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We use a tight-binding formulation to investigate the transmissivity and wave-packet dynamics of sequences
of single-strand DNA molecules made up from the nucleotides guabjelenineA, cytosineC, and thymine
T. In order to reveal the relevance of the underlying correlations in the nucleotides distribution, we compare the
results for the genomic DNA sequence with those of two artificial sequeficéise Rudin-Shapiro one, which
has long-range correlationéi) a random sequence, which is a kind of prototype of a short-range correlated
system, presented here with the same first-neighbor pair correlations of the human DNA sequence. We found
that the long-range character of the correlations is important to the persistence of resonances of finite segments.
On the other hand, the wave-packet dynamics seems to be mostly influenced by the short-range correlations.
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I. INTRODUCTION A DNA chain is a sequence of four possible nucleotides
which define the structure of the amino acids to form pro-
The field of nanotechnology has emerged as one of thégins. Thus the DNA nucleotide sequences can be considered
most important areas of research in the near future. Whil@s a symbolic sequence of a four-letter alphabet, namely,
scientists have been long aspiring to controllably and specifiguanine(G), adenine(A), cytosine(C), and thymine(T).
cally manipulate structures at the micrometer and nanometé/nlike proteins, ar-stacked array of DNA base pairs made
scale, nature has been performing these tasks and assembli#ig from these nucleotides can provide the way to promote
structures with great accuracy and high efficiency using spd®ng-range charge migration, which in turn gives important
cific biological molecules such as DNA and protejas2]. clues to mechanisms and biological functions of transport

Recently, the electric conductance of DNA molecules wad 16l . _
studied using a tight-binding small-polaron model and the Numerous glgorlthms have been mtrpd_uced to _character-
ize and graphically represent the genetic information stored

length dependence of the electric current was derf@dit . .
has been conjectured that the drift of polaron states may ledd the DNA nucleotide sequence. The goal of these methods

to a rapid motion of charges introduced on DI. How- IS to generate representgtive 'patf[err) for'certain sequences, or
ever, although the use of DNA molecules in nanoeIectroni%?erUpS of sequences. With this aim in mind, we r_eport in this
S . . ork a numerical study of electronic conduction in arrays of
circuits is a very promising task due to their self-assemblyp\ z single-strand segments, made up from four nucleotides
an(_j moleculqr recogm_uon abilities, their conductlv_lty ProP-following either a Rudin-Shapiro quasiperiodic sequence,
erties are still under intense debate_. Controversial reportSnich has a long-range pair correlation, or a random se-
consider that DNA may be a good linear condudi®i6],  quence with short-range pair correlations. For comparison
while others have found that it is somewhat more effectivgye show also the electrical transport properties for a ge-
than proteins, even when the molecules had perfectly orderasbmic DNA sequence considering a segment of the first se-
base pairg7-9]. Recently, measurements of electrical trans-quenced human chromosome @h22).
port through individual short DNA molecules indicated that  This paper is structured as follows. We present in Sec. II
it has a wide-band-gap semiconductor behaid). In ad-  our theoretical model based on an electronic tight-binding
dition, strongly deformed DNA molecules deposited on aHamiltonian suitable to describe a single strand of DNA seg-
substrate and connected to metallic electrodes can behave ments with pure diagonal correlated disorder modeled by a
an insulator or a conductor depending on the ratio betweequasiperiodic chain of Rudin-Shapil®S) type. Then we
the thickness of the substrate and the molegiig. introduce another artificial structure to model the DNA mol-
On the other hand, the introduction of long-range correlaecule but with short-range correlation, namely, the pair-
tions in aperiodic or genomic DNA sequences markedlycorrelated(PC) sequence structure. Their statistical proper-
changes their physics and can play a crucial role in theities, like the so-called Hurst exponent, are then discussed.
charge transfer efficiency, making a strong impact on theiSection Il deals with the conductivity of the DNA molecule
biological engineering processes like gene regulation andhodels through their electron transmittance coefficient. Solv-
cell division[12,13. Moreover, the nature of this long-range ing numerically a time-dependent Schrédinger equation, we
correlation has been the subject of intense investigation, ancbmpute also the time dependence of shesadof the wave
its possible applications on electronic delocalization in thefunction, as a function of time, for all DNA models consid-
one-dimensional Anderson model have been recently disered here. Finally, the conclusions of this work are presented
cussed14,15. in Sec. IV.
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TABLE I. Fraction of all possible first-neighbor pairs in the segment of 2000 nucleotides of the Ch22
chromosome that starts from the 100 000th one. The pair-correlated sequence is constructed to have the same
conditional probabilitie(J,1)=p(I,J)/Z«p(l,K).

1,J G A T C >5P(1,J)
G 0.1042 0.0644 0.0511 0.0664 0.2860
A 0.09193 0.10010 0.04902 0.04494 0.2860
T 0.07660 0.03166 0.05515 0.04392 0.2073
C 0.01327 0.08988 0.05311 0.06435 0.2206
>p(,J) 0.2860 0.2860 0.2073 0.2206
Il. THEORETICAL MODEL double-strand character, whose electronic localization has

been recently investigatd@0,21], but also the different val-
ues assumed by the coupling constant between distinct pairs
of nucleotideq22—-24, which in turn has important conse-
quences in the on-sitgonization energieSEE[ZS]. However,

. N (E— N\ we believe that the relative role played by long- and short-
Wier* ¥i-0) = (B~ €)1), @ range correlations in the nucleotide sequence can be ana-
whereg; is the single energy at the orbit#), wheread isthe  lyzed in great detail using the proposed single-strand model

Our Hamiltonian is an effective tight-binding model de-
scribing one electron moving in a chain with a single orbital
per site and nearest-neighbor interactions,[il&],

common first-neighbor electronic overldhopping ampli- used here, with correlated diagonal disorder.
tude. To set up a quasiperiodic chain of Rudin-Shapiro type, we
Within this framework, the(discreté Schrodinger equa- consider that the energieg take four different values
tion can be written as €, €a, €c, ander as in the DNA genomic sequence. With
the intention of comparing this sequence with the genomic
(lﬁjﬂ) _ M(')( i ) @) one, we assume that their numerical values are the same.
W =M $i-a)’ Starting from aG (guaning nucleotide as seed, the quasip-
eriodic RS sequence can be built through the inflation rules
whereM(j) is the transfer matrix G—GC, C—GA, A-TC, andT—TA The RS sequence
E-e)t -1 belongs to the family of so-called substitutional sequences,
M(j) =( J ) (3)  Which are characterized by the nature of their Fourier spec-
1 0 trum. It exhibits an absolutely continuous Fourier measure, a
. L . roperty that it shares with random sequer|{@&&. It should
After successive applications of the transfer matrices W(ge contrasted with the Fibonacci sequefmeother substitu-

have tional sequengdewhich displays a dense pure point Fourier

I measure, characteristic of a true quasicrystal-like structure
Vo) (4) (for a review of the physical properties of these and others
0 guasiperiodic structures, see RE27]). This important dif-
In this way we have the wave function at an arbitrary site.ference has been discussed in the literature in connection
Calculating the product of transfer matrices is completelywith the localization properties of both elementary excita-
equivalent to solving the Schrédinger equation for the systions [28] and classical waveg29] in the RS sequence, as
tem. The criterion for allowed energy is whéh/2)Tr[P] compared to other substitutional sequences.
<1, with T{P] meaning the trace of the matrik, and P We also constructed a random sequence containing the
=M(N)M(N-=1)---M(2)M(1) [18]. same pair correlation of the Ch22 chromosome sequence. To
For the DNA sequence of the first sequenced human chrghis end we first measured the fraction of pgus,J) (1,J
mosome 22ACh22, entitled NTy;;5,6 the number of letters =G,A,C, andT) in the Ch22 sequences considered. The re-
of this sequence is about 3x410° nucleotides. This se- sults for these conditional probabilities are summarized in
quence was retrieved from the internet page of the Nationalable | for a representative sequence. After that, we generate
Center of Biotechnology Information. The energigsare ~ an artificial sequence starting with a cytosii@® site. Dur-
chosen from the ionization potential of the respective nucleing the sequence construction, the nucleotide following a
otides[19], i.e., ex=8.24 =9.14 -=8.87, ande;=7.75, typel nucleotide is chosen to be of tydewith probability
all in eV, representing the adenine, guanine, thymine, and(J,l)=p(l,J)/Z¢p(l,K). The resulting pair-correlated se-
cytosine molecules. We will consider finite segments of thequence(we call it the PC sequengéias only short-range

(‘”lj/fl) =M(N)M(N-1)--- M(Z)M(l)(

J

Ch22 chromosome starting at the 1500th nucleotide. correlations which, by construction, are the same as the
In what follows we will focus on the electronic transport original Ch22 sequence.
considering the above tight-binding Hamiltonian moft&d. To compare some statistical properties of the above se-

(2)] for a single-strand DNA sequence. We are aware that imuences, we compute the autocorrelation function of the po-
order to model specific transport properties of DNA mol-tential landscape of segments of Ch22 and RS and PC se-
ecules, it would be important to consider not only theirquences as a function of the number of nucleotiges Fig.
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FIG. 2. Random walks generated from segments of Ch22, RS,
and PC sequences. The larger variance of the Ch22 sequence is
FIG. 1. AUtOCOrreIatiOn Of Segments Of Ch22, RS, and PC Se're|ated to |ts |Ong_range persistent behavior.
quences. The oscillations observed for the RS sequence reflect its

antipersistent character. Notice that it is longer-ranged correlations .
as compared to the Ch22 sequence. The PC sequence has the sam Jo perform the rescaled range analysis of the Ch22, RS,

€ .
first-neighbor correlations as the Ch22 sequence but is shorter-ran%_]? fg’ fseqUfhnc;?S,t\f[Vetﬁor;Strtucte(Ij agztharfythrandom walks
correlated. itiated from the first to the last nucleotide of the sequences
with the following rule: for a purindA,G) the walker steps

. down andg;=-1; for a pyrimidine(T, C) the walker steps u
1). Note that by construction the PC sequence has the same, ; , - +d1§' Afer ste%){s e dei(splagement &n):zn_p g p
first-neighbor correlation as the Ch22 sequence. The RS s he rlesulting random Waiks for Ch22. RS. and PC sléalljences
quence has a clear signature of antipersistent correlations I e shown in Fig. 2. where we have ’Iotﬁ,d) as a function
flected in the oscillatory behavior of its autocorrelation. Be- 9- 4 P

sides that, the amplitudes of the RS correlations ar(—f‘)f the number of steps. Note that for the RS sequence the

consistently larger than those in the Ch22 and PC sequence%rift to negative values is stronger than in both Ch22 and PC

On the other hand, the PC sequence is shorter ranged thgﬁ'quences, since it _contains a larger fraction of purines.
the actual Ch22 se,quence Many processes in nature are not independent, but show

Another important statistical characterization of randoms'gn'f'cam long-term correlations. In this case the asymptotic

sequences is the rescaled range statistical analysis, intr8—Callng law is modified anB(n) is asymptotically given by a

H .
duced by Hurset al.[30]. It provides a sensitive method for poi/vehr lawn™, w(;ariH |shthe so—calleq I—E)urﬁt e_xpofnent. Fgllgr
revealing long-run correlations in random processes. Given | has proved that the asymptotic behavior for any inde-

nucleotide sequence of siig the rescaled range statistics gend_ent ;aznf,g’ml prok::.eﬁs yv:gh fini|t_|e variance ifmﬁjige; by
for a discrete random walk, whose steps &rs defined as R<(W=(n7/2)7*~1, which yields a Hurst exponeri=0.
follows. First, one defines rescaled variables

10 LR T T T T T
k = ;
g
X(k,) = 2 (&= (&), 5 5
u=1 g
I
where(¢), is the mean value after steps(1<n<L), i.e., e
g
1o !
(©=-3 &. ® =
Ni=; R}
[
The rangeS(n) for a random walk of lengths is then given %
by ~
S(n) = max{X(k,n)] - min[X(k,n)], @) B
for 1<k=n. The scaled range functidR(n) is therefore Number of Nucleotides
R(n) = S(n)/a(n), (8) FIG. 3. Log-log plot of the rescaled range functiBn), nor-

malized to the one associated with a noncorrelated sequence, versus

n for the Ch22, Rudin-Shapiro, and PC sequence random walks. RS

and PC sequences have rescaled range functions relatively close to
1 n that expected for an uncorrelated random walk. However, the RS

a?(n) == (& ()% (9)  walk depicts a small antipersistence while the PC exhibits some
Ni=1 persistence as in the Ch22 walk.

where ¢?(n) is the standard deviation &f over walks of
lengthsn, and averaged over the entire sequence, i.e.,
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(the ordinary Brownian motion A persistentbehavior is a small number of nucleotides, becoming persistent with a
characterized by a Hurst exponent €6 <1, while anan-  minor deviation from the Ch22 behavior as the number of
tipersistentone is characterized by<OH<0.5. Many ex- nucleotides increases.
amples of natural phenomena that show persistent behavior
can be found irf32].

In Fig. 3 we plot on a log-log scale the rescaled range |j. CONDUCTIVITY AND WAVE-PACKET DYNAMICS
function R(n), normalized to the one associated with a non-
correlated sequence given Byn)=(n7/2)Y2-1, as a func- Consider now that the above sequences are further as-
tion of the number of nucleotides for the genomic DNA, sumed to be connected to two semi-infinite electrodes whose
Rudin-Shapiro, and PC sequences. The straight line corrénergiese, are adjusted to simulate a resonance with the
sponds to the case of a completely uncorrelated random walguanine highest occupied molecular orbital energy level, i.e.,
(H=0.5. From there, we can see clearly that in the genomice,,= €. The hopping integrals are chosen such thatt
DNA random walk the asymptotic behavior is persistent,=1 eV, althoughab initio calculations suggest that,
while for the Rudin-Shapiro sequence the random walks are=0.1-0.4 eV. For this system, the transmission coefficient
antipersistent. On the other hand, the rescaled range functiohy(E), which gives the transmission rate through the chain
for the PC sequence oscillates around an exact power law fand is related to the Landauer resistance, is definelB8ly

4 - X*(E)

= XA(E)(P1sPo1+ 1) + X(E)(P11= Po)(Pra= P + 2 Pi+2 ,
ij=1,2

TnE) =

(10)

whereX(E)=(E-e€y)/ty,, andP;; are elements of the transfer (N) equal to 64, 128, 256, and 512, respectively. Observe
matrix P. For a given energf, Ty(E) measures the level of that the transmission bands in the spectra becomes more and
backscattering events in the electrgor hole transport more fragmented as the segment size increases. This feature
through the chain. is related to the localized nature of the one-electron eigen-
In Fig. 4 we plot the transmission coefficieMt(E), as  states in disordered chains. It is relevant to stress that the
given by Eq.(10), as a function of the energy, in units of eV, presence of long-range correlations in the disorder distribu-
for the DNA Ch22 sequence with the number of nucleotidedion was recently shown to be a possible mechanism to in-
duce delocalization in low-dimensional systems. However,

Y L T ] I T ] the actual correlations in DNA sequences are not strong
0. |- N=64 _ 0.8 |- N=128 - enough to produce this correlation-induced transition and the
r r T stationary states remain all localized. However, the presence
) 0.6 ) 0.6 — - _ i i i
S gl i of long-range correlations enhances the localization length
=04 =04 - and, therefore, transmission resonances survive in larger seg-
02l 0zl 1 ments as compared with a noncorrelated random sequence.
- l | | l IJ - | Wl To illustrate this correlation effect we plot in Fig. 5 the trans-
0" 9 10 e T BT mission coefficient for long-range correlated Rudin-Shapiro
1 ——— E — —————— sequences, for the same number of nucleotidlas in Fig. 4.
05l =256 ] 025 N=512 ] The transmission spectra depict a trend simila_r to the one
L i o2l b produced by the genomic sequence. The transmission spectra
g 05 1 a “L i derived from the PC sequenc¢eot shown also exhibit the
& 04l 1 =our ] same pattern, with the transmission resonances being more
- . 0.1 ] sensitive to increases of the segment size due to the short-
02~ 7 0.05— — range character of its correlations.
ol 1 Mlal 1, ol 1 1 | P To compare the transmittance properties of different
¢ 7 F 9 10 ¢ 7 2 % 1 chains, the behavior of the Lyapunov coefficient
FIG. 4. Transmittance coefficiefy(E) as a function of the W(E) = (1/2N)In[ [TW(E)|] 11

energyE, in units of eV, for Ch22-based sequence near the band o . )
center, for the number of nucleotiddsequal to 64, 128, 256, and IS plotted in Figs. 6 and 7, as a function of the enefigyn

512. Notice that the transmission bands shrink as the segment sitlits of eV, for Ch22-based and Rudin-Shapiro sequences
increases. However, the presence of correlations contributes to theith N=64, 128, 256, and 512, respectively. This exponent,
survival of resonant transmission peaks for sequences up to hufior a system with uncorrelated disorder, is related to the lo-
dreds of nucleotides. calization lengtt\(E) by [33]
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FIG. 5. As in Fig. 4 but for Rudin-Shapiro sequence. Observe a FIG. 7. As in Fig. 6 but for Rudin-Shapiro sequence. The un-

similar trend to the one depicted in Fig. 4. This feature supports thgierlying structure is similar to the one presented for the actual Ch22
relevance of correlations in the nucleotide distribution to the sursequence.

vival of transmission resonances on finite segments irrespective of
its persistent or antipersistent nature.

N
— _ 2 2
R(E)=[,Liinx7N(E)]'l- 12 o(t) E[n QONRIAG] (13

Starting from a wave packet localized at the guani@g

In addition, in the presence of scale invariance properties, th&/t€ closest to the center of _seg_ments_wnH MQcleotides,

underlying structure ofy(E) reflects the self-similarity of the spread of the wave function is depicted in Fig. 8 for the

the spectrum. Ch22, RS, PC, and uncorrelated sequences. For the uncorre-
Focusing now on the wave-packet dynamics in the abovéated random sequence we considered the same fraction _of

finite segments, we solved numerically the time-dependerff@ch nucleotide composing the Ch22 sequence under consid-

Schrodinger equation and computed the time dependence §fation. The root mean square displaceme(ty on Ch22

the spreadof the wave function(square root of the mean

squared displaceménts a function of time, by using 30 ' T :"At\ I I A
Pl \ ]
i Jo il \t"f." e ‘\, }"\’\Jh' \'\4;
— T 200 ——————T7— ok
80 - N=6a -
i ] 150 s
60 —
- . 301
a0l ] -1 b X
i 1 50 © ..-*".r' RO -".-33;"
20 RS K2 2“
I 1 20f ETRD G L ?:}‘\
0 ) AT
— CH22
700 ] 10 .-«« PCS —
600 ] -- RS |
300 500 — -=+ random
400 -_ _- 0 1 | 1 | 1 | 1
> 200 ~ | i 0 2000 4000 6000 8000
300~ 7 t
100 200 — ] _
100 | FIG. 8. Spread of the wave functidsquare root of the mean
[ | squared displacementr given by Eq.(13) as a function of time.
3 7 8 9 10 3 7 8 9 10 g P ontr g y Ed.(139

E E The wave-packet dynamics on Ch22, PC, fully uncorrelated random
(averaged over ten distinct segments of hdicleotidey and RS
FIG. 6. Lyapunov coefficienyy(E) as a function of the energy sequences were considered. The anomalous spread on Ch22 is twice
E, in units of eV, for Ch22-based sequence. We have also consicas large as that in the uncorrelated sequence. However, the long-
ered the number of nucleotidés equal to 64, 128, 256, and 512. range correlations in the RS sequence overestimate the wave func-
The underlying structure emerging at large sequences reflects sortien spread. The pair correlations account fa60% of the anoma-
degree of self-similarity of the transmission spectra. lous spread in the Ch22 sequences.
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segments displays an initial ballistic spread but saturates atraolecular recognition, makes DNA an ideal molecule for
finite value due to the localized nature of the one-electrorthese applications.

eigenstates. The saturation value is of the order=80 for Aiming to further contribute to the present understanding
the Ch22 segments. This value is twice the one reached faf the role played by correlations on the electronic properties
the fully uncorrelated random sequence, thus indicating thadf DNA segments, we have studied here the electronic trans-
correlations in the nucleotide distribution play a significantport properties of finite sequences of nucleotides within a
role in the wave-packet dynamics. On the other hand, théight-binding approach of single-strand DNA sequences with
spread on the RS sequence overpasses that for the actymire diagonal correlated disorder. In order to reveal the ac-
Ch22 by~50%. This fact is related to the longer-range char-tual relevance of short- and long-range correlations, we com-
acter of its correlations as already discusgsee Fig. 1 pared the transmission spectra and the wave-packet spread
Notice, however, that the spread in the PC sequence is onlgn segments of the Ch22 human chromosome with those
~25% below that of Ch22 segments, which seems to indiresulting from the quasiperiodic Rudin-Shapiro sequence as
cate that a well controlled approach to the actual wavewell as from a pair-correlated sequence. We obtained that the
packet dynamics on DNA segments can be obtained by inlong-range correlations present in Ch22 and RS sequences

cluding further short-range correlations. are responsible for the slow vanishing of some transmission
peaks as the segment size is increased, which may promote
IV. CONCLUSIONS an effective electronic transport at specific resonant energies

) ) ) of finite DNA segments. On the other hand, much of the

Over the past few years, bionanomaterial science hagnomalous spread of an initially localized electron wave
emerged as an exciting field in which theoretical and experipacket can be accounted for by short-range pair correlations
mental studies of nanobiostructures have stimulated 8n DNA. This finding suggests that a systematic approach
broader interest in developing the field of nanometer-scalgased on the inclusion of further short-range correlations on
electronic devices. In particular, intelligent composite bio-the nucleotide distribution can provide an adequate descrip-

logical materials have become an interdisciplinary frontier inion of the electronic properties of DNA segments.
life science and material science. Nevertheless, the construc-

tion of nanometer-scale _c_ircuits remains problematic, and the ACKNOWLEDGMENTS
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