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Effects of intrinsic base-pair fluctuations on charge transport in DNA
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We investigate propagation of a charge carrier along intrinsically dynamically disordered double-stranded
DNA. This is realized by the semiclassical coupling of the charge with a nonlinear lattice model that can
accurately describe the statistical mechanics of the large amplitude fluctuations of the base pairs leading to the
thermal denaturation transition of DNA. We find that the fluctuating intrinsic disorder can trap the charge and
inhibit polaronic charge transport. The dependence of the mean distance covered by the charge carrier until its
trapping, as a function of the energy of the fluctuations of the base pairs is also presented.
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Charge transfer in DNA is of great biological importance double characteristic time nature in short-range charge trans-
because of the role that it can play in damage occurrinder, controlled by base-pair motions. These models use fluc-
under conditions of oxidative stre$&]. In particular, effi- tuating tunneling amplitudes to effectively represent struc-
cient long-range hole migration can oxidize sensitive parts ofural dynamics characteristics in reaction coordinate
the DNA sequencéclusters of two or three guanine bases schemes. Our approach here is quite different since we di-
resulting in increasing probability for mutations and carcino-rectly couple the charge with the lattice degrees of freedom.
genesis. Many experiments have addressed the distance aM@ny different kinds of motion of base pairs may interact
sequence dependence of charge transfer through DNA baith an excess charget]. Here we focus on the structural
tween selectively located donor and acceptor ditess]. It ~ dynamics relating to the stretching of the hydrogen bonds
appears that the microscopic mechanism that is responsibf®nnecting the bases of each pair. Hydrogen bonds fluctua-
for long-range transport of a charge carrier is incoherent hoptions can form dynamic denaturation bubbles, and large local
ping among the stacking basgls4—8§|. openings of the double strand can be expected to strongly

Several studies have recently been devoted to direct me&ffect the charge transport.
surements of current-voltage relations and conductivity cal- A nonlinear dynamical model has been introduced previ-
culations of this biomoleculg9—13—exploring its potential  ously which accurately describes central observed features of
application in mesoscopic electronic devices, in addition tdhe thermal denaturation of DNf9-21 (in the absence of
its obvious value as an important building block in nano-charge carriejs In this one-dimensional model each base
structures due to its unique assembly and recognition prog?air is described by a single variabyg, representing the
erties[14]. stretching of the two complementary bases at this site. There

It is plausible that when an electron or a hole is injectedare two kinds of nonlinearities, each of them having a spe-
into a soft(deformablé macromolecule such as DNA, it will ~ Cific role. In the initial version of the model the anharmonic-
induce local distortions of the structure as the latter adjusts t#fy of the relative motion of the two bases comprising each
the excess charge and lowers the system energy; in oth@Rir was shown to initiate the denaturation process through
words a “polaronic” distortion will be formed. Both polaron collective nonlinear local excitatiorj49]. Later, cooperativ-
hopping[4,7] and drifting [15,16 have been discussed in ity was included through nonlinear stacking interactions be-
this context. The time required for polaron formation whentween adjacent base paii20] (corresponding to elastic de-
an excess charge is introduced into DNA has been calculatd@rmation effects This had a striking effect on the thermal
to be of the order of a few picoseconfiss]. It has been denaturation, leading to a sharp first order transif@®] in
conjectured that the current observed in homogeneous DNAuantitative agreement with experimental observations. The
in Ref.[11] is due to polaron drifting16]. fundamental role of the nonlinearity close to the melting

An open question that has not yet been adequately adransition was also demonstrat¢#0,21]. This model has
dressed concerns the influence of the local fluctuations of theeen successfully tested against recent experimental melting
bases on the long range charge transport in DI. In the  studies in short DNA chaing22].
present work we report an investigation in this direction by ~The Hamiltonian of the model reads
simulating polaron transport in aimtrinsically fluctuating
underlying lattice. For simplicity, and in order to isolate the 1 .
intrinsic dynamical disorder effects from static or extrinsic Hia= 2 Em)/zn+v(yn)+w(yn Yn-1) |5 (1)
disorder, we consider a homopolymer DNA chain consisting "
of a sequence of identical base pairs. Such homogeneous ) _ _
double helices have been synthesized and used in expetere the sum is over the base pairs of the statks the

ments(i.e., poly(G)-poly(C) oligomers[11,13). mass of a nucleotide, and the Morse potential
Theoretical models have recently been propdset1g
to explain femtosecond spectroscopic resiBisrevealing a V(y,)=D(e ®n—1)2 2
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describes the anharmonic relative motion within a particular The parameter values we have used in our simulations are
base pair. The nearest-neighbor potential as follows.(i) In the lattice Hamiltoniar(1)—(3) we use the
. values given in Ref[20] that yield agreement with the ex-
_° B +Y-1) _ 2 perimental melting curves; viz.,, m=300 amu, D
W(Yn Yn-1)= 5 (1Fpe B n=Yo-0" ) T 04 ev.a—4.45 AL, k=004 eVIR, p—0.5, andg
) o . o ~ =0.35 AL (ii) The estimate of the hopping overlapin
describes the stacking interaction which is not characterizegty (4) is of the order of 0.1-0.3 eV16,27. We useV
by individual base-base coupling, but rather by a base-pair=0 1 eV as a representative valé,) There is no informa-
base-pair overall coupling. tion regarding the coupling constagtof Eq. (5). In Refs.
To include the effect of an added charge, we augment this|5 16 the value 0.6 eV/A has been used for inter-

model with a tight-binding Hamiltonian to describe the gjte coupling of the charge with longitudinal displacements
charge (electron or holg hopping between adjacent base of jndividual bases. Here, we use this value also for on-site
pairs coupling x.
The static polaror26] that we find with these values of
Hep= —VE (C;Cn+1+ C;Cnfl)- (4) parameters is a large polaron extending over about ten base
n pairs. Its energy is-0.207 eV, i.e., slightly below the lower
+ o . edge of the band of extended states-d1.2 eV. The static
Herec,, andc, are annihilation and creation operators, re-polaron in our case is slightly more extended than the corre-
spectively, for the charge carrier at théh base pair of the sponding one presented in Reff$5,16. The motion of such
double strand, an¥f represents the transfer integral betweeng polaron is a continuous translatiédrifting)—due to the
neighboring sites. Since we use homopolymer DNA, wegxistence of a translational mode with almost zero frequency
choose to measure the energy from the identical on-site efl2gl—rather than discrete hopping events that characterize
ergiese of each site and we have omitted the tefmecic,  small polaron transport.
in the last expression. In order to examine how dynamical disorder affects the

Regarding the charge-lattice interaction, we use an on-sitéharge transport, we could initialize a polaron moving in a
Holstein type[23,24 coupling. This means that we assume segment with random fluctuations of the base pairs and fol-
that the local stretching of a base pair affects the on-sitgow its evolution for different total initial energies. Alterna-
energy of the charge carrier through the interaction term tively, instead of starting with a moving polaron, we have

observed that if we initially place, in a randomly fluctuating
H. :XE y cle (5) chain, a charge carrier which has the distribution of the static
it AL T polaron but without the accompanying lattice distortion, then
it induces the appropriate base pairs’ distortion in its local
where y is the coupling constant. An intersite type of inter- neighborhood and starts moving in random directions. This
action[25] could also be important. This kind of coupling resembles the phonon assisted polaron transport discussed in
implies that the relative transverse distortion of adjacent basRefs.[4,7]. We determine the initial random lattice fluctua-
pairs alters the overlap of the correspondimgprbitals and  tions by attributing a stretching at each base pair obtained
consequently modifies the transfer integvaSince,a priori,  through a uniform random distribution with a maximum am-
we do not know which of these two different couplings is plitude Y, symmetrically centered around zero. The initial
dominant, we use the HamiltonidB) to describe the inter- velocities of the lattice sites are zero.
action in this initial study. Due to the nonlinearities in modél)—(3), the initial dis-

We use semiclassical equations of motion in order toorder evolves to form opening bubbles of various sizes.
study the dynamics of the system; i.e., we treat the charg8mall fluctuations do not disturb the polaron motion. How-
guantum-mechanically and the bases’ motion classicallever, when a sufficiently large bubble is encountered, it in-
[24]. This is justified because of the much larger mass of theeracts with the polaron leading typically to its trapping. We
bases. From Schdinger’s equation we obtain emphasize the dynamical character of this interaction. The
bubble could disappear after a while, or a part of its energy
could be repelled. Also the polaron may directly trap, or
sometimes it is reflected backwards and then trapped through
the interaction with another bubble. In Fig. 1 we demonstrate
whereW¥, is the probability amplitude for the charge carrier such a dynamical interaction. It is clearly seen that a tempo-
located at theth base pair. Newton equations of motion for rary local accumulation of the lattice energhubble around

n

dt

d
ih ==V 1+¥_1)+xynVa, (6)

the stretchingy,, yield the 80th site of the chain traps the polaron. After the trapping
the bubble disappears.
d?y, , ) , In Fig. 2 we show the trapping for a few representative
m a2 ==V (Yn) =W (¥ ¥n-1) =W (¥Yn+1.Yn) polaron trajectories with different strengths of the lattice
fluctuations. As can be seen, all the depicted trajectories start
—x|¥,? (7)  with similar velocities, about 1 base pair per 50 psec, inde-

pendently of the width of the fluctuations. After some time,
where the prime denotes differentiation with respecy to depending on the energy in the lattice, each trajectory devi-
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FIG. 1. (Color) Example of a polaron trapping
through dynamical interaction with a large
bubble. Lattice distribution ofa) the total energy
Ejat+ Echt Eine @and (b) the lattice energye,, as
a function of time. In(a) the polaronic trajectory
can be easily distinguished due to the substantial
negative energy of the polaron. (b) the bubbles
are displayed. The total energy of the system is
E=-0.101 eV. The values of the parameters
are given in the text.

Eiw (eV)

DMA chain (number of base pairs) bR Time {nsec)

ates from the initial straight line of the propagation, when ittotal energy on the system as follows: to produce the initial

starts to interact with large bubbles that finally lead to itscondition for the simulation we vary the maximum disorder

trapping. amplitudeY in a systematic way, which is a variation of the
The larger the initial energy of the lattice the sooner thebisection method, and begin the simulation only when the

polaron is trapped by encountering large bubbles, and thdisordered system has the desired energy.

smaller the average distance that it travels. In Fig. 3 we A log-log plot of the data of Fig. 3see the inset of the

present the mean distance traveled by the polaron until itiigure) exhibits an almost straight line. This implies the de-

trapping, as a function of the total energy of the system. Th@endence

mean values have been averaged over twenty simulations

with different initial random fluctuations of the base pairs. c

The error bars represent statistical errors. We should note (L)= Ea ®

here a detail of the procedure that we use to obtain different

realizations of the dynamical disorder in different initial con-

" ; . : 400 .
ditions. For the same maximum amplitutfedifferent real- - 1000
izations will have slightly different energies. This is merely a =
consequence of the nonlinearity of the model. However, ourg *
goal is to average over several runs with different initial & s | | 100 ¢ .. R
conditions but with the same energy. We impose the fixed§ ..
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Time ( psec) FIG. 3. The mean distance that a polaron travels before trap-

ping, as a function of the total energy of the system. The energy
FIG. 2. Polaron trajectories for different energies of the lattice.values have been shifted by0.2 eV (the lower band edgeThe
E denotes the total energy of the system in each case. The energyerage is over an ensemble of 20 different initial randomizations
values are given in eV. We have used periodic boundary conditionsf the lattice, having the same energy. The continuous line results
in chains consisting of 200 base pairs. For this reason a polaron thétom fitting the calculated points with the formula~1/xP. The
exits from the one side of the chaftop of the figure enters from  obtained value of the inverse power dependenqﬁié. The inset
the other sidgbottom of the figurg shows the same data on logarithmic scales.
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where(L) is the mean transport distance. By fitting the dataresulting in enhanced diffusivity and more efficient transport

with the above expression we find that=1.5 andc~2.69.  with increasing total energg0].

If we assume, as a rough measure, that the total energy of the In conclusion we have presented results on the influence

system is proportional to its temperatufe this yields a ©f intrinsic dynamical disorder in the transport of a charge

T~32 dependence of the mean transport range of the carrief.arrler through the stacking path of a DNA chain. We have
In this preliminary report we have used a naive way to ocused on the large amplitude openings of the strands, that

tth | fluctuai by qivi d initial di lead to a thermal denaturation at sufficiently large tempera-
represent thermal fiuctuations by giving random initial dis-y, .o \we find that the fluctuations of these large denaturation

place_ments in the base pairs of the_chain. Our results for thSubees, characterized by multiple length and time scales,
trapping of the polaron and the particular decay of the transresult in polaron trapping. Under the influence of this intrin-
port distance remain to be verified by more accurate descripsic colored noise, the charge transport distance has been
tions. For this purpose Langevin molecular dynamics simufound to decay with an inverse power law dependence on the
lations are currently under consideratic@9]. total energy of the system, denergy™ > Further studies
Another interesting direction is the incorporation of a se-using different types of couplings and interactions with other
quence of different bases in the double strand, instead of tHgnds of motions of bases would probably reveal different
homopolymer case we have considered in this study. ThefeéPendences. Appropriately designed experiments are clearly
one has to add the terBye,clc, to the tight-binding Hamil- needed to determine which is the dominant interaction of the

j ; local fluctuations affecting the long range charge transport in
tonian (4), wheree, represents the on-site energy of thih g grang g P

base pair. For this, the relative on-site energies of the carrier

at the different DNA bases are needed. If the width of the This research was supported at Los Alamos National
differences of these on-site energies is large compared to theaboratory by the U.S. Department of Energy under Contract
hopping integralV, a small polaron extending over only a No. W-7405-ENG-36. One of us.K.) thanks the Center for
few lattice sites is expected. Then the continuous transpoitlonlinear Studies at Los Alamos for hospitality, and ac-
that we have obtained in our simulations would change tknowledges support from the Graduate School “Non-
discrete hopping. Such a mechanism should result in quitequilibrium Phenomena and Phase Transitions in Complex
different dependence on the kinetic energy of the base pairSystems” in Bayreuth. One of U§A.R.B.) appreciates the

In particular, the hopping probability may increase with thesupport of the University of Bayreuth where part of this
strength of the dynamical disorder-(thermal fluctuations  work was performed.
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