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This paper proposes a model of direct current (DC) electron hopping transport in DNA, in which DNA is considered

as a binary one-dimensional disordered system. To quantitatively study the DC conductivity in DNA, it numerically

calculates the DC conductivity of DNA chains with different parameter values. The result shows that the DC conduc-

tivity of DNA chain increases with the increase of temperature. And the conductivity of DNA chain is depended on the

probability p, which represents the degree of compositional disorder in a DNA sequence to some extent. For p < 0.5,

the conductivity of DNA chain decreases with the increase of p, while for p > 0.5, the conductivity increases with the

increase of p. The DC conductivity in DNA chain also varies with the change of the electric field, it presents non-Ohm’s

law conductivity characteristics.
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1. Introduction

Electron transport through DNA, first proposed
by Eley in 1962,[1] is attracting a considerable amount
of attention for its biological functions such as
the repair mechanism after radiation damage and
biosynthesis.?3] Recent experiments have demon-
strated that there is long range charge migration along
the DNA chain, and indicate that the DNA chain
is a candidate for a one-dimensional (1D) molecular
wire.l*5! Tt is thus not surprising that DNA molecules
became the subject of an intense study concerning

[6,7,8]

their potency to carry an electric current, and to

provide a scaffold for the metal assembling of highly

conductive nanowires.[9:10]

As far as electron transport through DNA is con-
cerned, the available experimental results are still con-
troversial mainly due to the complexity of the en-
vironment and the molecule itself. Concerning the-
ory, the most reliable procedure to tackle these sys-
tems would be the ab initio quantum chemistry ap-
proach. However, massive numerical costs compli-
cate its use for realistic biological systems. Recently,
the energy levels and electronic states of DNA were
studied,[''=1%! the observed temperature-dependent

conductivity in DNA was studied by considering DNA
as 1D disordered system,'8) and the conduction of
DNA molecules was also studied by using a charge-
ladder model.'” In addition, it is found that the
introduction of long-range correlations in DNA se-
quences markedly changes their physical character-
istics and can play a crucial role in their electron
transporting.'8~20 However, the electric field depen-
dence of the conductivity in DNA, especially the func-
tion of disorder in electronic transport of DNA chain,
has hardly been studied. In this paper, we investi-
gate the role of disorder in electron transport in DNA
chain and present the temperature and electric field
dependence of the conductivity in DNA, by consider-
ing that electrons may use hopping for conduction in
DNA, which can be viewed as a 1D binary disordered
system.

This paper is organized as follows. In the next
section, we present our theoretical model based on an
electronic tight-binding Hamiltonian suitable to de-
scribe DNA chain. Then we introduce the conduc-
tance formula. In Section 3 we study the temperature
and electric field dependence of the conductivity in
DNA, and the role of disorder in electron transport in
DNA chain. Finally, the conclusions of this work are
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presented in Section 4.

2. Method of calculations

A DNA chain is a sequence of four possible nu-
cleotides which define the structure of the amino acids
to form proteins. Thus the DNA nucleotide sequences
can be considered as a symbolic sequence of a four-
letter alphabet, namely guanine (G), adenine (A), cy-
tosine (C) and thymine (T). Considering the pairing of
complementary bases (A with T and G with C) inside
the helix, where each base is covalently bound to the
backbone and bound to its complementary via hydro-
gen binding, we can view a DNA chain with random
base pair sequence as 1D disordered systems. !

In order to study the electronic property of the
DNA chain, we map it into a binary alphabet so that
nucleotides A and T give €4, and nucleotides C and
G give eg. Based on the tight-binding approximation
and one-band approximation, the Hamiltonian is

N N N
o= el =3 Sl )
i=1 i=1 j#i
where ¢; is the energy assigned to each random base
pair site ¢ which takes two values €5 and ep with
probabilities p and 1 — p, and p corresponds to the
percentage of nucleotides pairs A—T, N is the num-
ber of base pairs (the length of DNA chain is L =
Na, a =3.4x1071%m). Obviously, |ex — ep| quanti-
fies the spread of the energy distribution, namely, the
degree of energy disorder W. In this paper, we assume
W =1, thatises = 0.5eV and eg = —0.5eV.[19 And
t;; is the electronic overlap (hopping term) between
the wavefunctions of electrons centred at two neigh-

bouring base pair sites ¢ and j, which are assumed to
be

tij ==2/(li—jl+1), li—jl<2. (2)

The Schrodinger
(Eq.(1)) becomes

equation for the Hamiltonian

Eipi = ti—oipi—o +ti—1:0i—1 +€id;
Ftiir10ir1 + tiit2Pita, (3)

where E; is the energy corresponding to the elec-
tron wavefunction, |¢;|? is the probability of finding
an electron at site ¢ in DNA random base pair se-
quence, and |p) = Y. ¢;|i) is an eigenstate with en-
ergy F;. Based on Dean and Martine’s negative eigen-

value theorem®! and Wu and Zheng’s infinite order

perturbation theorem,?? the eigenvectors of the DNA
chain can be solved. It is well known that disorder
leads to localization, and each localized wavefunction
has its own central localized position, and the local-
ization length A(E;) can be computed by

(4)

The electron hopping between these localized states
along the chain is responsible for the conductivity.
In the following, we describe the electronic transport
mechanism in DNA chains by using the simplest ap-
proach. There are only three necessary conditions for
characterizing the hopping process. Under these con-
ditions the direct current (DC) conductance can be
derived, so it is referred to as electronic hopping trans-
port conductance model of DNA chains. The three
conditions are given as follows:

(1) The electrons are transported through an in-
coherent hopping process between two localized states
with the energy interval being equal to the energy pro-
vided by the phonon and the electric field.

(2) The probability of the central position R; of a
certain localized state whose eigenvalue is F; occupied
by an electron is characterized by Fermi distribution

1

(i) = exp[(E; — Ep)/kpT] + 1’

()

where kp is the Boltzmann constant, T is the temper-
ature.
(3) The jump rate for an electron to hop from one

localized state to another is assumed to bel23!

E;, — E;
P;; = exp(—QQRij) exp (%) ) (6)
B

where vy is the attempt-to-jump frequency which
should be a typical phonon frequency, a~! is the lo-
calization length, I?;; is the electron hopping distance,
namely R;; = |R; — R;|, |E; — E;| is the energy differ-
ence between two sites.

To calculate the DC hopping conductance we
shall calculate the number of transitions from base
site ¢ to j. In the absence of an electric field there is
a detailed balance, and the number is exactly equal
to the number of reverse transitions. However, in the
presence of an electric field an imbalance appears, and
a current appears which is proportional to the voltage
drop between the base sites. The positive current den-
sity from site i to j is given by[23:24

e? / /
Jij = kB—TPijf(Ei)[l_f(Ej)]a (7)
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where e denotes the electronic charge, E; = E; — du,,
and Jdu; describes the energy changes affected by the
electric field. For the reverse process we can get

e2

Jeo = ——
J kT

Py f(E)[L = f(E, (8)

so the net current density can be given by

2

J= kB—TPij[f(E{) — f(E5)]
e _ \Of(E)
= kB—TP“ [Ej — Ei — (0u; — 51“”%? (9)

where du; — du,; can be regarded as the energy change
affected by the voltage drop, namely, du; — du;, =
ecR;;, and ¢ is the electric field intensity. Then the to-
tal current density induced by the electronic transport

is

2
e
total kBT l][ J ? 1]]
Of(E)
x ——=dFE. 10
5E (10)
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In terms of the relationship between the current den-
sity and electric field intensity, we can obtain the con-
ductivity of the DNA sequences induced by the elec-
tron hopping transport as follows:

Jtotal e?
Odc = - = /—EkBTBj(Ej - El' - GERU>

x%dE. (11)

3. Numerical results and discus-

sions

In order to investigate the DC conductivity of the
DNA sequence, we first study the electronic localiza-
tion characteristics of the DNA sequence, and calcu-
late the wavefunctions and the localization length of
the DNA sequence with different parameter values.
In Fig.1(a) we select a DNA chain with 20000 base
pairs, and the nucleotides pairs A—T with probabili-
ties p = 0.5.

350
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Fig.1. Electronic localization characteristics of the DNA sequence.



No. 3

Direct current hopping conductance along DNA chain 865

The wavefunction with energy F = 0.20991 eV in the
central band [—2eV,2eV] is calculated.
shows that the electron wavefunctions of the DNA

It clearly

random base pairs sequence present the property of
localization. After the electronic localized states are
formed, each eigenvector has its own central local-
ized position, and the central localized position of the
wavefunction is the 1974th base pairs.

We also calculate the localization length A(E;) for
DNA sequence. In Figs.1(b), 1(c) and 1(d) we show
the dependence of localization length on energy in
DNA chain, and all the parameter values are marked
in the figures. As can be seen from the figures that
there exists large amount of localization states whose
localization length is much less than the size of DNA
chain, and the localization length presents the char-
acteristics of the degree of proportion of nucleotides
pairs dependence. That is, for p < 0.5, the localiza-
tion length of the wavefunctions increases with the
decrease of p, which corresponds to the percentage of
nucleotides pairs A-T. Because the two different base
pairs are randomly distributed in the chain, the prob-
ability p represents the compositional disorder in a
DNA sequence to some extent. For example, when
p=0or p=1, the DNA chain composed of only one
kind of base pairs, so it can be regarded as a perfectly
periodic sequences without disorder. But when p in-
creases from p = 0 to p = 0.5, the DNA chain varies
from periodic state to disordered state, and the degree
of compositional disorder increases with the increase
of p. But for p increases from p = 0.5 to p = 1, the
DNA chain varies from disordered state to periodic
state, and the degree of compositional disorder de-
creases with the increase of p. That is the reason for
p < 0.5, the localization length of the wavefunctions
increases with the decrease of p.
study the
dependent conductivity in DNA, we numerically cal-
culate the DC conductivity of DNA chains with differ-
ent parameter values. Figure 2 plots conductivity as

To quantitatively temperature-

a function of inverse temperature for N = 20000 and
the electric field strength is fixed at ¢ = 5000 V/m
for different p. It clearly shows that the conductivity
increases with the increase of temperature, and in-
dicates that with the increase of temperature, which
corresponds to an increase in delocalization, the ther-
mal movement of base-pairs which is beneficial to
the hopping of electrons will be stimulated gradually.
That is, the conductivity has an activated behaviour
with the increase of temperature, and indicates that

hopping is mainly between nearest neighbour at high
temperatures. When the temperature is rather low,
the conductivity depends very weakly on tempera-
ture, and indicates that the variable range hopping
is accounted for the weak temperature dependence
at low temperatures, and this agrees with the early
result of Yu.!'l
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Fig.2. Conductivity of the DNA sequence versus inverse
temperature.

It can also be found in Fig.2 that the conductiv-
ity of DNA chains depends on the probabilities p. In
Fig.3 we show the dependence of the conductance on
p for N = 20000 and ¢ = 5000 V/m with different
temperatures.

Conductivity/1076(Q - cm) 1

Fig.3. Conductivity of the DNA sequence as a function of p.

It can be seen that for p < 0.5, the conductivity of
DNA chains decreases with the increase of p, while for
p > 0.5, the conductivity increases with the increase
of p. This implies that the proportion of nucleotides
pairs plays an important role in electrons transport
of DNA sequences. For p < 0.5, the degree of com-
positional disorder increases with the increase of the
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percentage of nucleotides pairs A-T, and leads to in-
crease of localization of wavefunctions and results in
the decrease of jump rate. However, for p > 0.5, the
degree of compositional disorder decreases with the
increase of the percentage of nucleotides pairs A-T,
and results in the delocalization of wavefunctions and
the increase of jump rate. As a result, the conductiv-
ity of DNA chains decreases with the increase of p for
p < 0.5, while for p > 0.5, the conductivity increases
with the increase of p.

On the basis of the DC conductance formula, we
can find that the conductivity of DNA sequences also
depends on electric field. In Fig.4 we plot the electric
field strength dependence of the conductivity of DNA
sequences. It can be seen that the conductivity of sys-
tem does not coincide with the regular pattern of the
Ohm’s law, and this excellently fits with other numer-
ical calculations of conductivity in 1D systems.[?®] As
for the problem of non-Ohmic conductivity, both the-
oretical and experimental understanding are far from
completeness, and there are still many controversial
descriptions.[26=28] We think that such an unusual be-
haviour is due to the fact that the electron transport
of DNA sequences is phonon-assisting hopping trans-
port, that is, the electron hops between two localized
states whose energy interval is provided by the phonon
and the electric field. As the electric field increases,
the phonon’s energy dependence becomes weaker, and
then the electrons have more “hopping path”. For ex-
ample, we assume that there are unavoidable highly
resistive segments (“break”) on the conducting path,
as the electric field increases, the role of the breaks
diminishes and eventually becomes insignificant. On
the other hand, the occupation probability of a site is

dependent on electric field. As a result, the DC con-
ductivity in DNA chain varies with the change of the
electric field, and presents non-Ohm’s law conductiv-
ity characteristics.
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Fig.4. Conductivity of the DNA sequence as a function of
electric field strength .

4. Summary

From the above discussion, we can draw conclu-
sions as follows:

(1) The DC conductivity of DNA chain increases
with the increase of temperature.

(2) The conductivity of DNA chain is depended
on the probabilities p. For p < 0.5, the conductivity of
DNA chains decreases with the increase of p, while for
p > 0.5, the conductivity increases with the increase
of p.

(3) The DC conductivity in DNA chain varies
with the change of the electric field, and presents non-
Ohm’s law conductivity characteristics.
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