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Environment and structure influence on DNA conduction
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Resultsfor transmissiorthroughthe poly{G} DNA moleculeare presentedWe showthat (i) periodically
arrangedsodiumcounterionsn closeproximity to dry DNA give riseto a conductionchannel andaperiodicity
in the counterionsequencesan leadto a significantreductionin conduction,(ii) modificationof the rise of
B-DNA inducesa changen thewidth of the transmissiorwindow, and(iii ) specificallydesignedsequenceare

predictedto showintrinsic resonantunnelingbehavior
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Thegrowinginterestin DNA for nanotechnologgndmo-
leculardevicesstemsfrom the ability of controlledgrowth of
nucleotidesequencesnd its surprisingconductingproper
ties. Recenttransportmeasurementsn DNA strandslying
betweenmetallic electrodeshave producedcontradictoryre-
sults.Fink andSchmenbeger observednetallicbehaviorin
N-DNA using an electronprojection microscopesetup,Ka-
sumov et al.” observedsuperconductingbehavior Porath
et al.® observedsemiconductindpehaviorwith awell-defined
poly{G}-poly{C} DNA molecule,and de Pabloet al.* ob-
servedinsulating behavior using a scanningforce micro-
scopebasedsetup.Biochemistshave establisheda link be-
tween oxidative damageof DNA due to hole transportand
the occurrenceof geneticmutations.lt hasalsobeenshown
that oxidative damageis sequencedependent. Experi-
ment$'’ and modeling*® have shown that both short-range
coherent tunneling transport and long-range incoherent/
hoppingtranspo? *° are mechanismgor hole transport.

Chage transportin DNA is a complex phenomenorbe-
causethe environmenbf the DNA playsa significantrole in
determining the enepgy levels of nucleotides and the
structuret! The transformationof DNA structurehas been
correlatedto the pH of the buffer. In this Rapid Communi-
cation,we modelsomeaspectf structureandenvironment
thatinfluencechage transportin dry DNA.

|. MODEL AND METHOD

The systemmodeledis a single-strandB-DNA molecule,
which hasten basesper turn with a distanceof 3.38 A be-
tween consecutivebasesWe consideredwo casesln case
A, only the nucleicacidsareincludedwith anH atomtermi-
nation of the base.For two basesthere are six degreesof
freedom,which leadto a very large numberof possiblecon-
formations.We calculatethe changein transmissionprob-
ability through an infinite poly{G} DNA molecule due to
changen two of thesedegreeof freedom:rise (the distance
betweenbaseg andtwist (anglebetweenconsecutivebases
The coordinatesof the moleculeare generatedby applying
the translationsand rotationsgiven in Ref. 12 to a single
nucleotide.In caseB, the sugar phosphatebackboneand
nucleicacidsare explicitly includedwith the structuretaken
from Ref. 12. Hydration shellsare absentn our model,and
fluctuationsin DNA conformationdo not exist,asin the case
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PACS numbefts): 72.10—d, 85.65+h, 87.15-v, 73.22—f

of dry DNA. We considera straightforwardB-DNA model
becausehe structureof DNA lying on a substratés not well
understood? In the calculationsinvolving the effect of the
counteriongcationg of the phosphatgroupon chagetrans-
port, the backboneand counterionsare both consideredThe
location of the counterionsare determinedby the enegy
minimization* of a one-phosphatéwo-sugarmodel of the
DNA backbone.

Thetransmissiorthroughthe moleculeis computedusing
a Greens-functionframework!® A block tridiagonal matrix
representatiomf the Hamiltonian,with interactiononly be-
tween nearest-neighbobasesis included to compute the
transmissiort® In constructingthe block-tridiagonalHamil-
tonianfor the extendedsystemwe follow the work of Gazdy
et al.,'” which is basedon the Hamiltonian obtainedfrom
calculationson dimers or trimers. Such a calculation has
beencarriedoutin the contextof the DNA by Ye andJiang'®
Our calculationson dimers,alongthe DNA chainto obtain
the Hamiltonian/Fock matrix*® are performed using the
B3LYP exchange-correlationfunctionat®?° in density-
functional calculationsusing GAussiAN9ga'* The basis set
usedhere correspondgo 6-21G. More diffuse or complete
basissetsaffect our resultslittle.

Thetransmissiorthroughthe moleculeis computedusing
the following expressiort? T(E)=tr(I',G'TrG?). In this
equation,G'® representghe retarded(advancell Greens
function and I'| gy the coupling betweenthe left (right)
lead and the device. G" is the solution of the following
equation: (ES—H—-3[ —3R)G"=1, where E represents
the enepgy of the electron,H the Hamiltonian, S the over
lap matrix, and EL(R) the self-enegy. In the framework
of the nearest—neighborapproximation,E[(R) and T' (g
are given by ErL(R):HDNA-L(R)grL(R)HL(R)-DNA and I' (g
=—2Im(X{ (r)), whereg g, is theretardedsurfaceGreens
function of the left (right) lead, Hpya. (r) representshe
coupling betweenthe DNA and the left (right) contact,
HL(R)_DNAzHJ,gNA_,_(R), and Im[x] representghe imaginary
part of x.

I1. RESULTS

The highestoccupiedmolecularorbital (HOMO) andthe
lowest unoccupiedmolecular orbital (LUMO) of a nucle-
otide primarily lie on the bases.Henceit is believedthat
transportin native DNA occurs primarily along the base
pairs,andthe backbonedoesnot play a role apartfrom pro-
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FIG. 1. Transmissiorvs enegy for differentdistancesetween
consecutivebasesof a poly{G} DNA moleculewithout backbone.
Thesolid line correspondso arise of 3.38A, thedashedine to 3.1
A, andthe dottedoneto 3.5 A. The insetcorrespondso the linear
responseonductanceat T=298 K.

viding mechanicaktability to the structure?! Figure1 corre-
spondsto the variation of transmissiorwhen the rise of a

B-DNA is decreasedmodel A). When this distanceis de-
creasedrom theregularvalueof 3.38A, the maineffectis a

broadening of the conduction channels. Physically the
broadeningoccursdue to an increasein the hybridization
betweenthe 7 orbitals of guanine.An increaseof the rise
(distance between consecutivebase$ causesa shift and
sharpeningof the channel, becausethe hybridization be-
tweenthe 7 orbitalsof neighboringbasess now diminished.
Enegetically the decreasef the distancebetweennearest-
neighborbasesby 0.28 A producesan increasein the total

enegy of only 0.14 eV for a two-basesystem.Thus, evenif

this conformationis enegetically higher it may be encoun-
teredin specificconditions.Also, it may be possibleto per

form experimentsvhereDNA lying betweencontactscanbe
stretchedas in recentexperimentswith carbonnanotubeg?

Broadeningof the HOMO transmissiorwindow is alsoseen
whenthe twist angleis decreasedrom its regularvalue of

36° (Fig. 2), as recentlyfound by Di Feliceet al. in Ref. 23.

In the absenceof strain, the width of the HOMO transmis-
sion channelis 370 meV (Fig. 1), which correspondgo an
averagenearest-neighbdnoppingstrengthbetweenbaseof

nearly90 meV. Changingthetwist anglefrom 36° to 30° and
0° changeghe width of the HOMO transmissiorchannelto

270 meV and 1.07 eV, respectively(Fig. 2).

We now considerthe effect of counterionsusinga DNA
strandwith the backboneincluded (model B). One param-
eter that is not well characterizedn most of the transport
experimentn DNA is its closeenvironmentlt is only very
recentlythat a combinedtheoreticaland experimentaktudy
has pointed out the possibleimplications of the backbone
with its close environmentin hole transport* Indeed, a
DNA moleculein a salinesolutionis surroundedy a cloud
of ionic speciesdue to the presenceof a negativechage
mainly located on one of the oxygensof the phosphate
group. Measurement®f currentby physicistsinvolves dry
DNA. In dry DNA, where are the cations and hydration
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FIG. 2. Transmissionvs enegy for different twist anglesbe-
tweenconsecutivébasef apoly{G} DNA moleculewithout back-
bone.Solid line, (1=0°, dashedine: (=30°. Theinsetcorresponds
to the linearresponseconductanceat T=298 K.

shellslocated?ls a hydration shell necessanor canit be
avoidedall together?Thesequestionsare difficult to answer
at this initial stageof the field. The answerwill probably
comefrom an interplay of high-resolutionscanningtunnel-
ing microscope/atomi¢orce microscopemeasurementand
modeling,which is well beyondthe scopeof our work. Our
model study heremakessimple assumptiongboutthe loca-
tion of the cationswithout a hydrationshell, to first under

standwhat happensn this idealistic limit. As is shownbe-
low, even this ideal limit is interesting.We find that the
cationshavetwo maininfluenceson conduction:

(a) Transportcould occurvia a channelcomposedf cat-
ions. The resultsdo not dependsignificantly on the distance
of the cationfrom the phosphategroup aslong asit is be-
tween2.3and2.8 A (distanceto the nearesbxygen, andthe
cationsare placeduniformly alongthe backbone.

(b) Cationsaffect the on-site potential of the basesand
hencealter conductancéhroughthe basessubstantiallySpe-
cifically, nonuniformityin cationtype couldleadto a reduc-
tion in conductancehrough the basesWe have presented
resultsfor the decreasén transmissiorwhena single cation
is replacedor removed.

We discuss(a) and (b) now. We comparethe influenceof
hydrogen,hydronium,and sodiumcounterionson the trans-
missionof electronsthrougha poly{G} strand.The chage
transferfrom the counterionto the phosphateyroupis found
usingMulliken populationanalysisto be 0.42,0.80,and0.60
for the casewf H, H;0, and,Narespectivelyln the caseof
H and H;0, we find that the HOMO and LUMO channels
arestill onthebaseandsoconductionwould occurprimarily
throughthe base.In the calculationswith Na, we find thata
conductionchanneloccursin the HOMO-LUMO gap (of the
structure without the sodium. This channelis due to an
empty bandand correspondgo the LUMO of the structure
with Na. Figure 3 showsthe plot of transmissionversusen-
ergy with Na counterions. The local densityof statesat the
Sodium atom (not shown further provesthat this channel
(locatedat —2.6 eV) is dueto the sodiumatoms.Thatis, the
phosphatgroupactsasa templatefor a helicalwire consist-
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FIG. 3. Transmissionvs enegy for a poly{G} B-DNA sur
roundedby periodically placedNa ions (solid line), and when a
local ion mismatchis createdby replacing one Na by a H;O
(dashedine).

ing of sodiumatoms,conductionthroughwhich givesriseto
this channel We havealsoverified that the transmissiorob-
tainedby replacingthe combinedsystemof phosphatgroup,
sugar and baseby OH at the location of the phosphate
groupsleadsto the occurrenceof theseconductionchannels
due to the sodiumwire. The aboveresultsindicatethat de-
pendingon the locationof the Fermi enegy, the counterions
of the phosphategroup could play a role in determiningthe
conductanceWe also find that potassiumand lithium also
showthe abovefeatureof creatinga channelin the HOMO-
LUMO gap of the structurewithout theseatoms.

We now presentesultsfor the influenceof morethanone
ionic speciesin the backbone.Experimentally we expect
variationin both the type andlocation of the counterionsn
dry DNA. We considera systemwith a chain of sodium
counterions,where a single sodium atom is replacedby
H;0O. The main effect of the H;O counterionis to shift the
HOMO andLUMO of the baseclosestto it, relativeto other
baseswith a sodiumcounterion. The transmissiorprobabil-
ity throughsucha systemis shownin Fig. 3 (dashedine).
The decreasdn transmissionover relevantenegy ranges
nearthe HOMO and LUMO is significant.As a result, we
expectthe conductancef a DNA strandwith fluctuationin
the type of counteriongto be significantly alteredcompared
to a strandwith uniformly placedcounterions. We alsofind
thatthe shift in the enegy levelsdueto H3O (with respecto
sodium is around150 meV, which is comparabldo the hy-
bridizationenegy betweemearesneighborguaninesThus,
arandomsequencef counterionsalongthe backbonevould
eventuallytendto localize the electronwave function along
the bases?

The principle of complementaritypetweenbasesandthe
ability to designarbitrarysequencebasgeneratednterestin
DNA basedelectronicsInspiredby this, we havestudiedthe
possibility of intrinsic resonanttunnelingin DNA strands.
The underlyingstructurein resonantunnelingis a quantum
well connectedo the continuumby two barriers.Motivated
by the fact that guaninehasa lower ionization enegy than
thymine, we considerthe following two strands,which are
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FIG. 4. Transmissionvs enegy for poly{G}TGGGTpoly{G}
(dasheyd and poly{G}TGGGGGGTpoly{G} (solid) double-
barrier resonant tunneling structures. Inset: Symmetrical
poly{G}TGGGTpoly{G} (dashegl and asymmetrical
poly{G}TTGGGTpoly{G} (solid) sequences.

seemingly symmetric, poly{G}TGGGGGGTpoly{G} and
poly{G}TGGGTpoly{G}. We expectthe thyminesto com-
prise a barrierandthe guaninesn betweento form a quan-
tumwell. Threeandsix cleartransmissiorresonancedueto

hybridization of the guaninesare seenin Fig. 4. The trans-
missionprobability througha systemwith symmetricbarri-
ersshouldpeakat unity. Interestingly the barrierscreatedby

the thymineshave a small asymmetry becausehe overlap
HamiltoniansbetweenG andT in {5'GT3'} and{5'TG3'}

arenot the same(thesestructuresare not geometricallyiden-
tical dueto rotationof basesalongthe DNA helix). However

asthe asymmetryis mild, the transmissioris closeto unity.

Next, we consider a poly{G}TTGGGTpoly{G} strand,
which hasa much larger asymmetryin the barrierscreated
by the thymines.Here,we find thatwhile the locationof the
transmissionresonance$as not changedsignificantly the
peakvaluesare smallerthan0.2 (insetof Fig. 4). It is noted
that suchresonantunnelingbehaviormay be observablan

an experimentwherethe Fermi enegy throughthe DNA is

modifiedby applyinga gatevoltage,or in experimentdook-

ing at currentas a function of the appliedbias betweenthe
sourceanddrain terminals.

We now briefly discusstwo aspectsthat have beenig-
noredin the previousdiscussion—thdocation of the Fermi
level and electrostaticsReliably computingthe Fermi level
of moleculesconnectedo electrodesasprovedto beachal-
lenging problem, becausechage transferbetweenthe mac-
roscopiccontactsandthe moleculesshouldbe preciselyde-
termined.For alarge moleculesuchasDNA, it mightbebest
to usevaluesthatcanbeinferredfrom experimentsA recent
interesting experimer® finds that the Fermi enegy in
poly{G}-poly{C} andpoly{A}-poly{T} moleculeslie closer
to the HOMO (p-doped and LUMO (n-doped channels,
respectively Experimentsthat involve an electrostatically
coupledgateelectrodehavea significantadvantagebecause
the Fermienegy canbe tunedfrom the HOMO bandto the
LUMO bandin a controlledmanner’
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Our assumptionof neglectingself-consistencyfor long
strandsis strictly not correct,asthe potentialprofile will be
determinedby long-rangechage transfer In our calcula-
tions, chage transferis accuratelyaccountedor only in the
Fock matrix of the subsystemWe haveverified thatexpand-
ing the subsystenfrom two to threebasesdoesnot signifi-
cantly affect our results.Also, self-consistentalculationsto
determinethe fraction of voltage drop acrossthe DNA and
contactsare importantin understandinghe mechanismof
currentflow at finite voltagebiasesbut is beyondthe scope
of this Rapid Communication.

In conclusion, we numerically study the transmission

propertiesof dry poly{G} DNA. Changeof the distance
(rise) and angle (twist) betweenthe basesfrom its regular
valuefor B-DNA leadsto a shift and changein width of the
transmissionwindow. Some ionic speciessuch as sodium
could createimproved conductionchannels.More impor
tantly, we have shownthat the variation of ionic speciesin
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the backbonecan causea significantreductionin transmis-
sionthroughthe basesFinally, we explorethe possibility of

resonanttunneling in engineeredDNA structuresand find

thatit maybe possibleto observantrinsic resonantunneling
in a systemcomposedf guanineandthymine.
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