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Charge transfer in DNA: Hole charge is confined to a single base pair due
to solvation effects
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We include solvation effects in tight-binding Hamiltonians for hole states in DNA. The
corresponding linear-response parameters are derived from accurate estimates of solvation energy
calculated for several hole charge distributions in DNA stacks. Two models are consideréue
correction to a diagonal Hamiltonian matrix element depends only on the charge localized on the
corresponding site an@) in addition to this term, the reaction field due to adjacent base pairs is
accounted for. We show that both schemes give very similar results. The effects of the polar medium
on the hole distribution in DNA are studied. We conclude that the effects of polar surroundings
essentially suppress charge delocalization in DNA, and hole stat€&n sequences are localized

on individual guanines. @005 American Institute of PhysidDOI: 10.1063/1.1924551

INTRODUCTION adjacent(GC) base pairé. The hole wave function found

DNA-mediated charge transfer currently attracts consigWithin this model is similar to that calculated, without taking
erable interest because of its relevance for the oxidative daniat0 account the polar mediur2) By contrast, Beratan and
age and mutations of DNA and its potential importance forco-workers showed that the interaction with surroundings
molecular electronics. The status of experimental and thecsonsiderably affects the charge distribution in DRIAhey
retical investigations on charge transport through DNA hasmployed a heterogeneous dielectric model comprised of a
recently been the subject of several reviews in the botte  DNA zone and a solvent zone. Although solvation terms
physical framework for a quantitative treatment of chargewere shown to essentially favor localization of the hole de-
transfer in DNA has also been considered in papers by Bepcalization over two or three guanines is found to be ener-
ratan and co-workef$ and Ratner and co-workefs, getically feasible. Beratan and co-workers estimated the total

¢ Sfolvaho; ?ffgcgs BISZ\ "’Im |mpt)prti':1nt ro:e mt the Cha_rgeenergies of the system with localized and uniformly delocal-
ranster mediated by - N particuiar, solven reorga_mza-Fed hole, while they did not consider the corresponding cor-
tion is a key parameter, which influences the dynamics o

electron-hole migration through DNA. Estimates of the in- rection (,)f the Hamiltonian for the effects of polar
teraction energy between an excess charge in the interior aurroundm.gé . _ _

the double helix and its environment can essentially depend Many interesting theoretical results concerning charge
on a model employed for the calculation. For instance, tdransfer in DNA have been obtained by using tight-binding
estimate the reorganization energy for hole transfer in DNAHamiltonians. Olofsson and Larsson studied the effect of
one applied the Poisson equation soiver heterogeneous structural reorganization of nucleobases on the delocalization
dielectric models consisting of several different dielectricof an excessive charge in DNA.Effects of static and dy-
zones surrounding the hole donor and acceptor $fé8.  namic structural fluctuations on the hole mobility in DNA
The calculation results are quite different because of uncefyere considered recently by Grozemiaal'* Roche studied
tainties concerning the construction of the dielectric mgdel.the dependence of the DNA-mediated conduction on the se-

The surrounding polar medium affects also the delocaly, once hase paifé.Hole transfer throughr stacks contain-

ization of an electroq hole n DNA. over gdjacent base palrsIng chemically modified nucleobases was also considEred.
There has been an interesting discussion as to whether th . . .
owever, in these studies, the effects of the environment

hole charge in DNA is confined to a single base pair or ,
delocalized over several adjacent base pésee, for in- have not been accounted for. As already noted the solvation

stance, Ref. 1 and references thereRecent computational term was included in the Hamiltonian within a simple cylin-
studies gave conflicting resultl) Based on a simple cylin- drical model In this paper we consider a scheme to derive
drical cavity model, where the charge was concentrated othe polar-medium correction terms for tight-binding Hamil-
the axis of the cylinder, Basko and Conwell accounted fortonians, using solvation energies computed within more
the solvation effects in the tight-binding Hamiltonian and elaborated schemes based on heterogengoukizone di-
concluded that the hole charge is spread over five or morelectric approach or molecular-dynamics simulations. Then
we will study the effects of a polar environment on the hole
¥Electronic mail: alexander.voityuk@icrea.es distribution in(GC),, sequences.
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METHOD TABLE |. Hole charge delocalization itGC), sequences. The effects of

. . . polar environment are neglected.
Effective Hamiltonian

Distribution of the hole charge in @ stack can be de- >c9uence (GO (GOs (GO, (GO,
scribed using a tight-binding Hamiltonic. Only one state o 0.5 0.333 0.25 0.2
per site(base pairb;) is taken into account. Thus system  Ga 0.25 0.25 0.213 0.181
b,b,...b, hasn states, where the hole is localized on one of%: 0.083 0.125 0.131
the site. The corresponding state functions are assumed to Be 0.037 0.069
orthonormalizedoverlap between states is neglegteda- % 0.019
trix elements ofH are determined as Sequence (GO), (GO)y (GO)s (GO)g

~ Qur 0.5 0.362 0.272 0.216

Hi=e+s, o 0.138 0.175 0.167

Oss 0.054 0.092

H Oa 0.026

Hij = V” .

The diagonal elementd;; can be estimated as a sum of the

oxidation potentiale? and the solvation correctiog. Off- AESOV= 0 4 ( 1 1) O+ 2n-2 & (3)
diagonal elements between adjacent base pgirst 1) can " n n? '

be approximated by the corresponding electronic COUp"ngI'hus for n=1, AESV=s: for n=2, AESM=—1/20
Vj; and neglected in other cases. For the canonical structur+el/2’gl; and so’ on. %Daram,eterjg and ’gl caﬁl be found by

of B-DNA, the electronic coupling/ of adjacent GC pairs ... solv - .
calculated using different schemes is about 0.08%V. fitting of AE,™ (n=2) gl\‘/‘en t:y Eq.(3) to corresponding
values computed for the “real” models.

In turn, the vertical oxidation potential® may be ap- . .
. L ! . As already noted quite complicated schemes must be
proximated by the relative ionization energy of a base pair ; . - —solv ;
; . ; . sed to estimate solvation energi®g;™" of hole states in
in the sequence. These energies depend in an essential fasf}- . S
A. Kurnikov et al. calculated the stabilization energy of

. . o 16,17 _

lon on_the nature of %d]acent base paltf_'il)' HOW. different hole states within DNA duplexésin particular,
ever, in sequence$ )(GC)(GC),(GC)( ") all base pairs h idered | ith the ch torml
within the (GC), fragment have very similar oxidation po- they considered severa systems with t € charge un|lormy
tentials. 0= 0 fnr h delocalized ovefGC), clusters embedded in AT rudE;*"
entials, ey =c- Tor at . is found to be —1.857, ~1.451, —1.190, and —1.013 eV, for

. Atit)? dsinco?(;;l::]eer rne(z)ivgtir(])(r)]\l\;igl) detf\zrg?teattﬁasrozai‘:qon?etrirem =1, 2, 3, and 4, respectively. Based on these results we can
S 9 Y: g estimate the quantities®, (°, and . The fitted values

colvent, m turn s fild will abiize the solte. Withm the 1S_OP e (i=-1020 V. for the model A, and
' ' ' {3=-1.433 eV and{3=-0.629 eV for the model B. Using

linear-response mods] can be written as
these parameters, one can well reproduce reference values of
5=+ LG -+ > Zf(Qi—j + Qs - (1) A!Eﬁ‘_"" [the standard deviation of solvation energies estimated
j#0 within the models A and BEq. (2)) are 0.066 and 0.006 eV,

respectivelj. Note that the paramete®=AES®" does not
Snfluence the charge distribution in the system, but equally
Lhifts all energy levels. As will be shown, the models A and
B provide very similar results.

The energie€; and the coefficients matri¢ are deter-
mined by the eigenvalue problem for the effective Hamil-

tonianH. Because diagonal matrix elementstbflepend on
the charge distribution, an iterative procedure is used. An
initial density matrix is assumed to be diagonal, with matrix
elements corresponding to a delocalized hole.

(G;=1,0-j=0+;j=0); the second terng(q;—1) is due to me-
dium polarization by the charge;, {io<0; the last term
3 .04l(0i-j+04j) is due to charges;_; andq;,; on other base
pairs (e.g., for nearest neighboring pairs 1); one can ex-
pect that|Z|<|¢°|. When all base pairs in the systems are
identical the quantities’, ¢°, andZ do not depend on a base
pair b; and the subscript can be dropped. We will consider
two models. In the model A, the correctien Eqg. (1), de-
pends only on the charge localized on the corresponding sit

e
i.e., for allj, /=0. In the model B, the reaction field due to RESULTS AND DISCUSSION

nearest base paijs-+1 is also accounted fot'# 0. Then In this section, we study the effects of a polar environ-
the solvation term corresponding to a state with charge disment on the charge distribution {&C),, sequences. First, we
tribution {q;} can be expressed as consider charge distributions in the sequences when the sol-
AESMqy,qy, ... 00 vation effects are neglectédable ). The hole charge is well

delocalized overr stacks. For instance, in systeiGC),y. 1
n n . . . .
=S sz gL+ 2q - 1)+ g+ 5 the largest charge, which is localized on the central base pair
= as = < QS+ @ -D+ A1+ 8dis). (2 g decreases as (+1) (the charge is equal to 0.5;0.33,
h h 0.25, and 0.20 whekincreases from 1 to)4If the surround-
When a hole is delocalized ovarbase pairs the correspond- ing medium is not taken into account, all diagonal matrix
ing solvation termAEﬁO"’ is elements are of the same value and the charge distribution
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TABLE II. Hole charge distribution ifGC),, sequences. The effects of a polar environment are included within
the models A and B.

(GO)5 (GO)s (GO, (GO
Sequence
Model A B A B A B A B
o 0.988 0.981 0.987 0.980 0.987 0.980 0.987 0.980
Os1 0.006 0.010 0.006 0.010 0.006 0.010 0.006 0.010
O+2r Os3, Oia 0.000 0.000 0.000 0.000 0.000 0.000
Sequence (GO), (GO), (GO)g (GO)g
Model
A B A B A B A B
do 0.994 0.990 0.988 0.980 0.987 0.980 0.987 0.980
Os1 0.006 0.010 0.006 0.010 0.006 0.010 0.006 0.010
Olzs Oligs Oig 0.000 0.000 0.000 0.000 0.000 0.000

does not depend on the magnitude of electronic coupling the hole is spread over three to five sites. The main reason
Thus the results are very similar to those obtained by Baskéor this disagreement can be explained as follows. A solva-

and Conwelf tion correction toH;; due to the charge; calculated within

However, this situation changes dramatically when thgpe cylindrical model is comparable to that caused by
solvation effects are included. Table Il shows the correspondcharges on neighboring pair§the parameters¢l, |
1

ing charges obtained using the models A and B. First, the.q 1 k, in Eq. (1) varies slowly withj].9 In turn. the
hole charge is almost completelgnore than 98%confined weak dependence @1} on j is due to the fact that the dis-

toa singlg pair. Less than 1.% of the Charge is found on eac{bnces between charges on the axis of the cylinder and the
nearest site. All the more distant base pairs do not carry anﬁfolar medium are essentially longer than the distance be-

charge. This re_sult 'S mdep_en_dent .Of the length of stack. . tween adjacent pairs, 3.4 A. This model appears to be rather
Both models give a very similar picture for the charge dis- o
crude, and it is not supported by the results of molecular-

tribution. Note that in systems with an even number of bas% namics simulations of DN%° or even by the more ex-
pairs, the charge distribution is not symmetric. For instance y y

in the dimer(GC), the charge can be distributed €399, fendfed gléa_%trostatic models using a ht_’-_\terogeheous diek_actric
0.0) or (0.01, 0.99. Obviously, both states are of the same medllum.z’ As expected, the calculatlgn carried out usm.g
energy. In(GC)y,; the ground state of the radical cation O==¢ =1.0 leads to quite delocalized hole states in
corresponds to a state where the hole is localized on th>Cln For instance, we obtain that (€C)s Go=0.476,0.
middle base pair. Starting with a different density matrix, one:0'251'Qi2:0'01_1' i o
can also obtain states where the charge is confined to other 1h€ electronic couplingy/ between base pairs is known
sites. Let us consider the sta@&C)s. In the ground state, the (© be a parameter, which essentially determines the delocal-
hole is on the thirdmiddle) site. The calculated energies of 'Zation of}?&?ole wave function. As already discussed in the
states, where the charge is localized on the first and the seliteraturé*?**!electronic couplings between base pairs are
ond base pairs, are very close to that of the ground ¢iage  Very sensitive to conformational changes of the DNA. There-
difference is about 0.02 KT This estimation suggests that a fore, it is worthwhile to consider how the variation of the
hole can be localized on any base pair within thestack. ~ couplingV will affect the hole distribution in a stack. While
The same result is also obtained for otH&C), systems. V=0.08 eV seems to be very reasonable, we carry out calcu-
Thus we can conclude that the solvation effects lead to veriations of (GC)s with larger values of this parameter. Table
localized hole states, which can reside on &8¢) pair. Il compares charges calculated wkt¥0.08, 0.16, 0.24, and
This conclusion is at variance with the result obtained by0.32 eV. Note that the results obtained within both solvation
Basko and Conweﬁ.They conclude that the shape of the models are in good agreement. As expected, the hole delo-
hole wave function is not essentially different from the onecalization increases with the electronic coupling; however,
obtained without taking into account solvation effects, andthe charge remains essentially confined to a single site with

TABLE llI. Hole charge distribution ifGC)5 calculated using different values of the electronic couplih@n
eV). The effects of a polar environment are included within the models A and B.

v 0.08 0.16 0.24 0.32
(inev)
Solvation model A B A B A B A B
do 0.987 0.980 0.947 0.922 0.868 0.830 0.727 0.724
Os1 0.006 0.010 0.026 0.039 0.063 0.083 0.124 0.131
Oso 0.000 0.000 0.001 0.000 0.004 0.002 0.013 0.007
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one exception obtained &=0.32 eV. In this instance, the Thus, our statement on the hole confinement to one site

hole charge is found to be remarkalfky30%) delocalized. appears to be quite robust and independent of other

However, a strongly overestimated value of the electronic terms included in the Hamiltonian.

coupling was employed for the calculatip=0.32 eV is by

a factor of four larger than the value of 0.078 eV obtained byit is not very uncommon that a hole delocalization over sev-

averaging coupling matrix elements, calculated for differenteral base pairs is assumed, at least implicitly, when interpret-

mutual position of{GC) pairsls]. ing experimental data on one-electron oxidation of DNA or/
Besides the solvation term there is another effect resultand considering possible mechanisms of charge migration in

ing in the hole confinement to one base pair. This is an iINDNA." Our results may be helpful by justifying such expla-

ternal(structural reorganization of nucleobases caused by amations.

excess charge. This effect was recently considered in detail

by Olofsson and Larssolﬁ.They found that spatially well-  ‘Long-Range Charge Transfer in DNA, in Topics in Current Chemistry

localized hole states are energetically stabilized due to theZV0|5- 236-237, edited by G. B. Shust@Springer, Berlin, 2004

internal reorganization of nucleobases. Obviously, the inter- - V- Kumikov, G. S. M. Tong, M. Madrid, and D. N. Beratan, J. Phys.
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