌬l ⫽ ⫹0.1 Å and ⌬l ⫽
⫺0.1 Å, respectively. We have taken so small values
for ⌬l, because the deformation potential approximation works well only if the scattering of the
electrons happens only near the band edge [23].
This is also the reason of the small (⫾0.1 Å) elementary cell length changes by the calculation of the
total energy changes to obtain the value of the
mechanical stress.
The effective mass at the lower edge of the conduction band was determined by ﬁtting a fourthorder polynomial to the dispersion curve. From the
(k) function then we have obtained the effective
mass in the usual way as 11.04 me. For T, we have
substituted into Eq. (1) 300 K.
The elastic constant G̃ has been calculated in
several steps:

ne ⫽

冉

冊冑

L
共F ⫺ c,l兲
exp ⫺
2
kBT

m*kBT
.
ប 冑2

(4)

Here the Fermi energy F is taken as its distance
from the band edge. To determine it, we have to
ﬁnd out ﬁrst the k-value (kF) belonging to the q ⫽
0.041e charge if one goes from the conduction band
lower limit upwards. Taking into account that in
the half Brillouin-zone one elementary charge belongs to a level in the band (because of the two
spins), one ﬁnds the k-value which corresponds to
the 0.041 charge. This is done using the expression
of kF ⫽ (0.041/2)2 ⫻ /a if one assumes a quadratic
dependence of k on q. Afterwards one looks at the
dispersion curve of the band to ﬁnd out which
energy belongs to this k-value (see Fig. 3).
The energy determined in this way gives the value
of the Fermi level, F ⫽ 3.674 eV. The corresponding
Boltzmann factor will be exp(⫺(F ⫺ c,l)/kBT) ⫽
exp(⫺(3.674 ⫺ 3.673)/0.025) ⫽ exp(⫺0.04) ⫽ 0.96.

Results and Discussion
1.

Changing the length of the cell by 0.1 Å in both
directions, we have computed the total energy
belonging to these cell lengths and have taken
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From Table I, one can see that the valence (highest ﬁlled) and conduction (lowest unﬁlled) band
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FIGURE 3. The dispersion curve of the conduction
band belonging to the inﬁnite
䡠䡠䡠OACONOH䡠䡠䡠OACONOH䡠䡠䡠 crystal orbitals in an
␣-helix.

widths (1.32 and 1.81 eV, respectively) are broad
enough (one order of magnitude larger than the
thermal energy kB ⫻ 300 K ⫽ 0.025 eV) for the
applicability of the deformation potential approximation. The fundamental gap (13.84 eV) is by about
4.0 eV larger than in poly(guanilic acid) in the absence of water (9.99 eV) [7]. This HF gap is—as
usual—far too large. In a previous calculation [25],
we have found for a cytosine (C) stack a gap with a
double  ⫹ polarization functions on the non-H
atoms on the HF⫹MP2 level 8.17 eV. On the other
hand, the difference of the experimental ionization
potential and electron afﬁnity of a single C molecule is only 7.0 eV [26]. This discrepancy is due ﬁrst
of all to the application of a medium level basis
(with a better basis tailored for a stacked system we
have found for the gap of C stack 6.60 eV [25]).
Because the HF approximation gives usually also
too broad bands, one can expect that the deformation
potential of the conduction band are in reality smaller.
Because it occurs on the second power in the denominator of the mobility expression [see Eq. (2)] this
means that the mobility and conductivity values
given in Eqs. (5) and (6) are lower bounds of the real
values.
From Table I, one can also see that the lower
limit of the conduction band (3.67 eV) has the same
value as in the case of poly(guanilic acid) in the
presence of water (both at k ⫽ 0)[7] but the upper
limit of the valence band (⫺10.2 eV) lies essentially
deeper than at poly(guanilic acid) (⫺6.81 eV) [7].
Therefore, the fundamental gap is also by more
than 3.0 eV larger, than in the former case.

Substituting into Eq. (2) c,l ⫽ 0.75 eV, G̃ ⫽ 0.65
dyn, and m* ⫽ 11.04me as well the values of the
natural constants one obtains for the mobility value e
⫽ 3.13 ⫻ 103 cm2 V⫺1s⫺1. This we can compare with
the mobility value of the electrons in a G-C base pair in
the case of their interaction with the acoustic phonons of
the breathing motion of the base pair [18], 2.55 ⫻ 102 cm2
V⫺1s⫺1. The reason of this difference of one order of
magnitude is that in the base pair case there are three
H-bonds per unit cell while in our case only one.
Putting into Eq. (4) the value of the Boltzmann
factor at T ⫽ 300 K, for L ⫽ 1 (we want to calculate
speciﬁc conductivity) for m* again 11.04me and the
values of the natural constants one obtains for ne ⫽
2,14 ⫻ 106 cm⫺1. Substituting ﬁnally the elementary
charge in Coulomb-s into Eq. (1) together with the
found c,l and nc,l values, we obtain for the D.C.
conductivity of a single ﬁber:

 ﬁb ⫽

4.8 ⫻ 10⫺10
⫻ 3.13 ⫻ 103 ⫻ 2.14 ⫻ 106 ⫽ 1.07
3 ⫻ 109
⫻ 10⫺9⍀⫺1cm (5)

Dividing this by the cross section (the number of
ﬁber surfaces in the unit cell perpendicular to the
direction of the H-bonds) q ⫽ 5.14 䡠 1.77 ⫻ 10⫺16 ⫽
9.1 ⫻ 10⫺16 cm2, we obtain for the speciﬁc conductivity of

 spec ⫽

1.07 ⫻ 10⫺9
⫽ 1.18 ⫻ 106⍀⫺1cm⫺1
9.1 ⫻ 10⫺16

(6)

This D.C. conductivity value seems to be somewhat
large. The large mobility value [3.5 orders of magnitude larger than in the case of poly(guanilic acid)]
and the same order of magnitude (106) for the free
charge carrier concentration as in the polynucleotide explains the two orders of magnitude larger
D.C. conductivity in our case for one ﬁlament than

TABLE I ______________________________________
The valence and conduction band edges with the
gap of the 䡠䡠䡠OACONOH䡠䡠䡠OACONOH䡠䡠䡠 crystal
orbitals perpendicular to the main chains of proteins
(see also Figs. 1 and 2) in eV.
Valence band
Upper limit
Lower limit
Width

⫺10.17 (k ⫽ 0)
⫺10.49 (k ⫽ /a)
0.32

Conduction banda
5.48 (k ⫽ /a)
3.67 (k ⫽ 0)
1.81

a

Gap: 13.87 eV.
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the -value of poly(guanilic acid),  ⫽ 2.51 ⫻ 10⫺11
⍀⫺1 cm for one ﬁlament and 1.60 ⫻ 103 ⍀⫺1 cm⫺1
for 1 cm3 poly(guanilic acid) [27].
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