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ITepiindn

Ovoudlovrtoc povopepés éva Cebyog Bdoewy B-DNA, uehetdue nohuuept| Tuuato
B-DNA, twv onolwv 1o apyixd novouepés elvon par youovivn, tor TEAMXE Lol ToLmhETal
Youavivwy ot Tor eVOLuESH Eivon xEmOL0 ETAVOAUUBAVOUEVO OVOUERES 1) DLUEQEC.
To nelpoyo tou Giese et al. [I] to omolo agopd v axohoutia 5-G(T),GGG-3’
omou n=1,2,...,5,7,8,16 ue mpoodxn g ovpdc 5-TATTATATTACGC-3" amotehel
TNV €unveuo) Yo T YewenTxr) ueAétn o eminedo (elyouc Bdocwy ue yerion Tou
Movtéhou Ioyverc Aéoueuonc Tne ouumEpLpoEds TwV €S axoAoUTIOY:

(i) G(T),GGG pe xa ywpic mpootxn tne ouvpdc TATTATATTACGC. I'veton
ToLoTIXT) GUYXELOT METAEY ToL X0ploL cuUTERdoUaTOC and To Telpopa Tou Giese
et al. [1] xou Tou avtiotoryou Vewpntixol anoteléouatog Tou TopouatdleTol
TNV TEOVCH TTUYLAXT).

(i) G(A),GGG oty onola petafiBdletar omoteleouatindTepa 1) OTY o€ GYECT UE
NV Teonyoluevn axolouvdio eve to avtideto cupPaivel ue o nhexteovio.

(iii) G(C),GGG. H avtxoatdotaon twv yepupdhy Leuyodv Bdoewy (T-A), xa (A-
T), pe (C-G),, av&dvel v anoteheopatxétta petofifuone goptiov oto B-
DNA.

(iv) G(G),GGG. Ou péoec ypovixd mdavdTneg €VpEoNS TOU POPTIOU GE XETOLO
CLYXEXPLIEVO UOVOPERES (TO OTolo GUUPWVA UE TN YewenTixn Uog TeocéyYion
etvon to Ledyog ﬁdasmv) oUTOV TOU TOAUUEROUC Elvan ToAvdpoUxéc. AUTEC oL
axohouldieg mohuuep®y elvan oL To amoteheouatiég ot ueTof{Boor goptiou
amd TIC avTIoTOLYES axOAOUDIEC TTOU AVUPEQUUE TUPAUTAVE.

6mov n=1,2,...,16.

Ewbuotepa, n odinienidpaon @optiou (omhg oAAd xou NAeXTEOVIOU) UE TIC Topamd-
Vo oxohovdieg pehetdron LEcw TV Wogaoudtey Ty HOMO xou LUMO xatactdoe-
oV, TV xodapoy péowy puiuny petaBiBaong Tou goptiou, TV PEowY yeovxd Tio-
VOTATOVY X0l TWV TUXVOTATOY XataoTdoewy. Tehog, yivetar uio avtioTouyn avdiuon
ATOTEAEOUATOVY TOU apopd TG axOROLDES e BEXTT PopTIOL YouUViVY), ATOBEXTY Pop-
Tlou Wi TEUTAETA YoUaVIVKY xo ¢ YEQPUEA Utar oxohoudia Je evaadocouoeg Tn Bdon 1
xou TN Bdon 2 6mou BdonlBaon2’= TA,CG,TC,AC,AG,TG,AT,GC,CT,CA,GA,GT.
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Abstract

We call monomer a B-DNA base pair and we study polymeric B-DNA seg-
ments, in which the first monomer is a guanine, the last monomeres are three gua-
nines and between them exists a repetitive monomer or dimer. The experiment
of Giese et al. [1] which concerns the sequence 5-G(T),,GGG-3’, n=1,2,...,5,7,8,16
extended with the segment 5’-TATTATATTACGC-3’ is the inspiration of the theo-
retical examination in a Tight-Binding wire Model of the behaviour of the following
sequences:

(i) G(T),,GGG with and without the extension TATTATATTACGC. A compar-
ison is being held between the main conclusion of the Giese et al.’s experiment
and the relevant theoretical result presented in this B.Sc. Thesis.

(ii) G(A),GGG in which the hole is transferred more efficiently compared to the
previous sequence and the opposite claim is applicable to the electron.

(iii) G(C),,GGG. The replacement of bridges (T-A), and (A-T), with (C-G),
increases the efficiency of the charge transfer in B-DNA.

(iv) G(G),GGG. The probabilities of finding the carrier in a specific monomer
(=base pair) of this polymer are palindromic. These sequences are the most
efficient in the charge transfer.

where n=1,2,....16.

Specifically, the interaction between the sequence and the charge (hole or elec-
tron) is examined through the eigenenergies of the HOMO and LUMO states, the
pure mean transfer rate and the density of states and mean probabilities. Finally,
we examine appropriately the sequences with a guanine base as the charge donor,
a triplet of guanines as the charge acceptor and an alternating ’basel’-’base2’ sub-
sequence where 'basel”base2’ = TA, CG, TC, AC, AG, TG, AT, GC, CT, CA,
GA, GT as the bridge between the donor and the acceptor.
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AEZIKO OPON

Hopoxdtey mopatidevton xdmolot bpot tng dedvoic oporoyiog - pall ue Tic cuvTo-
HOYEAPIEC TOUC - TIOU YENOLIOTOLOUVTOL EXTETUUEVO O TNV TOEOUCH Epyacio:

‘Opoc Yuvtopoypapia Ilepiypop
aprduog cuvTaENng 0 apLiUOC TWV TANCLECTEPWY
(coordination number) YELTOVWY UE TOUG OToloug

CUVOEETOL EVOL GTOUO

Looquuinde YXuvduaouog n xPBavtixr vépdeon

Atopxayv Tpoytoxwy LCAO ATOUIXDY TROYLAXWDY (G

(Linear Combination uédodoc yia Tov UTOAOYLOUO

of Atomic Orbitals) TWYV LOPLIXDY TEOYLUXGDY
Ioogupixde Xuvduaouog 1 xBovtier unEpdeon

Mogroxwv Teoytaxev LCAO LOPLOXWY TEOYLOXWY 1S

(Linear Combination uédodog yla Tov UTOAOYIOUO
of Molecular Orbitals) MEYUADTEQWV UOPLIXMY TROYLAXGDY

VOUXAEIXS 080 o TEPIEYEL TIC
0€0ZUPLBOVOUXAEINS 0L0 YeVETIXEC TANPOQoplec Tou xadopllouy
(deoxyribonucleic acid) DNA ™ Broloyuer) avamTuEn GhwY Ty

HUTTOEIXDY PopPOY (NG Xal

TWYV TEQLOGOTEQWVY LWV

ETUTOTLO EVEQYELN TO EVEQYELAXO ETINEDO UIag

on-site ener AEXTOOVIXNC HATAC TAOTC EVOC
gy n e Y n
ATOUOVWUEVOU ATOUOL, Uoplou X.A.T.

vl



vil

‘Opoc Yuvrtopoypapia Ilepiypap

uetoBiBaon

(transfer)

UETOPORA
(transfer)

UETAVAC TEUOT)
(migration)

UOVOUEQREC
(monomere)

Movtého Ioyvpric Aéoucuong TB Model

(Tight Binding Model)

OhoxhApwuo YeTamndRoEwS TB Model

(Hopping integral)

Tonoveoio/O¢on
(Site)

Tnrétepo Kotethnuuévo
Mogroxd Tooytoxd
(Highest Occupied
Molecular Orbital)

HOMO

Xaunrotepo un Kotethnuuévo
Mogpuoxd Teoytoxd
(Lowest Unoccupied
Molecular Orbital)

LUMO

uetdfoom poptiou amd T wla Véon
oTNY GAAT yweic EQupuoyn Tdong

uetdfoon poptiou amd T wla Véon
TNV GAAT LTO TdoN

xhaoowt| i xPoavtid yetdfoon and
ula Véom otV AN

éva (evyog Bdoewv DNA

ABAvTOUNyOvVIXG TEOTUTIO Yo TNV
TEQLYPUPT| TWV LOLOTHTWY Loy UEd
OECUEVUEVWY NAEXTOOVIWY OTA GTERED

1 TUEAUETEOSG UETABAOTS TOU POopEa
oo TN W VEom o TNV GAAN

éva Cevyog Bdoewy 1 pa Bdon

1 wo V€on TN pay OXOXHOMSL X.0.X.
omou eviomileTon 0 Yopéac, o omolog
UETATNOd amd TN VECT, OE YEITOVIXES

¢ Véoceic. Lny moapolou epyacia, YEon
= Cebyocg Bdoewv.

T0 UYMAGTERO EVERYELUXE HOPLIXD
TEOYLXO EVOC CUCTHUUTOS O TN
YePeAwon Tou xatdoTaoT 10 onolo
xatoAopfdveTar amd NAEXTEOVIO

TO YUUNAOTEQO EVEQYELUX LOPLOXO
TEOYLXO EVOC GUCTHUNTOS O TN

YeUeA®oT Tou xaTdoTooT 10 onolo
oev xatohopfdvetar amd NAEXTEOVIO




ITINAKAY X TYTMBOAQON KAI XTAGEPON

Ou mopoaxdtey cupfohiouol yenowonotolvTal oTny tapoloa epyasta ywelc va a-
vapépeTon xde popd 1 onuacio Toug:

3 & > > =® z

3

ppo
ppm
(i, 75)

TO GUYOAO TWV QUOIXGY UELIUOY

TO GUVOAO TWV TEUYUATIXOV ootiumy

n otodepd Tou Planck

n avnyuévn otadepd tou Planck

o epurttavd ouluyée (hermitian conjugate) evog teheot
1 uélo Tou NAexTEOViou

1 pordnuated otadepd mou optletan w¢ 0 AéYog
NG TEPLPERELIG EVOS XUXAOU TEOC TN OLIUETEO TOU

T QOVTUC T LOVADY

TO TEOYLAXO TV NAEXTEOVIWY UE TEOYLaXd XPoavTind aprdud | = 1
(1=0,1,2,....,n — 1, 6mou n o xbpog *xPovtinde opriude)

xou oy viTxd xPavtind oprdud my =0 (my = -1, =1+ 1,...,1 —1,1),
10 omolo etvon xd¥eTo 610 eNinedo TV popiwy

0 deoude TOTou o Tou oynuatilouvy BVo p TEOY X
0 deoude TOTou T Tou oy NuaTilouvy BVO P TEOYLAX

GUUBOMOUOC TWV 0TOUWY/Uoplwy @ xaL § OTaY omoTeEROUY
TANGCIEGTEQOUS YEITOVEG
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EizArQrd

H tautonolnomn tou deolupiBovouxheixol oléog 1 oridg DNA uéoa otoug mupt-
VEG TV avUpOTIVGY AEUXOY AIocQAULEiwY artd To QuoLoAGYo YNuxod Friedrich Mie-
scher to 1869 Htav 1 oy TNe avodiudng oTolyelwy yio Tn Sour| xou T Aettoupyia
Tou DNA. O Poooc Boynuxdc Phoebus Levin to 1919 npdteive 6TL T vouxAeind
o€ amoTEAOUVTAY amtd Lol GELRG VOUXAEOTIOIWY xordéva amd Tar omolo amoTEAOUVTOY
uovo amo plo and Tic 4 alwtolyeg BAcelg, va coxyupxd U6ELo Xot Uid PuCPOopo-
Udda. MAUEPX, Ol ETCTAUOVES oY Xou €Y0UV amopellel TNV TETPUVOUXAEOTIOWY| DoY)
Tou DNA amodéyovtar tnv e€fic mohuvouxheotdwr| dour: to DNA amoteleiton and
Hlat oELpd VOUXAEOTWOIY xodéva amd Tor omolor Eyel 3 CUCTUTIXG: TNV POCPOPOUS-
da (Beoup3oln oty mepintwon tou DNA), éva odocyapo xon pla alwtodya Bdon
(Xy.1).

H. . -H

N

AZwTouyog Baom
0" , ( ABieviv )
DWOPOOIKT H H
opaba

OH H

Neviddn
(AsofupiBo-)
VOUKAEOTIBIO

Yxnua 1: H doun) evég voukieotidiov. Awakpivortar n alwtovyos Pdon kar n mevtoln
(6eo&vpiBln otny mepintwon tov DNA kair piféln o€ avtrj tov RNA), mov uali arotedodv

éva deobupiPovovkAeoaioo, kal n gwoeopikn opdoa.
Eriong, yvopllouue dtL undpyouv 600 eidn alwtodywy BAcewy: oL Touplves, ldL-

xotepa 1 odeviv(A) xau 1 youaviv(G) xadepio amd Tic onoleg Pe €va oUYYWVEUUEVO
daxtOMo xou ot Tupudivee, elddtepa xutootvy(C), Gupivy (T)(ubévo oto DNA) xon
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ovpaxiAn (uévo ato RNA), xodepio pe éva povo doxtvho (Xy.2).

- i i

H
Cc c C C
y % Y N dh i _CH;
Ny * sCcH Na/4 5CH HNG © scH HR
\ I l Il | Il | I
HC?2 6CH (- SCH ( SCH as §CH
S . 1 P 1 2 1
R N > o) . N P e} R N 4 [o) . N P
H H H
Pyrimidine Cytosine (C) Uracil (U) Thymine (T)
(found in RNA) (found in DNA)
NH, 0
H l |
C C
Ak Z N N N
Ny ° 50/7\\ N : 50/\\ HN ° sc/\\
l2 4H a/CH |2 4H s/CH \2 4H s/CH
HC\\a/C\ﬁl HC\\S/C\'!El ~C\\3/C\§l
N
H H H
Purine Adenine (A) Guanine (G)

Yxnpa 2: H 6oun twv alotovywy Pdoewv tou DNA ka1 tov RNA . Inyn: [3]

Toela ypdvia mety Ty mpdTaot twv Watson xon Crick yia o Yvewoté poviého yio 1
ooun Tou DNA, o Auctptaxdc Proynuixog Erwin Chargaff cuurnépave 6ti 0 cuvolinde
aprdude TwV Toupivwy eivan oYEdOV (60C UE AUTOV TV TUPHLBIVWY Ywelc OUmS Vo
umopel vo gavtacTel TNV eEAYNoT aUTH TNG oyéong. LUUPWVO UE T ONUocicuot)
Toug oto mepodd Nature to 1953( [1]), oo Watson xou Crick npdtewvay to e€nc
x0pla yapaxTneo Tixd Yo Tn dour) Tou DNA ntou mapouévouy (Bl uéypl xon oruespa:

1. To DNA éyet d0o ehixoeideic ahuoideg ol onolec ehiooovtar yYopw omd Tov (-
010 dZova. OewpnvTag 6Tt ol alwTolyes Bdoelc Poloxovial 6T0 ECWTEPXO TNS
ENXOC HaL T POCPOEA amd €€, BUO axdun G ToLyEld TOU APOPOUY TNV XATEL-
Yuvtixotnta Tou DNA ebvon ta e€¥ic: ot 800 alucide Tou etvan avtinapdhhnheg
onAad”) To dxpo 3" Tne plag culedyeTal e TO dXEO 5 TNG CUUTANCOUITIXAC TNG
(xou ovtietar) xou téhoc tar vouxheotidior cuvdEovTon UETOE) TOUS UECL TV
POCPOPOUDWY TOU EVIVOUV TO dxpo 3" Tou EVOS Goxydpou UE To dxpo 5 Tou
EMOUEVOL.

2. H éhixa tou DNA nou eetdleton o1 dnpooieuon twv Watson xou Crick, oty
Tou B-DNA, eivon 5e€166 10001 TS SAMOOTE %o OAEC O EAIXEC EXTOC ATO
auty| Tou Z-DNA mou elvon apiotepdotpo@n.

3. Ou adevivee ouledyovton mévta pe Tic Yuuive Yéow BLmhol decuol uBEOYOVOU
EVG 0L XUTOCIVEC TAVTA UE TIC Youavives, To omolo elval GUVETEC UE TOV xovoVaL



tou Chargaff. e xdlde BrAua e éhog €youpe 10 (elyn Bdocwy, 1 yovio
oteédne tne éAwog ebvan 36 polpec xon o Bripa 34 A. ‘Apa 1 a&oviny| andc Too
petalld 2 Ceuyov Bdoswy 3,4 A H ATOCTACT] EVOS PWOPOPIXOY ATOUOL ATO
Tov d€ova elvon 10A.

4. Ov elidtepeg dxpec Twv alnTolyny Bdoewy eivon extedeiuuéve xou door dia-
YEoeC Yo €V BUVAUEL BECUO LBPOYOVOL. AuTol oL Beouol TaEEYOLY EUXON
mpdofBaon tou DNA yio dhha podpta 6o mpwteiveg mou tatlouv (oTnd pdho
oty avitypagr xa Exgpact tou DNA.

Hydrogen bond

Yynua 3: Avdo deopol vopoydvou ourdéouvy tn Ouuivn ue tnr adevivn kar Tpes OeToU
vdpoydvou tn yovavivn ue tny kutooivn. O1 0akXapoPwoPoPIKES pPaxoKokaAlé§ mov on-
HewdrovTal e Ykpl Xpwua datpéxovy avtimapdAAnAa n pia tny dAAn dote ta dkpa 3" kai
5" twy 60 otnAév va evivypappilovrar. Hnyn: [7]

H petofiBaocn poptiov xatd urxoc tng dimifc €hxag tou B-DNA, nou npooey-
yiletow and 10 Movtého loyuprc Aéopevone (Tight-Binding Model, TB Model),
OUCLIC TIXG TEQLYPAPETUL ATO il AR LOYUEY| DECUEUCT) TROYLOXWY OE CUYXEXQLUE-
veg VEoelg xou TNV xATEAANAY TOQUUETEOTONUEVT HETATABNOY OF YEITOVIXES VETELC.
Béfoua, umdpyouv didpopes poppéc tou lpotimou loyuphic Aéopeuone (mpdTumo

pal



o0PUATOC, TROTUTO XALUOXOC, EXTETUUEVO TEOTUTO XA{Haxoc, TeoTUTO Popoxdxaiou
x.o.) avéhoya pe tn Véon otny onola uropel va eviomo el o gopéag (Lebyog Bdoewy,
HepovoUEVT Bdor, tevtoln x.o..) 010 DNA xou tic petamndhoeic mou urnopel va xdve
wote va Bpedel ot plo dhhn Tonodeoia.

Ov amopaitnteg mapdueTeol yia Ty teprypagt| Tng LetofBaong @optiou 610 B-
DNA egapuélovtag 1o amholoTERO LOVOOLIOTATO POVTEAD IOYURHS OECUEUCNC, TO
TEOTUTO GUPUATOC, EVOL: Ol EMITOTIEG EVERYELEC TV (EUY®Y BACEWY XL Ol TORUUE-
TEOL UETATHONONG UETOEY TOV BLadoyx®y (euyoVy Bdoewy. AvahuTidTEQN,0 QOopEag
evtonileton o€ xdmowo Levyog Bdoewy xan umopel vor yetamndhoet and autd elte 610
EMOUEVO €lTE 670 TEONYOUUEVS Tou. Tro¥étoupe 6Tt Ui emmAéov onr uetofi3dleTan
petald v Tdmidtepwnv Katelnuuévoy Moptaxwv Tpoytoxy (Highest Occupied
Molecular Orbitals, HOMO) twv Leuydv Bdoewy, eved €va emmhéov NAEXTEOVIO UETa-
€0 twv Xaunhotepwy un Katethnuuéveov Moptoxdv Teoytaxay (Lowest Unoccupied
Molecular Orbitals, LUMO) tov (euy®y Bdoewy. Ot TS TwY anatToUUeEVmY YLoL TNV
TepLy papt| mopauétewy AopBdvovton and tn BiBhoypapio [7] mou eivon cuupepdTeEN
vt i¢ HOMO xataotdoerg xou [60] yio tic LUMO xotao tédoeic xat ypnoylonotolvto
Yoo TV emlAuoT evog Lo THUATOC N GULELYHEVGY BLOPORIXDY EEICWMCEWY.

Y10 Kegdhowo 1 mapoucidleton 1o Movtého tne loyueric Aéopeuong mou do e-
pappootel oTic e€etaloueveg axoloudiec. Opilovton 0 EMITOTIES EVEPYEIES XaL Tl
OMOXANPOUATA UETATNONOTC Tal oTolol ELodyovTal 6TO GUCTNUA EEIOMOEWY LOoYUENG
0éopeuone Twv Levyoy Bdocwy Tou DNA. X1 ouvéyelo, topouctdleton 1 yevixr| pé-
Yodog eniAuone Tou cuoThAatog Twv N oLleLYUEVLY Blapopxay eElomoewy Beioxo-
VTOG TIC LOLOTHIES X0l LOLOGUVOPTACELS Xoi YiveTal xaTdhAnhn e£eldixcuon mou Sleuxo-
AOVEL TNV UETETELTO OVAAUCT] TWYV OMOTEAEOUATOY Tou Topouatdlovtar 6to Kegdhaio
2 xou oto Kegdhawo 3. Téhog, opllovton oplouéveg QuUOLXEC TOOOTNTES OTWS ToL LOLo-
@pdopota, ot xadupol péool puduol petafifacng, ot uéoeg mavotnteg elpeong Tou
(POPEN XL Ol TUXVOTNTES AATAC TACEMV.

Y10 xeqdhono 2, yivetow uo oOviourn mopouciaor tou mewpduatoc Giese et al.
[1] »ou TopotidovTon oL YRupIxEC TapaCTAGES Tou aopoly Tr uetafiBaon tng o-
mhc oto DNA vy ty oaxoroudion G(T), GGG pe oupd TATTATATTACGC, 6mou
n=1,2,...,16 »ou yiveton pa tootxr| oLYxELoN TV anoTeAecudtwy. Opdotepa, pehe-
Tdpe Tov xodapd puiud petofiBaone e omig (k) and to mpwTo povouepéc (G) tne
oaxorovdiac oty teimiéta GGG (5-3") ouvaptioel tng Letald toug andotaong (d).
Hapatneolue 6Tl T amoTeAéopTta and T Ypopx topdotaon k and 1o tpwto G oto0
0elTEPO Hovopepéc G TNe eV AOYw TEITAETOC Youavivwy cuvaeThoeL Tou oyetxol d
elvor cuVaPT Ue AT TOU TELRAUAUTOG.

210 xe@dhano 3, e@apuolovTag OTwS Xl TEONYOoUUEVLS To Movtého tng loyuprc
Aéopeuong oe eninedo (euynv BACEwY OTWE X TEONYOUREVKLS TUPOUGIALOUNE To!
ATOTEAECUATA Yol OLAPOPES OYETIUES AXOAOUDIEC. DUYHEXQUIEVY, UEAETAUE TN PETO-
THONOT oETioL - 0TS xou NhexTEoViou - and To TEMTo Yovouepés G-C oty Tptmhéta

X1i



GGG pe ) yeoohdfnon yégupac (T-A), xa yépupac (A-T), . To anoteréoporta
ouyxpelvovtar xatdhhnho pe avtd twv axohovdiwy G(C), GGG xu G(G),GGG.

Téhog, oo Kegdhawo 4, avtiotoryn Yewpnting tpocéyyion epapudleton o1 e€hg
axoroudiec:

(i) G(X):GGG, émov X = TA,GC,TC, AG,GT,CA

(ii) G(Base)(Y);GGG, érov Base =T,G, T, A,G,CxnY = AT, CG,CT,GA, TG, AC
avtioTotya ot omoleg yivovton anoTeEAEcUTIXOTERES 6T UeToBBaon popTiou av
aAAGEOUUE T povada emavdAndng Toug antd Y o X xotd avtio totyia.

omou © = 1,2, ..., 10.

Oplopéveg mopatneroele oL GUUTERAOUATA TOU XE@uhalov 4 elval TETPUIUEVEC,
GANES AVOUEVOUEVES X0l TEAOG GAAES EVOLUPEPOVUCES Yol TNV XATAVONOT| TWV UMY AVL-
ouwv etaPifoaong goptiov.
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Kegpdiowo 1

To IIPOTYIIO IZXYPHY AESMEYSHY: EAPMOI'H
TOY YTHN IIEPII'PA®H THY METABIBAYHY
®OPTIOY XTO DNA IE EIIINIEAO ZEYI'QON BAXEQN

1.1  HAextpovixy doun twv Bdoeswy xou tTwv {eu-
YoV Bdoswy tou DNA

Yy evotnta auty| tapovotdleton apytxd 1) uédodog tou I'oayuixol Luvduacuol
v Atouxdv Teoytoxdv (Linear Combination of Atomic Orbitals, LCAO), n o-
molo Yo yenowwonomnel yioa TNV TEQLYPAUPT) TNG NAEXTEOVIXHC BOUNC TWV TECCERMY
alwtolywy Bdoewv tou DNA (A, T, G, C) [8]. O Bdoec tou DNA elvou enine-
dor opyovixd popta, To omolat GUVBEOVTOL PETAEY TOUC PE Sp? uBpetdlouo, eve T dtoud
TOUG €)0UV TA P, ATOUXS TROYLaXd Toug xdeTa 610 Hoptaxd eninedo. To niextpdvia
QUTWV TWY OTOULXMY TEOYLAXOY ONULOUEYOUY Tehxd TNy T poptaxt| dopr. H pédodog
LCAO lowmdv, mapéyetl Uiot xof) TROGEYYIOT YId TOV TEOGOLOPLOUS TN DOUNE TWV T
HOPLOXWY TEOYLOXWY.

H 7 povonhextpovixn HopLox XUUUTOoUVEOTNOT) UTOREL VO TPOCEYYIGTEL amtd TNV
EE.(1.1):

6mou o Belxtng @ OnAwveL d¥polon Thve o Ol To dTOUA TA OTOl GUVELGHELOUY
P> NAexTEOVIN ot Uit dedopévn Bdor, ]ci|2 ebvon 1) miovoTnTo €0pECTC TOU NAEXTEO-
viou mou xatohapBdver To poplakd Teoytoxd Y(F) o10 i-05T6 dTopo, evey p. ()
elvor T0 avtioToryo atouxd Tpoyloxd. H poplony| xupatoouvdptnor wavorolel 1
ypovoave&dptntn e€iowon Schrodinger:

HPM () = W), (1.2)



6émou E° N ot e evépyelag e Bdone. Avtixohotdvtag Ty (1.1) oty (4.1)
TEOXUTTEL

N N
Z Ciﬁbpz,i(ﬂ = Z ¢ E’p.(7) =
i=1 i=1
N N
Y et (P H (7)) = By epl j(7)p=o(F) =
i=1 i=1

N N
> / & pt (M H (7)) = B ) e / A7 pl ;(F)p=a(7)
i=1 i=1

Trovétoupe 6T 1) EMXGAVYT TOVY P, TEOYLIXDY DLUPORETIXWY UTOUMY Eivol AR TEY,
oe avtiieon pe TNV alnhemxdiudmn aut®y dlopécou tng Xopthtoviovig. Enopévec:

N N
S / &7 (7 (7 = S it (1.3)
=1 =1

Onéte Vétovrag: [ d*F ps (P H'p, :(F) = HY;, maipvouye:
N

=1

H enthuon tou moapamdve cuotAuatog N e€lotoewy 1ooduvapel ue T dlorywmvotolnom
tou N x N mivaxo tng XoAtoviavng ue ototyela uiteoag o Hy;.

Lougovo e ) pédodo mou avortiooeton 6to dpdpo [6], tor Sarydvior oTotyeio
unteac Hy; = € mpoodlopilovton Ue eumelpés uedosous, Ue € va evon oL ETITOTIES
EVEQYEIEC TWV ATOUWY NG Bdong mou cuvelo@épouy p, nhexteovia. Ilpoxintouv oL
Twéc: ec = —6.7 eV yia o dropa dvipoxa, ey, = —7.9 eV yio o dropa alokdTou
TOU GUVELO@EROUY amd €va p, Nhexteévio (ue aptiud olvtoing 2), ey, = —10.9 eV
Yl Tt dTopo alMTOU TOU GUVELGPEEOLY BUO D, NAEXTEOVLA (pe opriud olvtadne 3)
xou o = —11.8 eV yua T dropo o€uydvou. Ye xdle mepintwor ta drous 0&uyovou
Beloxovtar extog doxtuhiovy. Tao un drayovia ototyela etvon undevind oty tepintwon
TOL OL OEIXTEC % X0 J OVOPEQOVTOL GE BTOUN TOU DEV GUVBEOVTAL GUECH, EVEM YLl T
un Storywwvia oTolyela Hﬁj (¢ # j) mou avaépovtal GE YELTOVIXG GTopo haufBdveTon 1
éxppoon mou mpotdinxe and tov Harrison [9]:

hQ

b _ —
Hi,j — ‘/;)pﬂ— — _063W7 (15)



omou m 1 wdlo Tou Nhexteoviou xot d 1 amdCTUCT) UETAED TV AVTIOTOLY WY ATOUWY
TOU GUVOEOVTOL UE sp? UBetdtops. H diaywvoroinon tne Xouhtoviavic odnyel otov
TEOGOLOPIGUO TWV [N UOPLIXMY TROYLIXMDY XAl TV WOLEVERYEWWY Toug. To xdle yo-
ELox6 TEOYLOO XoTOhPBAVETOL amd 800 NAEXTEOVIA, CEXIVOVTOC AT TO YUUNAOTEQO
evepYeloxd, €ng 6Tou eCavtAnoly oha to p, nAexteovia. To evepyetomd udpnidte-
00 xoethupévo poplaxd tpoytaxd ¥ () ovoudletor 1 HOMO, v to evepyetond
YOUUNAOTEQPO U XUTEUPEVO Poplaxd Tpoytad PY () ovopdleton m LUMO.

Y1 ouvéyea, Yo egapudoouue TNy tpoceyyion Loouuxod Xuvouvacuol Mopta-
x>V Teoytoxdv (Linear Combination of Molecular Orbitals, LCMO) mpoxeyévou
va tpocdlopicouue Tic HOMO xow LUMO xartactdoeic twv (evyoy Bdoewy tou B-
DNA [6]. H mpocéyyion auth eivon Suvatdy va yivet, Si6tt 1o Lebyoc Bdoewy de
Yewpeiton éva ubplo, ahhd 500 mapaxeiueva uopla Ue NAEXTEOVIXY| ETixdhur), eCoutiog
TRV YoAdp®OY BecU®y LBpoYGvou (800 yia to Lebyog Bdoewv A — T xou Tpelc yio
10 Lebyoc G — C) mou avantiooovton petalld touc. Autd ogelhetor oTo yeyovodg
OTL TO UAXOC TWV BECU®Y LdPOYHVOL ebval ~ 3 A, ONAXOY) HEYAAVTERO OO TO TUTIL-
%0 Ufx0g EVOS OUOLOTIOAXOU BEGPOU UETAE) BUO YELTOVIXMY OTOUWY Uiog Bdong, To
onofo elvon epinou 1.3 — 1.5 A. QQot600, ot bpor HOMO xow LUMO eZaxoroutolv
VoL YPNOWOTO00VTOL Yol Vol TEQLYPAPOUV TIC UOVONAEXTROVIXES XUUATOCUVARTNOELS
TOU OVTLTEOCWTEVOLY AVTITTOLYO TO UPNAOTERD EVERYELUXE XATELANUUEVO TEOYLAXO
X0 TO YOUUNAOTEQO EVEQYELOXS [UT) XATEANUUEVO TEOYLOXO TOU OPLOXOU GUUTAEYUO-
T0¢, YEWPMOVTAUC OTL Ol XUUATOCLVURTHCELS QUTEC TEQLYPAPOLY Lol ELONYUEVY OTA 1
avtloToya nhextpdvio 6to Lebyog Bdoewy.

‘Etol hownév, n HOMO/LUMO (H/L) xupatocuvdptnon tou Lebyouc Bdoewy
Yo elvou:

@DH/L( ):CW%/L( )‘I'CQwH/L( ) (1'6>

e wH/L(F), wljj/L(F) o avtiototya HOMO/LUMO tpoytaxd towv BAoewy TV xhe-
vy (1) xou (2) mou ouyxpotoly to Lebyog Bdoewv. H e&iowon (1.6) ixavonoel tny
elowor tou Schrodinger:

H™E (F) = By, (), (1.7)

OTOU E;/L n emtéma evépyeto tne HOMO/LUMO xotdotaong tou Lebyoug Baoe-
. Onére:

H[Co,, (F) + Cots ()] = By [Cd, (P + Cotb (). (1.8)

HolMamhaotdlovtac v (1.8) and opotepd pe wh};L(F) TodpVouyE:

Cld’?};ﬂL( )prl/)H/L( )"’Cﬂb?ﬁL( )Hb%H/L(F) =



By Cotog (P (F) + B Cotlir (Mg (7) =
[ il O+ G [ Tl G, ) =

E,C / YR (P (7) + Ef,Co / &Py (P, (F). (1.9)

To p, TeOYLXE DAPORETIXGY aTOUNY clvar oploymvia AOYw toyverc déoueuong,
oToTE:

1 2
[t = S [ et =0
7=1 =1

Enlong:

[ oy, o = [ Sl @R, @ =B
agol 0 6p0¢ avaépeTan ot Qopeic mou evtomilovtan otV TE®TN Bdor, xou Télog,
optlouye:

ta = [ U OE,0). (1.12)

Avtxadiotdvrag tic oyéoeic (1.10), (1.11) xou (1.12) otnv (1.9) xotodiyouue otny
EE.(1.13):

Ep1C1+ tuCo = B Co. (1.13)

—

[HoMamhaotdlovtac avtiotowya vy EE.(1.8) and aplotepd ye 2/11;}}2(7”) XOlL KO-
hovdwvtag TNy (Bl dadtxacia, Tolpvouue:

tyyiCo+ B, Co = B Co. (1.14)

‘Opoc,

by, = / Bty (A | (7) =

N1 N2

H/Lx H/L *
tH/L = Z C]l/ 12/ /dST pl,;l] (fijppz 1(7’) =
=1 j—1



N Ny
tap =y i/ e v, (1.15)
j=1 i=1
ue t;I/L = tH/L
Kotahriyouue Aownév, oto alotnua e€lodoewy (1.16):

EZ}/LCl + tH/LCQ - E?/Lcl

tr/C+ B Co = B Co. (1.16)
Ondte 1 enfhuon Tou cucTAuaTog auToL Bivel TIC WLoevEpYELES Tou (ebyoug Bdoewy:
EY, + B Eh, — B2\’
b H/L H/L H/L H/L
By, = — ek <# +12,,. (1.17)

Apa, o HOMO (LUMO) tou Letyoug Bdoewv eivon 1 upniotepn (younhoteen)
evepyetoxd Aor tou ous thuatog (1.16).
To otowyela phteoac Vij umopolv va e€aydolv and tny éxqgpeaor Slater-Koster:

Vij = ViopoSin’e + Vypprcos®p, (1.18)

6mou ¢ 1M Ywvio Tou oyNUATI(EToL A6 TN YEUUUY TOU EVOVEL Tol GTOU 1 Xl j xa
0 eninedo nov Peloxetar xddeto oo P, TEOYLOXE (SnhadY| To Eninedo TwV Bdocwy).
[Mo tor yertovind dropa (6mov ¢ = 0) mou cuvdéovton Ue opoloTOAX0US deopolc,
Ta ototyelo uftpac Vij = Vppr 0lvovton amd tov timo tou Harrison (1.5), o omoloc
OUOC LoYUEL UOVO Lol BIATOUIXES AMOCTAOELS TNG TAENS TOU OUOLOTOAXOU BEGUOU.
[Mot peyahitepee SLOTOUIXES AMOCTACELS, OTWC YLa TOEADELY O Ol OTOC TACELS UETAULD
ATOUGY TIOU AVAXOUY GE BLUPORETIXG UbpLaL, 0 TOTog Tou Harrison avtixadioTotar omd
v exdetind @iivouoa éxppaon (1.19):

Vipr = Ae_ﬁ(d_dO); (1.19)

6mou dy To TUTUIXG Urixog Tou opoloToAxo) deouol. Ot otadepéc A xou 3 Tpocdlopl-
Covton amod T e€N¢ amanTOELS Yo Ty andéo oot d = dy:

VHT(rzrmson|d:d =V 7r|d:d — A = —0.63_,
pp 0 bp 0 mdg
avHarrison (9V 2
Zlppr — . 'ppm — = 1.20
od d=do od  ld=d, & dy’ ( )



ue do = 1.35A.

‘Eyovtac mAcov mpocblopioel tar otovyelo uiteog Vi; xou Toug cuVTEAEOTES CZH/L
v xatactdoenwy HOMO/LUMO twwv Bdoewv unopolye vo utoloyioouue to o-
AOXANEOUATO UETATADNONG th/f, OO TNV EZ. (1.15). Emopévwe, péow e oyéong
(1.17) urnoroyilovtow oL EZ’ Ol Ezp, xa amod Toug oLVTEAEG TEC (1, Co TTOL TPOXUTTOLY
ond to cvatnue (1.16), npocdopilovtor oo HOMO (LUMO) xuyatocuvaptioels Ué-
ow e (1.6).

1.2 TIlpoocdiopiopodg twv nogopetewy loyuveng
Aéopevong yia 1 petof3iBacn goptiov oo
B-DNA o< enirnedo {euywv Bdoswyv

Ye auth) v evotnta Yo eletdooupe Tic mpoavagepeioes topauéteous loyuerc
Aéopeuong oe eninedo Levyov Bdoswy. H uédodoc mou neprypdpeton €66, Beloxetan
oto dpdpo [6]. Ogeilovye va tovicouye OTL oL TOEAUETEOL QUTEC Elval €YXURES Yid
opelc Tou eivan oyed6V eviomiopévol o plon Véom xon UGALGTA Yol TNV TERITTWOT TG
petaPifoaong pag uévo omig 1 evog pévo nhextpoviou. Av Yewpricouue OTL 1) M-
mAéov omy| vetofi3dletan xatd prxog tou DNA péow twv HOMO xatactdoewmy eve
éva emmAéov nhexteovio petofiBdleta péow twv LUMO xatactdoewy, unopolye,
yenowonowwvtag TN uédodo Ioyveric Aéoueuvong, vo meprypddouue ) uetofiBaon
popTtiou ota ddoywd Levyn Bdocwy ..., i — 1, pu, pp 41, ... Tng SimhAc EAxac Tou
DNA (N 1o mhidog).

Yo mhaiolor Tng eprypapc o entinedo (ELYDY BACEWY 1) XUUATOGUVAETNOT
HOMO/LUMO tou DNA unopei vo avoludel oe XUHOTOCUVORTACELS TV (ELYOVY
Bdoewv tou DNA e Xpovoeicxprdgpsvouq CUVTEAEOTEC:

UGy ZA iG] (1.21)
6mou YA (7) eivor n HOMO/LUMO xupatoouvdptnon tou p-ootou Lelbyoug Bdoe-
wv x| A, (t)|? etvor n mdavéTnTa evtomiopol Tou popéa 6o P-00T0 Lebyoc Bcewy.
H @/J%?;L(F) wavorotel TN ypovoelapTtwpevn eglowon Tou Scrodinger:

77Z)DNA

“VH/L _ {yDNA_DNA
AL PNAyEna, (1.22)

ondte avuxadiotodviag Ty (1.21) oty (1.22) noipvoupe:

L dA L
ihy ;t( Ui (7) = ZA YHPNAg (7) =
I



hZ o A GTAGE

o b AR "
> ALt / Pt HDNAz/;j’;’/L(*) —
"

"y dA,(t)

— b M/* b, m
B = Ay (1) / AR (P YA (7)+

5 b ! * W (=
S A / PR PN (), (1.23)
HEW

Yta mhadola TG TEOCEYYLONG oY VENG DECUEUOTS UTOPOVNE Vo UTOVECOUUE OTL:
o bp ik, A bp,,1 - ,bp /* bp,,; bp,,1
[l @ @)~ [ el @ o = By 020
e EZ% vo elvon 1) emtomo evépyeta Tou {edyoug Bdocwy . Eniong:

bps ) bpy bpu
th;/L = /d37“ @/);/L HDNAl/J;/L(_)) (1.25)
Avtixadiotdvtag Tig (1.24) xou (1.25) oty (1.23), xotoyouye:

dA,
ihelt = Bty A+ ™ Ay + 4 Ay, (1.26)
Av tdpa utodécouue 6TL 1 xuparoouvdpmon tou Lebyoug Bhoewv (1.6) unopel

enione va ypaptel 61N Loph wH/L(F) SV CZH/LPZ i(7), tote:

bp ’ - ,bp,i* DNA b R
tyy = /dST wH/HL H ¢1§7L( ) =
Ny N/

bpl H/Lx »H/L
S ) Wl o) (1.27)

i=1 j=1

6mou Y, W T Lelyn Bdoewv xon Vij = [ dPr plH™ (7) HPNApik () evéy ov Beixtec 1 xan
j extelvovton 610 cUVORXO aELdud atduwy N, xou N,y Tou cuvicTolv To xdide Lebyog
Bdoewv. To ortoryeio uhtpoc Vi, divovton méAL and tn éxgpoon Slater-Koster (1.18)



ue ™ dtapopd 6t tipa ¢ # 0. Ondte ta Vi, Vo mpoxddpouy néh and v EE. (1.8).

[ tar Vo epapuéleton méhL ) Bla e€lowon pe Tt dlopopd 6Tt A = 2.22 hQ/mdg.
Me yerion v cuVTEAEG TGOV C’iH/L Ao TIC XUPATOCLVOPTACELS TwV (euy®y Bdoe-

oV, X TV oTolyelwy unteac Vij, axoloudovtog tn dladxacio Tou TopoucIdc TXE

TOEUTAVG UTOPOUUE VoL UTOROYICOUUE To OAOXATEWUATY UETATYONOTG tl;f;‘g“. dluve-

TS, YvweilovTag Ta EZ);‘L o tlz;/“g“, UTOPOUUE Vo EMAOGOUUE TO GO TN (1.26), o
uéow Twv ouvtehes TV A, (1) va mpoodlopicoude T ypovixn e€EMNEN e petaPiBaong
poptiou oto DNA.

Ou napdpetpor Ioyuphic Aéopeuone (dnhadr oo HOMO xou LUMO emtémiec e-
vépyeleg Twv (Euy®V BAoEWY ot Ol TUPHUETEOL ps-roc&ﬁdcoeo)g/p&:'comr’]%nong UETOEY
Suo Bradoyxodv Levydv Bdoewv) €youv utoloytoTtel and morholg ouyypogeic. Ot
ETUTOTIEG EVEQPYELEC E;’f/L v Ceuyny Bdoswv A-T xou G-C, éyouv utoloyiotel 610
Gedpo [6] xou mopovotdloviar otov Iivaxa 1.1. T tic napoyétpous yetofiBdoe-

| ZeOyog Bdoewv B-DNA | EX | EPP |
A-T -8.3 | -4.9
G-C -8.0 | -4.5

Iivaxag 1.1: Or emtomes evépyeies twv 0Vo dvvatwy Levywy Pdoewr. OAes or Tiués elvar
oeeV.

oc/petomhdnone etald duo dadoyixdv Leuyov Bdoewy, €youv hngldel tuéc and
800 mnyée [6], [7] xou ouvende éyoude 800 TupUPETRPOTOACELS, O OTolES atvovTor
otov Hivoxa 1.2, Kdde popd, o avagpépeton ol and Tig 8Uo yenotdomote{to.

1.3 TI'svixny AOom TOoLu CLUCTAUATOS TWYV EELCK-
ocewv loyverc Agoupsuvong yio Tuyala axo-
Aovdia Cevywdyv Bdoswv B-DNA

1.3.1 XpeovoeiopTttipevo nedBAnua
To ypauuixd oo Tnua Blagopixdy e€lowoewy (1.26) unopel va ypagel oTn Lop@Hh:
T(t) = AZ(1), (1.28)

6mou A évac N x N mivoxag, aveldotntog Tou t.
[ vae Aooouye to Topamdve cUo TN, avalnTolue AICES TNG HOPPHS:

B(t) = veM = #(t) = MM = AveM = \ieM =



Axolouvdia Levyodv | Mapapetponoinon 1 [6] | Mapapetponoinon 2 [7]

Bdoewv B-DNA | %% top top toP
AASTT -8 -29 -20 -29

AT 20 0.5 35 0.5

AG, CT -9 3 -30 3

AC, GT 2 32 10 32

TA 47 2 20 2

TG, CA -4 17 -10 17

TC, GA -79 -1 -110 -1

GG, CC -62 20 -100 20

GC 1 -10 10 -10

CG -44 -8 -50 -8

Iivakag 1.2: O1 tapduetpor petapifdoews peta&t dvo dadoyikdy Levywy Pdoewv B-DNA.
OAeg 01 tijég etvar oe meV.

AT = N7 (1.29)

Avoxptvovton Teelg xotnyoplec AGewy:

1. Av o wivaxoc A eyet N mooryUoTineg, SLoaxEITEC WOIOTWES PE avTioTolyoL Yoou-
ud ave&dptnTa Wtoaviouata v, k = 1,2,..., N, T0 TpéAnua avdyeton oTny
enthvon N e€iodoewy tne popghc (A — Apl)vy = 0, pe yevixr Ao

N

Z(t) = chv_;;er’ft, (1.30)

k=1

omou cx, k =1,2,..., N otadepéc, Ay oL IOLOTWWES Xat v, Ta LBLoovUoUATOL.

2. Av o mivaxoc A eyer M mporypotixée, otaxpttéc wiotée ue M < N, 161 %8-
moleg €€ auTwy Vo £youy ToAamAdTNTa Yeyahlteen Tou 1. 'Eotw n wbotyy Ar
ME TOAAATAOTNTOL 7" XAk P O 0ELIUOC TOV YRUUUIXMS AVEEIRTNTWY LOLOAVUGHUSTWY
mou oyetiovton e TNV Wt avth. Av 10 éeua tng Wwotwic d =1 —p
etvan 0 to mEEBANUo avdryetar oty tepintwon (1.). Av d =r — 1 xa 1o BLod-
VUGG TTOU OVTLO TOLYEL G TNV WOLOTIUT ); elval TO U7, TO TEOPBANUA ovaYETAUL GTNY
enilvon 7 — 1 e€lo®oewy NG HopPhc (JZ— Xrl)v;;l =, k=1,2,...,r—1,
HE YEVIX AUoT:

2

Z(t) = [c101 + co(tv] + 03) + 03(527175”03 +03) + ...]e)‘N’“t. (1.31)

3. Av umdipyouv xou Uty adES IOTES, TOTE TO TREOBANUO AVAYETOL G TIC TUQAUTAVE
TEPITTWOELS, UE T1) BLaPopd OTL OPLOUEVYL amtd Tar A Jor elvor pryodLxd.
Y11 ouvéyeta, opllouUe TOV oVUOUATIXG TivaxaL:

A ()
fqz(t)

#=1"" (1.32)
An(t)

onédte 10 obotnua (1.26) nadpver ) popen tne (1.28), ue A= —+H. O nivoxoc H

P A S A~ S A A Y A



‘Onee detope xou mopamdve 1 (1.28) Vo yiver:

AT = \0 = HT = A0, (1.34)
e \ = —%)\. Bploxovtoag howndy, Tig 1OoTWES Tou Tivoa (1.33) TE0G0OL0pILoVUE TN
yevixr) AUoT| TOU GUC THUATOG
N .
Z(t) = Z CpURe kL, (1.35)
k=1

O apywéc ouviiixeg mou Yo yenotwomomndoly e AN TNV TaEUXATE avaAUGCT
elvor Yo apy x| TotovETnom Tou gopéa 610 Te®To (elyog Bdoewy, onoTE:

A0] N
45(0) 0

o) =1"""1=1. (1.36)
Av©] o

Av oplooupe Tov mivaxo TwV LBLOAVUCUETLY

V11 V2 ... Vi ... UIN
V21 Vo2 ... Vg ... UaN
Uj1 Vjo ... Vjg ... UjN
| UNT UN2 ... UNE ... UNN

OTOU v, TO j-00T6 cTolyelo Tou k-00TOU WBI0AvOoUATOC, TOTE O TVOXAC

C1
C2

c=1al (1.38)

LCN ]

Yo mpooblopileton and v ekiowon ¢ = V=17(0). Kdvovrag Yenon tng woTnTog
V= VT 10y mvéxev xou pe Béon ty ooy ouvdhxn (1.36) xatodhyouue 6Tt oL
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ouvtereotéc Yo divovTor and Ttov mhvoor:

V11
V12

c= E . (1.39)

U1k

LU1N

Me v nopandve dadixaoia uropolue va tpocdlopicoupe yefiota ueyédn tou
TepLypdpouy T ueTaBBaon poptiou, 6TKe 1) yeovixr| e€EMET TNe mavdTnToC EVPESTC
Tou emmAéov Qopéa ot wa Véor, TN péon (Xpovmo’c) T e mavoTnTaC AUTHC,
TIC TEPLOOOUG XL TIg ouyvoTNTES UeTAPBBdoewe gopTiou, To @douata Fourier twv
CLYVOTHTWY, TO CTUIUOUEVO UECO TWV LY VOTHTLY UeTafiBdocwe xon Tov xodoupd
u€co pLiud peTafBdoeng Tou EMTALOV Qopéa amd i VECT OE Uiar GAAT.

1.3.2 Xpovoaveldptnto npoAnua

H ypovoaveldptntn xupatocuvdptnor evog gopéa tou DNA umopel var ypapel
OOV YROUULXOS CUVBLIOUOC TV XUUATOCUVIRTACEWY TwV (ELY®Y Bdong Ye Ypovoa-
veLJOTNTOUC CUVTEAECTES, ONAAON:

bpp
Y (7) = ZFWI?/L
H ypovoave&dptntn e&lowon Scrodlnger elvou:
HPAY () = Mg (7). (1.40)
H Xoomn tou mopamdvey TeoBAAUATOC avdyeTal, OTWS %ol Yl TO YEOVOUVEEHPTNTO
TeOBANua, ot Aon tov HI' = ET', dnhadr) AU = AU (1.34) pe
T,
Iy

<y
I
)1
Il

F‘ (1.41)

I

'y

Me auth T Sadixacion uTopoUuE Vo UTOMOYICOUUE TIC EVERYELUXES WOTWES [ =
A (xou ouvende tor wiogpdopata) HOMO/LUMO evéc nohupepoic turuatoc DNA
xS o TNV TuxvoTNTa xotao tdoeddy tou (Density of States, DOS).
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1.4 Oplopdg TwV QUOLXWY TOCOTHTWY TOU TE-
etyedpouy tn petafBifacn goptiouv os Tu-
yoilor ToAvuepr, Turuata B-DNA

To mopaxdte vndeyouv ota dpdpo [11] xon [12].

1.4.1 Idwopdocuota

2TV TEoNYoLUEVr eEVOTNTA, ElBoE OTL 1) €0PEDT) TWV EVERYELUX®Y LotoTiuwy H-
OMO / LUMO evéc nohuuepote DNA Siveton and v e&lowon HI' = ET', énou
ot mivaxee H xou I' Sivovtan amd g EE. (1.33) xou (1.41), avtiotorya. H mopa-
mdve e&lowon emhieTon aprdunTid A avohuTixd ov etvar @uxto. Xto Kegdhawo 2,
TEocOpilovTal Ol EVERYELIXES WOOTWES ameplodXmy oxoloutiey (euymv Bdocwy
X0 ToEOLGIALOVTOL To PAOUATA LOLOTWMY 1| LOLOQAoUATE Toug uéy et Xdmolov aptiud
LOVOUEQMV.

1.4.1.1 Avalutixy ebpeon wBotipwy tng teiniétag GGG

H repintwon tou tpwpepoic GGG=CCC eivon and Ti¢ anroloTepeg xadog amo-
Telelton amo TauTOONU HOVOUERY ME TIC Touplveg va BoloxovTto Tévew and mouptveg
X0l TIC TTUPLILOIVES TIAVW oo TIG TUPLULOLVEC.

XOQa«x
I
Qe

O mivoxag A tne oyéone 1.33 naipver T poppt:

Eq_c taa 0
A= tca Fo_c toa |. (142)
0 tacc  Eo-c

O 1BroTéc Tou olPPLVL xon e TNy Tapauetponoinon [7] etvou:
)\2 = EG—C = —8eV (1.43)

)\173 =Fq_c=x tgg\/§ =-8=% (—01)\/§ —
Mo~ 81414 eV, Ay~ —T7.8586) eV (1.44)
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1.4.1.2  Avoalutixy] ebpeoy WBLOTIUOY TV axolovhiowy GT xoa GA

To dpepry GT=AC xou GA=TC etvan tpogavég 6TL amoTeA0UVTOL aTt6 BLAPOPETIXS
novoueey|. Ac Bpolue apyixd Tic wotéc Ttou GT=AC.

5 3
G C
T — A
3 5

O nivaxag A g oyéong 1.33 malpvel 0 Yopgn:

Ec_c tar
A= ) 1.45
{ tar ET—A:| (1.45)

O 1BoTéc Tou olPPLVOL xon e TNy Tapauetponoinon [7] etvou:

2
Eqg o+ Er_ Eq¢_c— Er_
Mg = G—c + T4 - (GC2 TA) +(tor)? =

A~ —8.3003 eV, Ao~ —7.9997 eV (1.46)

Hopoxdtey utohoyilouue Tic WoTwée Tou GA=TC.
5 3
G — C
A — T
3 5
O mivoxag A tng oyéong 1.33 naipver T popet:

Ec_c tga
A= . 1.47
[ taa EAT} (1.47)

Ou WoTipég Tou oUWV xon Ue TNV Topauetponolnon [7] etvou:

Mo =

Eq_c+ FEr_a (EGC —Eyr
2 - 2

2
) + (tG’A)2 —
A~ —8.3360 eV, Ay = —7.96399 eV (1.48)
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1.4.1.3 Evlpeon wwotipoy toyv tetpapepwy TGGG xaw AGGG
H repintowon tov axoloviiwy TGG=CCA AGG=CCT npdxeiton yio TETpAUUERT

TWY OTOWWY TOL HOVOPERT| ElVOIL TAUTOCTUN EXTOC a6 To TEKTO. A Peolue apyxd Tig

wotéc tov TGG=CCA.
5’ 3
T A
G — C
G C
3 5

O nivaxag A tng oyéong 1.33 malpvel T Hopgn:

Er_a  trg 0 0
lr¢ Fa-c laa 0
A= . 1.49
0 lcc Eo-c tca (1.49)
0 0 teca FEa-c

Ou WoTipég Tou oUUPWYA xot UE TNV Topauetporolnon [7] etvou:

A~ —83004 eV, Ao~ —8.0998 eV, A3~ —T7.8999 eV, A4~ —T7.8989 eV

(1.50)
Oupolwg,utoroyiCoupe Tic wwotée Tou AGG=CCT.
5 3
T — A
G — C
G — C
G — C
3 5
O mivoxac A tne oyéone 1.33 naipver T poppt:
Ear  trg 0 0
lr¢ Ea-c tac 0
A= . 1.51
0 tecc FEa-c tlaa (1.51)
0 0 teca  Eqg-c

O 1BioTéc Tou olPPLVOL xon ue TNy Tapauetponoinon [7] etvou:

A~ —8.3004 eV, M~ —8.1413 eV, A3~ —-7.9998 eV, Ay~ —7.8585 eV
(1.52)
Ou 1010eVERYELEC BEV UTOPOUY VO oG BOCOLY JUECH CUPT| EXOVAL YId TNV ATOTE-
AeopatixdtnTa petoBiBacng goptiou Twv dlpdeny axoloudwy. o va cuyxpivouue
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Axolovdia Levywv Bdoswy B-DNA A1 AN_1
GT -8.3003 | -7.9997
GA -8.3360 | -7.96399
TGGG -8.3004 | -7.9998
AGGG -8.3003 | -7.9985

Iivaxag 1.3: H xyaunAdrepn kai n 0eUtepn vihnAdtepn 1610€vépyeia Tov oUOTHUATOS TwY OUO
dadoxikay Levydyy Pdoewv GT, GA kar twy teoodpwy 6adoyikdy Levydy Bioewr TGGG,
AGGG tov B-DNA ya Ty orr). ‘OAes o1 Tjués eivar o€ eV.

axohoudieg ¢ mpog TNV anotehecyoTixoTnTa UeTAPBoone poptiou yenoiuonolobue
To QUOWKE UEYEDT TNG TWV PECWY TWHAVOTATWY EVPECTC TOU POREN GTO POVOUEPES
TOL oG EVOLAPEREL Xt xUplwg 0 xodopdg uEcog pulude ueTaB{Baomng evey Tor dlory Ed-
MOLTAL IOLOEVEQYELWMY XUk TUXVOTHTWY XATAC TUCEWY UTOROVY V. HoG TROPOOOTACOLY
uE evOellelc oyeTd Ye TNy anoteAeopatixdTnTa YeTaPiBoone poptiou xan pe dhheg

YENOWES TANPOQOPLES.

1.4.2 TITuxvértnteg Kataotdoswy

O mpoobloploudg Tou evepyetonol @douatog evog Turpatos DNA yio onolodrrtote
N emitpénel ToV TPOoBLOPIOUS TNG TUXVOTNTAS XAUTAC TACEWY Tou. Meyoldvovtag 1o
nolupepéc (N >> 1), ot evepyelaxéc tou atdiues expuiiloviar cuvitug otadloxd
oe evepyetoxés {ovee. H muxvétna xataotdoewy (DOS Aevorrd O¢ Btoateq)
opileTan ¢ 0 APLIPOE TWYV EVERYELNXMY XATUAC TACEWY EVOG QUOLXO) CUC TAUATOS O TNV
evepyeto meployn (B, E + dE). 'Eyoviac Beet to iBlogdopata TV Lnd Uehétn
TONUUER®Y UTOPOVUE VoL UTOAOYIGOUNE TNV TUXVOTNTU XU TAC TACEWY, 1) oTtola eV YEVEL
olveton amd TNV oyéor :

N

g(E) =Y §(E — Ey) (1.53)

k
omou k=1,2,....N.

Y10 Kegdhouo 3 xou 4 mpocdiopilovton aprduntind oL TUXVOTNTES XUTUC TEOEWY

HOMO / LUMO tov e€etalbueveny ToNUHERHY TUnUdTev B-DNA.

1.4.3 Méoec (xpovixd) mdavotntes edpeong evOg ETL-
TAEOV opea o Ul Y€om

‘Onwe mpoxdnTeL and T U€ypL T avdAucT), 1 TiavoTnTa EVPECTC EVOS ETLTAE-
ov gopéa ot wa Béon evoc mohupepole ebvon |A,(8)?], p = 1,2,..., N. Hopoxdte
yenoulonoteiton o yevixeupévog oupfohouoe Ci(t) avti tou A,(t), uei = 1,2, ..., N.
Onére:



xou M (1.35) yivetou:
_Cl(t)- -Ulk-
Cz(t) VoL

. N .
Ci'(t) = e U;k . (1.54)
k=1

[ Cn (1), | UNK

H miavotnta ebpeong tou emmiéov gopéa oty i-06 T H€on Tou Tohupepoic Ya ebvou:

2

_ i
i€ ﬁAkt =

:E E CrCp Vi Vipre” W e TR =

k=1 k'=1
. Ak — Ap
|Ci(t)|]* = Z civg + 2 Z Z ckck/vzkvzk/cos( - t>. (1.55)
k=1 k>k/=1 k=

H péon Ty tne mdavotnrog ebpeong tou @opéa otn Véor i oe ypovixd didotnuo T
elvou:
L7 Ci(t)*d 1.56
=— ()] 2dt. :
7 [ col (1.56)
Avtxohotdviag v (1.55) oty (1.56), npoxintet:

A — Apr
(|C:(H))?) = [ ckvzk/ dt"‘QZZCka/Ukuzk//o dtcos( B - i )

k=1 k'=
k>k’

N sin ( 22w h/\’“/ T>
EES <|Cz<t)|2> = Z Ckvzk + 2 Z Z CLCL Vi Vit — Y
k=1 =1 :;k/ h T

Y10 6plo mou T — 00, 0 BelTEPOC 6pO¢ Tou BeCLOU YEhoug Vo undevileton. LUVETHG,
n wéom (yeovixd) mdavdtnta edpeone evog emmhéov gopéa otn Véar ¢ Vo elvou:

N
k=1
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1.4.4 Kodapol uecor pudpol petafiffdoceswg

‘Eva axoun péyedog 1o onolo €yet widtepn onuaocio yia ) uetofiBaocn @optiou
xotd urixog Tou DNA eivon o xardopdc péoog puiuode petofiBdocne, ki ;, mou divel uia
X\ TPOGEYYLoT ToL PUYUOY UE ToV oTtolo 0 popéac (omh f NhexTEdVIo) weToPiBdleTon
oto (ebyog Bdoewy i, €dv apywd etye tonovetniel 610 Lebyog Bdoewy . Opiletan

we

Ci(t))
omou tyr ; 0 Ypbvog Tou amoutelton yior va yiver n mbavétnTa evpeonc Tou gopéa |Ci(t)]?
fon pe ) péon e (ypovird) T, (JCi(t)[?), Yo Tpddtn popd, dedouévou bt apyixd

o gopéac tonoVetiinxe ot éon ¢’ [7], [11], [12]. Aniadh,
|C'(?f)|2 = (IG:(1)]*) (1.59)
L 05 Lo Z ckvzk + 2 Z Z ChCr Vg Uity COS (2T frprt) Z ckvlk
k>k/=1 k=
- Z Z CkCr Vi Vg COS (27 fraut) = 0. (1.60)
k>k/=1 k'=

O ypodvog t = ty,; aviioTolyel aTtov TedTo undevioud tne (1.60) xo oty nepintwo)
wac mpoodlopileton ypupxd amd TNy avamapdotaon tne mdavétnrac |Cy(t)[* cuvae-
THOEL TOU YEOVOU.
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Kegdharo 2

MEeAETN TELEUUATINGDY
ATOTEAECUATWY UE EQPIUALUOYY TOU
ITecotOmou Ioyvenc Agocusvong

Y10 Kegdhawo autd yehetdue to amoteAéopata Telpduatos Ue egapuoyy| Tou po-
tunou Ioyvehc Aéoueuone omwe autd €yel neptypagel oto Kegdhouo 1.

2.1 Ileipapoa ( B. Giese et al, Nature 412 (2001)
318.) [1]

1o melpopa autd TeprypdgeTton 1 draduacta peTuBBaong OTMY XxaTd UHXOg UG
axorovdiac DNA nou anotehetiton and Lebyn Bdoewy T — A ( «yépupay ) to onola
nopepfdrhovton Yetall evog Levyoug G — C' xan evog tpuepolc G — C, G — C,
G — C. Xvo téhoc tng axohoutiog G(T),GGG undpyet pa «oupdy Leuymy Bdoewy,
n TATTATATTACGC. Eriong, otnv apyr| tne oxoloudiog undpyet 1 axohoudio
Cevyoyv Bdoewv ACGCACGTCGCATAATATTAC tny omolo 6Uwe amd 6w xa
mépa Yo ayvoolue. Me 1 dtadwacio g gwtoluong elodyeton eva Yetixd goptio
ot G Tou Uyfuatog 2.1.

18



5!

3 5 3 5 3 5 3
—{Cimn(G— — (53— — (3 — 3 —
—CIIIIIIIIG— —CIIIIIIIIIG— —GIIIIIIIIG— —CIIIIIIIIG—
o
—GIIIIIIHG-— —GIIIIIIlIIG— —CIIIIIHIG— —GlllllluG-—
(_AII““IIIT_)H {_AII“I“II-IE—_)H [:—AIIIIIIIII-II__:]n I:_AIIIIIIIIIT!—_)H
ot
—CIIIIIIIIIGEE —CIIIIIIIIIGEE- _CIHHHHGEE —CluullllGEz-
S g & 8
FO 1 Cl CT
{Bljy/\fo‘l} G““G_ hv‘ L"‘.::_F;::III\ GIIIIC— _— ‘EHO?—GHHC— _ \IID GIIIIG—
Og o5 -0 -0
1 2 3 4
1. H,0 1. H,0
an=1Lbhns2,6n=3 e .
din—4 ek Fnt 2. piperidine 2. piperidine
g:n=8,h:n=16
PG PGGG

Yxnua 2.1: Ewoaywyn kar petafifaon goptiov oto DNA. Yta oxnuata 1, 2 kar 3 areiko-
viletar n pédodog eloaywyns €vog popéa ue pwtolvon otn Véon Gaa kar n petafiBaoct tov
oto tpipepés GGG (ox. 3). Ta goptia ota Gaa kit GGG mayibetovtar and to vepd kai
Hetd ané katdAAnAn enekepyaoia pe mmepidivn anodidovr ta mpoidvta Po xar Paga. [1]

To xomév Gy, elte moydeleton amd To vepd amodidovtag, PeTd omd ThY XatdAAn-
An eneepyaoia pe mTeEdivy, To TEOldY Fg, eite mpoxahel petaf{Baocn niextpoviny
(xou ouveTg omwY) xatd prxoc tou DNA. Q¢ 86tng nhextpoviwy (amodéxtne onwyv)
yenowomoteiton to Tewepéc GGG mou ofeld®veTtal TOA) EUXOAOTEPY Amd TO LOVO-
uepéc G. To Yetwd goptio mou @tdvel oto Tpwepee GGG mocoTixonolElton oo
T0 TopAYOUEVO TEoiov Poga. Ov ouyypogelc Tou dedpou mapatnpolyv 6Tl o Adyog
Pfg% uetdveToL 670 £ Yol xdide emmhéov Lebyog T — A mou mapeufdiheton, yio W
x0¢ «yépupacy n = 1 — 3 (ebyn Bdocwv. Tan =4 — 7, o Adyog Pfg‘,% MELOVETOL
eNdyiota e xde emmiéov (ebyog TN — A, evid yior pEYOAUTERES «YEPUEESY 1) PElWOT
elvon aerntéa. TTapotneeiton Snhadr 6Tl eved o unyaviouds petofiBaong goptiou, yia
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UXEES <YEQUEECY Elvarl OVIAOYOG TOU UAXOUS TNG KYEQUEACY, YIol UEYUADTEQES YAVEL
EVIEADC auTH TNV e&dpTnom xou Yivetan Wior Vepuind emaryOUeVT dladuxasta.

.....

4611 “G, MG G G
- n=2
Q.

]
o
=

230 L A—A—=A—A—A C CLC

.t T T F T 'gaa 8

[ S Y IR SN SN NN N [ N B |
1 2 3 4 5 6 7T 8 8 © 1N 2 13 14 15 16

Yxnua 2.2: Ewoaywyn kar petafifaon goptiov oto DNA. Yta oxnjpata 1, 2 kar 3 arweiko-
viletar n pédodog eloaywyns €vog popéa ue pwtolvon otn Véon Gaa ka1 n petafiBact tov
oto tpipepés GGG (ox. 3). Ta goptia ota Gz ket GGG mayibetovtar and to vepd kai
HeTd ané katdAAnAn ene&epyaoia pe mmepidivn arodidovr ta mpoidvta Po kar Paga. [1]

To Xyfua 2.2 anewoviCel Tnv mopamdvey YETIBoAT Tou unyaviodol uetoBiBaong
goptiou. H xAlon tng xoumdAng yio tor tplor mpwtar onuelar TG yeapixg TapdoTaong
eivar f=0.6 A1 v yia to embpeva eivor S = 0.07 A1, ‘Onwg AVAUPEPETOL GTO
Gptpo xou clugwva pe mohadtepn dnupooicuon [13], o Adyog Pf)—ga elvar avdhoyog
Tpog To pUUUO peTafBdoeng poptiou, péyedog mou avtioTolyel oTov xoupd YEco
eLOUS PeTAPBBAoENS GTN By Hog PERETY.
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HOMO G(T)nGGGTATTATATTACGC, n=1,2,...

15} -
B,=0.776A"
18 ¢ -
a4
=
21 -
24 1 1 1 1 1 1

0 10 20 30 40 50 60 70
d (A)

Yxnua 2.3: I'pagikn mapdotaon tov ekbetikot Aoyapidpov twy kalapdv péowy puvinay
petaPifdoews and to mpdto povouepés tns akodovdias G(T),GGGTATTATATTACGC
070 0€UTEPO UOoVOUEPES Tou Tpipepols GGG tng 10wag axolovliag, ouvaptioer tns peta&d
ToUS anéotaons d.

Y10 Yyfua 2.3 ancixoviCovton ot exdetixol Aoydprduot v xoupmy péowy pul-
uov petaPiBdocwe and to tpdto povouepés g axorovdiog G(T), GGGTATTATAT
TACGC o710 deltepo povopepés Tou Tetuepols GGG Tng Blag axohoudiag, cuvVaETH-
oel Tng petadd Toug andotaong d. Ou xadopol pécot puduol uetofiBdoewe ool
otov ex¥eTind Vouo k = koe P4 = Ink = Inky — Bd. O\ cuvteheoTéc oL TEOXU-
TTOLY and TN Ypapxt| Ttopdotacn ebvar = 0.776 Afl,n =1,2,3 xau f =0.062
A‘l, n=4,..., 8,16, dnhadr elvor cuyxplowot ye Tic TYég Tou netpduatoc (0.6 At
xor 0.07 A1 avtiotorya). No ornuewwdel €50 OTL GTOUG UTOAOYLOUOUS YENOYLOTOL-
Honxe n Hopayetponoinon 2 [7].
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HOMO G(T) GGG, n=1,2,...,16

14

-16

B,=0.84 A”

-18

Ink
Ko
o
1)
| |
o)
N
I
o
o
(@))
w
o>
[

N
N
T
|
1

-24 1 1 1 1 1 1
10 20 30 40 50 60 70

d (A)

Yxnua 2.4: I'pagikn napdotaon tov exletiko Aoyapiduov twy kabapoy péowv pviucy
petaPifdoews and to npdto povouepés tng akodovdias G(T),GGG oto deltepo povopepés
Tou tpiuepo’s GGG tng hag axolovdiag, ouvaptrioer tng peta&l tovs anéotaons d.

Hoapatneolue mwe oxduo xan av agonpécouvde tnv oupd TATTATATTACGC o
peretiooupe v axohoudio G(T'),GGG oL cuVTENEGTEC TOU TEOXVUTTOLY and TNV
TpocoupuoyY| tne Ink = Inky — Bd ot ypupiny| tapdoTaot Tou oyAuatog 2.4 elvou
ouuPotol ue Ti¢ T Tou metpdpatog. To xupidtepo BeBona ebvan dTL axduo TopoTn-
eetton 1 andtoun xhion yio n < 4 xou 1 adlvoun e€dpTnomn Tou k and TNy andoTao
Yoo > 3 Ta onold TOPUTEUTOUY OE QUUVOUEVA TOU Vol TEPLYEAPOUUE avohuUTIXG GT1)
ouvéyela. Enouéveg, otny napoloa epyacio Yo mapueldouue tnv oupd 1 onolo dev
xatéyel xuplapyn Véon otov Teémo petafifacng @optiov 6To xVplo PEpog TwV eCE-
T OUEVGY aXOAOUTOY OTIOS SAADOTE HOETUROUY X0 Ol QUEANTEES TWES TV UECWY
miavothTwy edpecTS QopTiou OTa HOVOUERY TNG OVRAS.
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HOMO G(T) GGG, n=1,2,...,16

14 -
-16 | n,=11,26 -
N
T -18f 7
o
N
Y4
£ 20r n,=2,42 !
22+ _
_24 1 1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 2,8 3,0
Inhops

Yxnua 2.5: I'pagikn mapdotaon tov ekbetiko Aoyapiduov twy kalapdv péowy puvinay
petaPifdoews and to npdto povouepés tng akodovdias G(T),GGG oto deltepo povopepés
tou tpipepols GGG tng dag akolovdiag, ovvaptioe tov exbetikod Aoydpiipov twv N.

"o TV axohovdia Tou ev Aoy mepduatoc, Ty G(T'), GGG dnhadh, enexteivou-
ME TN MEAETN Yog O BLadxaoleg NETAmNOYOEWS hopping ot Tn GyEoT oL AUTEG EYOLY
ME TN OuY) pog VewpenTiny| TROCEYYLON Xl TA OTOTEAECUNTE UAC. LUYXEXQUIEVA, N
TEOCUPUOYY| TN oYéomng k = kN1 o Ypupixt| TapdoTacT Tou oyfuatog 2.5 ot
omoleg og GUVOLAOUS e avTioTolyo anoTeEAEoUATA Yia TI axohovlieg Tou xepahaiou
3 00nyolV ot 0pLOPEVH GUUTERACUATA TTOU UTOEOVY Var oy YoV H6VO GUVBUNGC T
xa deal G T ETOUEVOL UEQT) AUTHE TN ERYaoiag.

[ opy | umopolue vor TodUe OTL amd TNV TUPATAVE AVIAUGY, UTOOEXVOETAL 1|
OTopgn 800 BLUPOPETIXGY BLadIXACIWY Yo TN HETOBBooT omdv Slauéoou Tewv (euymy
Bdoewv G — C' oo DNA:

1. Tne petofifdocwe péow gavopévou arpayyog (single-step tunnelling), 6mou
ot T — A g yépupag ennpedlouv éuueca To unyaviopo UetoBiBaong pecolo-
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Baovtag oty nhextpovixt| ouleuln twv G — C xou

2. Mg Oepuind emorybuevng dradixaotog yetanndnoews (A-hopping mechanism),
omoL 0 YpEdvog (wNg ToU XATIOVTOC G, etvou OEXETA PEYAAOC WOTE VO EMAYEL
NV 0&eldwon Twv Tapeuariopévey T — A xou vor Tic GUUTERIAESBEL dUEca GTO

unyaviopo uetoBiBaong goptiov.

O mpwrog unyaviouog eCacVevel yeryopa ue TNV Taped3oAY) OA0 XU TEQIGCOTERWY
Cevuywv T'— A, v 0 deltepog emnpedleton AAYIOTO A TO UAXOC TS CYEPUEACY.
Ondte 1) drapopetiny| enldpaom mou €yel 1 andoToon 0T PeTaBiBoacy ondy xatd urfxog
Tou DNA e&nyeiton amd tnv emxpdtnomn xdie @popd evog amd Toug 800 Unyavioldols.

Xwplg va ayvoolue 611 1 Yewpnrixy enclepyaocia oe autrh TNV epyacio apopd
TNV AAANAETOPAOT) UETAL) TV XOVTUVOTEPWY YEITOVWY, OEIOTIOOUUE TNV ELXOVOL TOV
TEMXWV JOC ATOTEAEOUATODY OE GUVOUUOUO UE TO UTOTEAEGUATA DLUPOLMY OYETIXMDVY
TELOUETOY xou T Vewpla TV oToYaoTIX®Y dtepyaotwy [14] pe tétolo tpémo hote
1 petaPifoaon omrg va umopel va tpoceyyioTel amo Toug €€Xg 800 UnyaviooUg:

1. v unepavtohhayr) METOEY YEITOVIXGY ToryidwY @opTiou aviueoa oTiC onoleg
TopEUBIANOVTOL WOV UTXOUS YEQUEES ToU amoTehoLvTaL and Bdoelg uPnhol
OLVAULXOU LOVIOUOU TNG OTAG XA

2. TO QUVOUEVO TN UETATNONOENS PETAL) LOUTEYOUCWY BACENMY UE TUPOUOLY ETL-
TOTLOL EVEQYELX
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H pedodoroyla hoimdv mou axorovdolue etvor 1 e€ric: Aev €6 TIdCOUUE GTO TKSG
uetoBiBdleTon To @optio oTic axolovdiec Tou DNA e auctned podnuatixd tpémo
ONADY| BEV YENOLLOTOLOVUE CYECELS TOU TEPLYPAPOUV OTOYAC TIXEC DLUOWACIEG TTPO-
OUPUOCUEVEG TIAIPWS OTO VYEWENTIXd POVIEAO TOU YENOLIOTOWOVUE GTNV Topolou
otmhwpatxt]. Emxevipwvopaocte o1 cUyxplor 0plopévey oYECEWY Tou EfTE uno-
eoUV Vo TpoceYYloouy txavoromnTxd To Unyavioud petofiBaong ot éva xouudTl Tne
axohoudiog OTKS aUTOC TEPLYEAPETAUL Umd Tal OXE Yo AmOTEAECUOT E(TE UTOPEl Vol
anoxhivouy T6G0 TOAU TOU GE GUVOUNOUO UE TELQUUATIXG ATOTEAECUOTA ANV Ep-
Yaousv mou cupPadiouy Ue aUTES TIC OYEoElS XorhoTOOY TO UOVTENO Uag avixavo va
meptypdiper T puowr| Bicpyaocio petafifaong poptiou Tapadelyuatog yde Yécw Tou
tight binding hopping xou dea avth 1 avavtio Totyia TEodidel TNV UTaEdn evog dAlou
unyoviopol PetaPBiBdoswe poptiou.
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Kegpdiowo 3

AToTEAECUATA XU
DIVUTEQACUATA YL IXONOVLVIES
UE YEQPULEES WOlwY BAocewy

Ye auto to Kegdaro mapouctdlovton To anoTeAEOUATE UaS Amd TNV EQUOUOYT) TOU
ITpotinou Ioyvprc Aéoucuong oe eninedo (euywy Bdoewy, yio To WBLOQPACUATA, TIS
TUXVOTNTEC XUTAOTACEWY, TOUS HEGoUS U0l UeTofbBdoewe xou Tig miavoTNnTES
e0pEOTG TOU cpopriou(omr'] Ol nksmpévto) o€ Wit VECN-UOVOUERES TWV TONUUERMY
G(Bridge), GGG pe Bridge=T,A,C,G.

3.1 Iowogpdopota

Mt mo oxpi3ric olyXEIon TV EVERYELIX®Y Awpldwy Tou Lyfuoatog 3.1 yeta-
€0 g axohoutdioc G(T), GGG xa G(A), GGG pac odnyel oto cuunépaoya 6T
1 uPnhoTepn evepyetoxd etvon auth Tng dedtepng oxohovdiog. To amotélecua au-
16 ouUgwvel Ye Ta anoteAéopata Tou Topotidovion oTic evotnTee 3.3 xou 3.4 Yo
NV anoteAeopaTxdTERY peTofSiBaon tng onAg otV axoloutia G(A),,GGG avti tng
G(T),GGG.

Yo oynfuo 3.2 mapatneovue 6t v Ty axohoutio G(T),GGG HOMO oyn-
potiCovtar 500 hwpeidec evépyetag mou elvon TOAD x0vTd 1) uiot 0T GAAN xOVTd TNV
evépyewa 8 eV, Kdtt napduolo Yo napatnooloope av 1 apytxt| youovivn G xou 1 Telx)
TELTAETOL YOLOVIVWY UEAETWVTAY C BU0 ATOPOVOUEV GUC THUNTA X0t Toto¥eToOVTaY
OE XOWVO EVEQRYELUXO DLy QUL

210 Uyfjua 3.3 0EV ToRaTNEOUYTOL <UAANAOETUIXUAUTTOUEVESY WOLOTYWES Xadg 1|
Topoucio Twv A YEQUE®Y ETOEE UE TETOLO TEOTO GTN BIUOPPEOT) TOU LBLOPACHUATOS
Tou oL hwpidec Tou oynuati{ovTon eival BlaxELTES. LUYXEXPIEVA, 1) TYY) Tou puiuol
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HOMO G(T) GGG, n=1,2,...,16 HOMO G(A) GGG, n=1,2,..,,16
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Yxnua 3.1: Tpagixn) tapdotaon tng evépyeas twv HOMO mepoydv ouvvaptrjoer tov apid-
1o N twy Levydy Pdoewy mov atotedoy to kaléva amd ta 16 moAvpepr) mov avaypdpovtai.



E(eV)

HOMO G(T)nGGG, n=12,...,16

Yynua 3.2: MeyéOuvon opopévawr evepyelakwy Awpidwy otg T yépupes kali§ kar twy
XaunAdtepwr evepyeakay 1dotiuwy ot HOMO kataotdoe.
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XaunAdtepwr evepyeakay 10otiuwy ot HOMO kataotdoe.

HOMO GAINGGG, n=1,2,...1

6

-7.8576 |

S 7ess2f 0 - T T ST T TTTmmTT
&
7.8588 |
5 S 5 zo
~
HOMO G(ANGGG, n=1,2,...16
-7.96 |-
- - - - - = - - - - - - - - -
= 798|
@
m
.00 L " == == m=m=EE=Eoa=
s 12 5
HOMO G(A)NGGG, n=1,2,...16
-8,138 |-
— -8,140 |- - m m - - - = m m om
= -
>
g
-8,142 [
6 12 18
N
HOMO G(ANGGG, n=1,2,...16
i e m m = = == =2 E§&
- -] ]
- .= - - = o=
-8.,28 | = =- T
- - = - "
- - - - .= - =
= S
@ 831} - - - T -
i} . L - T - :
" om I T L R
s34l = = aa23zEE il
= = = m = mmmmmmwomm
12 18
N



30 KE®PAANAIO 3. I'EQTPEXY IAIQN BAYEQN

METOPORAC amd Tn Youavivyy o TNy adevivr), tga, etvar dVo Tdlelg peYohlTepn amod TIC
TWES TV tag w0 tag. AuTh 1 Slopopd eivon eUQavAc xou GTIC YUUNAOTERES LOLOTIIES
TOL AV OEV UTHEYE, 1) LOPPY) TV WLOTWOY PE TWh Yopw and tny evépyela —8,3 eV
Vo Aoy mopépola Ye owth Tov Wogaoudtoy g axoroudioc G(T),GGG.

LUMO G(T) GGG, n=12,...,16 LUMO G(A) GGG, n=1,2,...,16
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Yxnua 3.4: I'pagikn mapdotaon tng evépyeias LUMO ouvaptrioer tov apipod N twv
Levyddy Bdoewy mov anotedovy to kaléva arnd ta 16 moAuuepn

Av xau ov evépyeeg Leuyov Bdoewy v Tic LUMO xataoctdoeg eivon eviehde
otapopeTég amd avtéc Twv HOMO, ta evepyelaxd Sorypduuato T600 yiow TNV o-
xohoudiot G(T), GGG 600 xou yioo tnv G(A), GGG v t0 nhextpdvio elvor omtixd
TovopoldTUTIAL UE TO evepyelaxd dudypaupo g axohoudioc G(T), GGG yi ty oA
agol éyouv Blag tdlng puipole petaBifoaong. Téhog, n olyxplon TwY YoauNhOTERWY
evepYelmv-Aopldnv uetold tne axorovdiac G(T),GGG xa G(A),GGG pog odnyet
GTO CUUTEQUCUN OTL 1) YUUNAOTERT) EVERYELOXS Xal dpal TEOTYOTERY YId TO NAEXTEOVIO
elvon T TNE TE®TNG oxorovdioc.

LUUTEQUOUATIXG, TO ATOTEAECUTA AUTAG TNG EVOTNTOG CUUPWVODY UE EXEVA TTOU
ToputilovTon OTIC TOEAX T EVOTNTEG TOU XEPUAUOU 3 OYETIXY UE TNV ATOTEAECUO-
wxotepn petofBifoon tne onfc oty axohoutio G(A), GGG avtl e G(T),GGG



xou tou nhextpoviou oty G(T), GGG avtl tne G(A),GGG. BéBaua, n evepyetonn
OLopopd etvat Toc0 Uixpr) Tou Bev Unopel Vo anoTehéoel xotdAou XxELTHRLO GUYXELONG
anéd uovn Tng.

3.2 Iluxvétnrteg Kataoctdoswy

To péyedog tng TunvoTNTAC XoTac TAoEWY Yo peAeTNIel P€ow TwV Blary PoUUdTLY
NG TUXVOTNTAS XATAC TAOEWY CUVIRTHOEL TNG evEpyelag. Tor dlorypduuator auTd yio
uxpd aptdud povopepmv N (mapodeiypatoc ydpwv yio N=>5, 10) anotelodvtar and
evepyetoéc otdiuee, eved avidvoviac to N (rnapadelypotoc ydpty N=100, 10.000)
ot evepyelaxéc otddueg expuiilovton oe pio (6nwe otig axohoudieg G(T...)GGG xa
G(A...)GGG) 1 oe neprodrepeg vnolovee (Kegdhowo 4). Iapoxdte topovotdlouue
Toe dlaryedppato Tne DOS cuvapthcel tng evépyetag Yol uxpd optdud UOVOUERHDY
MOOTE VoL EYOUNE OLIXELTEC OTAVUES ou Lol TOAD UEYBAEC GTE Ol XOUTUAES TOU
meoxOTToLY va elvon cuveyelc. Ot evepyetoxég {oveg mou oynuatilovion Yo HeYdAo
N mapouvotalouvy ota dpid toug acuvéyeiec Van Hove.

[ N oipxetd peydho oynuatiletar éva evepyelond @acuo YOpw amd TNV EVEQYELX
Ear = —8,3 eV n Unopén tou onolou ogetheton ot Yépupeg A xou T mou Peloxo-
viow 6Tic eetaloueve axohoudicc. H cucohpeuot v onmy xot Twv NAeXTEOVInY
oA dxpa AUTOU TOU EVERYELUXOU QACUATOG EIVAL OVAUEVOUEYN Yia axoAoutia Tohu-
MEQPMY UE TOUUTOOTUO HOVOUERY| X0 GUVEDEL UE TNV TUALVOLOUXOTNTA TOU G ONACOUE
oty Ewaywy. Ly meplntwon oung g omig 1 TuxvOTnTa XATUC TACEMY YLl TIG
axohoudieg TV oynudteny 3.5 xou 3.6 eivon ueyahiTepn 670 6pL0 TV UPNAOTERKY
EVEQYELWY TN TUPATAV® EVERYELAXAC LOVNG Ad OTL GTO OPLO TV YOUNAOTERWY EVER-
yewoy. A&ilel Vo ONUELOOOLUE OTL 1) aVloOTNTA TKVY 6V0 xopupey Van Hove ogeiietan
xou e€opTATOL Amd TNV OAAETIDPACT TWV YEPUEWY UE TIG YOUAVIVES.

Yo oyfuata 3.7 xan 3.8 tng LUMO evepyetonric meploy g 1) TuXvOTHTO XATAC Td-
OEWVY TOU NAexTEOVIOL elval UEYUADTERT OTO dXQEO TWV YUUNAOTERWY EVEQYELWY TNG
evepyetaxhic LOVNS amd OTL 6TO AxE0 TWV UPNAOTECKY EVERYELDY. Nt OTUEIOCK K¢
QUTES OL VICOTNTES OTIC TYWES TOV XOPUPWY TUXVOTATWY dev elvon efvon amopodtnTeg
yioe ¢ HOMO xow LUMO xatac tdoelc onotovonmoTte axohouthiey oAAS GTI GUYXE-
XPWEVES oxOhOLDES QUVEQHVOLY TNV WOLOTNTA TNG TETAETAUS Youavivey wg Toryida
OOV XL WG OOTN NAEXTEOVIWY.
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Yxnpa 3.5: Or TUKVOTNTES €vepyelakwy Kataotdoewy yia tny onn ouvaptioel tou aptduov
TV ovouepdy Tou anotekoty ta 4 duagpopetikd molvuepr) G(T)n — 4 GGG pe N=5,10,100
xa1r 10.000.
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Yynpa 3.6: Or TUKroTnTES €VEPYElakwy Kataotdoewy yia tny onn ouvaptioel tou aptduov
TV LOVOUEPOY Tou anoteAoly ta 4 dagpopetikd moAvpuepri G(A)n — 4 GGG pe N=5,10,100
xa1r 10.000.
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Yynua 3.7: Or TUKVOTNTES €VEPYEIAKWDY KATAOTATEWY Y1 TOU NAEKTPOVIOU TUVaPTHOEl TOU
ap1pol twr povopepdy mov anotedolv ta 4 Owgopetikd moAvuepry G(T)n — 4GGG e
N=5,10,100 ka1 10.000.

100 50
80 40
% 3
~ 60 ~ 30
=y =
o o
3 40 3 20
A =]
20 10
0 0 . . . .
25 49 48 47 46 45 44 s 49 48 47 4.6 45 44
Energy [eV] Energy [eV]
25 30
20 s
% % 20
15 ~
=, =,
0 0
ol 210
A =]
5
0 A ‘ i 0
25 49 48 47 46 45 44 % 49 48 47 46 45 44
Energy [eV] Energy [eV]

Yxnua 3.8: Or TukyoTnTES €vepyelakdy KataoTdoewy Yia ToU NAEKTPOVIOU oUVapTroel ToU
ap1dpov twy povouepdy mou amotedolv ta 4 dapopetikd modvuepry G(A)n — 41GGG e
N=5,10,100 xa1 10.000.



3.3. KAGAPOI MEXOI PYOMOI METABIBASEQS 35
3.3 Kalapol ueocor pudpol petofiffdoswe

Ye auth Vv evétnta aneixoviCovton ot exdetiol hoydprduol twv xadupdy pé-
owv puiuny etofidocwe and To medTo Uovouepés tng axohoutioc G(T), GGG
xou G(A),GGG oto debtepo povouepés tou tpwepoic GGG g Blag oxohoudi-
¢, CUYVUPTAHOEL TNG YETAED TOUC amdcTaonS d TOOO YIol TO NAEXTEOVIO OGO %ol Yid
Vv omN. Ilopoucidlovton apriuntixd anoteAéopoata xon oyohdlovtar avohoyws. Ot
xadopol pécol puiuol petofiBdoene utaxoly otov exteTind vouo k = koe P —
Ink = Inko — Bd 6mwe mpoavégepa oto xepdiao 2. Ot cuVTEAECTEC TOL TTPOX-
TTOLV a6 TN Ypopixn Topdotacn 3.9 yio Ty axohoutio G(A), GGG eivar f = 0.96
A‘l,n =1,2,3 xu = 0.068 A‘l,n = 4,...,16, dnhadr| elvon cuyxplowol pe Tig
TWég Tou mEpduatog xat autée tne axorovdiac G(T),GGG. H toylmmta xodog
xou 1) amoteleopatixdtnTo BéPona petaPiBaone onric oty axorovdio G(A), GGG ei-
v UEYaROTERT YEYOVOC TO omolo umopel vo e€&nyndel avolutixdtepa Aopfdvovtag
uTOPY ToL AmoTEAEOUATA NG TPOCOPUOYNC k = KGN otig XATIAANAES Ypoupixég
nopactdoelc (oy. 3.11). Enlong, 6nwe avouévaye guotxd ot axohoudiec G(C),GGG
x G(G),GGG nov mapouctdlovtoar ot deltepn oepd Tou darypdupatog 3.9 dev
UTXOUY 6TOV EXVETING VOUO %ot auTO YLoth 0 QuUoIXOS Unyaviouds Tou tunneling
0eV aopd auTéC TIg axoroudieg. AvTidETng, €vag GANOC PUOIKOS UNYUVIOUOS UTOPEL
va yenoworoiniel yioo Ty meptypagpy| uetofBiBaong goptiou o autéc Tic oxorouvdi-
e¢. Iapd dhar autd 1 wixen Ty Tou 8 = 0.055A‘1,n = 1,2...,16 mou mpoximTEL
oo TNV EXVETINY TROCUQUOYY| TTIOU EYIVE OTIS YRUPIXES TURUC TUOELS TOU OY. 3.9 Yo
¢ axohovdiec G(C), GGG xu G(G),GGG gaveptver v aclevy| enidpaon tng
ambéotaone oty petofBiBacn goptiov. Mt LUMO xotactdoeic ot cuvtekeotég
TOU TPOXUTTOUY and TN ypupixh mapdotaon 3.10 ya ty axohovdia G(T'),GGG
etvor 5 =1.45 A1 n =1,2,3 evéd> Y v axohovdia G(A), GGG eivar f =1.43
A‘l,n = 1,2,3 xa mepinov B = 0.064 A‘l,n = 4,..,16 xou y Tic 0Vo. E-
TOMEVKC, XL OTN UETAVAGTEUST) Tou Nhextpoviou otic oxolovdiec G(T), GGG xou
G(A), GGG éyoupe yiow wxpd oprdud povouspdv toyver e&dotnon tou k and tnv
ATOGTUCT) OTWS CUUPULVEL X0 O TIC TEQITTWOELS UTERUVTUAAAY TS PORTIOU EVE YLol UE-
yarUTepeg axoloudieg 1) e€dptnom etvon acdevic. Mropolue hotmdv va Loy uplo ToUUE
oTL 1 ueToBBaon nhextpoviou oTig axohovdieg Tng TEHOTNG oeleds Tou o). 3.10 me-
prypdpeTon amd TNy amevdeiog UTEPTASNOT TOU ATO TNV AEYIXY| YOUAVIVY) GTOV TEAXO
amodEXTN youavivy yia n < 4 agol ot auth TNV Teploy | Yivetar 1 BEATIo T exdeTi-
X1} TEOGUEUOYY| XaL ETLTAEOY aUTY| 1) UTEETNONOT elvon TaryUTERT amd TNV avtioTolyn
e onrc. Puowd, ota avtioTouyo Brarypdupoto yio tig oxorovdiec G(C), GGG xou
G(G),GGG 7 petofifoon tou nhextpoviov ot autég dev ouvavTd andTopes ahhoryéc
o0 BEV LUTIEPYEL XATOLO EUTOBLO - PEAYTNG. XE avTiieon Ue TNy oY), TO NAEXTEOVIO
uetofiBdleton amotereopatixotepa otny axohovtio G(T),GGG,n = 1,2,3 ond 6
oty G(A),GGG,n = 1,2,3 od\d 1 tayotnta yetofBifoong tou nhextpoviou ebvat
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Yynpa 3.9: Or kaOapotl péoor puduol petafifdoews yia tny onr) ouvaptioer Tng anéota-
ons ané to apy1ké uovouepés G oTo OUTEPO UOVOUEPES THS TPIMAETAS youavivwy Yia TiS
axolovtlies G(T), GGG , tns G(A),GGG, tns G(C), GGG ka1 tng G(G), GGG
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Yynpa 3.10: Or kaOapoi péoor pvduol petapifdoews yia tov nAektpoviov ouvaptnoel Tng
aréotaons amé o apx1kod uovouepés G oTo deUTEPO HOVOUEPES TS TPITAETAS Yyovavivwy yia
g axolovllies G(T), GGG , tns G(T), GGG, tns G(A), GGG, tns G(C), GGG ka1 tng
G(G), GGG
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HOMO G(T) GGG, n=1,2,...,16 HOMO G(A) GGG, n=1,2,...,16
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Inhops

Yxnpa 3.11: O kaOapol péoor pvduol puetafipioews ya tny onrj ovvaptioer twrv N (=
hops) ya tg akodovdies G(T), GGG, G(A), GGG, G(C), GGG ka1 G(G), GGG

oyedoV 1) (Bt YL Tic 600 auTég axohovdieg yia autég T Té Tou n. To Srorypdy-
potar Tou oyAuatog 3.11 xadotolv mpoavéc OTL 0 xplowog aptiuds ne YEQUEKOY
Tou mopatneeltal évtovn Yetoforr) Tng uetofBaong poptiou dev unepPaivel To 4 160
v v axohoudion G(T), GGG 600 xar v v G(A),GGG. Av Seytolue 6t v
v axorovdia G(T),GGG, n, = 3, téte 1 o andtoun xhion e G(A),GGG otic
HOMO xatactdoeg 1600 yio n = 1 — 3 600 xar vy n = 4 — 16 unodewviel 6t
yior qUTY) THY TEAEUTOLA 1) THLY) TOU Mg 0V XOU UXQOTERT, TOU 4 lvan ueYolOTERT TOU
3. O wyvptopde 61t 1 G(A),,GGG éyel ueyahdTepn TWH TOU Ner CUYXELTIXG UE TNV
G(T),GGG emBeBoncdvetanr xon amd 1o dpdpo [16]. Iapd dho autd, wior Guotxr oxo-
T Tou Topamdve {nThAuaTog Wag mellel va deyTolue 6Tl 0 xployog oprdud yia TV
G(A),, GGG elvor axpiBde ne, = 3 2ol ne, ebvar puoxds apiude (ne € N). ‘Ocov
agopd Tar drorypdupato Tou o). 3.11 tng deltepng oepde 1 petoBiBacn onhc oTic
axorovdiec G(C),GGG xou G(G),GGG eivor oy xon anoteheopotindTepn 6Twe
Yo avopévaue dhAwoTe amd pla axohoutio tou anoteleiton povo and Bdoeig ye dieg
emtomeg evépyeleg. Me Ohat To Topamdve oL avapépaue elvan TAEov Eexddapo OTL
amb To oy 3.12 cuunepatvoupe 6TL Yo n > 4 1) uetaB{Boor Tou nAextpoviou oTiC



Ink(PHz)

Yxnua 3.12: Or kaOapot uéoor pviuol uetafifdoews ya tov nAektpoviov ouvvaptnoer Twy
N (= hops) yu tig akolovdies G(T), GGG, G(A), GGG, G(C), GGG ka1 G(G), GGG
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axorovdiec G(T),GGG xou G(A), GGG mpooceyyileton and 10 QUOIXG UNyoVIoU6
tou A-hopping xau otic G(C), GGG xu G(G), GGG ané to G-hopping,.

To nopandve anoteréopota cuvodiovTon To AETTOUEPMS O TOUC TURUXAT TiVo-
xe¢. ‘Onwg avauévaue ot tohupepn tou Tivoxa 3.1 1 petofiBaon goptiou yiveto ye

ivaxag 3.1: Extipdueves tipuég tov ki kar n kdvovrag mpooapuoyr otnv
k = kKGN~ y1a ta moAvuepr pe tavrtéonua povouepn kar anodéxtn
goptiov to povouepég oTn Féon N — 1

Axohovtia DN A k((PHz) n Yuvteheothc ovoyétone H/L
poly(dG) — poly(dC)  0,087£0,021 1,575+ 0,017 0,999 H
poly(dG) — poly(dC') 0,018 1,578+ 0,014 0,999 L
poly(dA) — poly(dT) 0,018 1,576+ 0,014 0,999 H
poly(dA) — poly(dT) 0,026 1,575+ 0,019 0,998 L

OYEBOV (BLor ToryUTNTOL Yo ETUTAEOV OL TWES TOU 1) Efvar TOAD x0VTd GToL amoTEAEGUATY
NG AVOUEVOUEVTS VewenTXrc oyéong

k= kN (3.1)

omov 1 <n < 2.

H oyéon 3.1 mepypdgel 1o unyavioud xatdhndng Véocwy ue tov Blo péoo puid-
MO ApIEng avd PoVAda yeovou XL amoywenong and autég Tig VEoelg eniong Ue Tov
(B0 puluo amoydenong avd povdda ypdvou. Autd To Yewpnuixd Yoviéro eivon mo
oudfoté e TN petoPiBoaon goptiou o wo axoroudia ye Bl povouepy| OTWS GTIC
neptntooetg tou poly(dG)-poly(dC) xou poly(dA)-poly(dT). Kdvovtag homdv tny
Topadoy | 6Tt 1 ueTaPiBoon goptiou oTic TapaTdve axoloudicg TEpLYEdPETOL amd TO
puoLxo6 unyavioud Tou hopping, To aroteréopato Tou ivaxa 3.1 umopolv va anote-
Aécouv oTolyelor olYXEIONG UE ToL TOAUPERT| TOU €EETACOUUE GTNY TOROUGCA TTUYLOXT.
Enopévee, uropolue vo teptypdipouye Tn peTapopd popTiou ot auTég Tic oxoloutieg
UE TO KOUVEXTIXO) QPUVOUEVO GHOYYOS Tave omd Wi ixpr) amdotaon 1 YE T un
CUVEXTIXT) UETATADNOT) YIol Yot PEYSAN amOCTUOT 1) ME EVAL GUVOLAOUO %Ol TV OLO
VTGOV Unyoviopny. Ot Twée Tou 1) Tou mivaxa 3.2 @aveprvouy TNy Uttopdrn 8o da-
(POPETIXWY UNYAVICUOY UETAVAOTEUOTG TNE OTAS X TOU NAEXTEOVIOU o€ axohoutieg
ME BOTN TNV opyWr) Youaviv), amodexTr Wior TELTAETA Youavivwy xon YEQPUEES (Bleg
Bdoewc pe YeYdAo evepYEloxd YAoUN GE GYECT) UE TOV BOTN XU TOV UTOOEXTY. Xu-
YHUEXQUIEVA, YLl 0ElIUS YEQUEKOY PEYOAUTERO Tou Tpla 1) TWr Tou 1) elvon To xovTd
oTIC TWES Tou Tivoxar 3.1 xou dear 1 petafifacn @optiou umopel vo mpooeyyioTel
and to A-hopping eve oTic axoroudieg e n < 4 1) TWH TOU 1) OEV YOG EMTEETEL VOl
TEPLYEAPOLUE TN UETAVACTEUCT) QopEd UE OLadoyéc UeTamndnoelc. Avtidétwe yia



e oxohoulieg tétolou TOTMOU AoPBdvovTtag UTOPY To TEWRUUATIXG ATOTEAEGUO-
ToL OLAPOPLY EPYACUDY YPNOWOTOOUUE YIoL TV TEQLYPUPT| TO PUVOUEVO GYPaY YOS )
ameudelag umepavToAhoy g QopTiou peTadd 86T XoL ATOBEXTY).

ivaxag 3.2: Extipdpeveg Tipés tov lnk] ka1 n kdvovrag mpooapuoyrn otnv
k = kpN ™" yia ta noAvuepn) A) G(T)nGGG ya tnv ontj, B) G(A),GGG
yia Ty orlj, I') G(T)n,GGG y1a to nAektpiério kar A) G(A), GGG ya to
NAektTporio. Anodéktng poptiov e€ivar to povouepég otn Uéon N — 1

Axohoudioc DN A A B r A

(Ink})1(PHz) -1,997+1,349  +6,376+2,441 11,185+1,547  0,47941,434
i 11,2564 0,997 12,874+ 1,768 19,245+ 1,120 18,96+ 1,038

YuvteleoTrg

ouvoyétong 1 0,975 0,998 0,949 0,998

(Inkj)2(PHz) -16,2+0,057  -10,1240,099 -17,8174+0,099 -28,179+0,102
M2 2,417+ 0,023 2,634+ 0,04 2,456+ 0,04 2,456+ 0,041

YUVTEAEC TG

CUCYETIONG 2 0,999 0,997 0,997 0,997

3.4 Meéoec (ypovixd) mdavdtntec elpeons e-
VOG ETLTAEOV QOpEa ot Ul VEoT)

To oprdunTind pog amoTeAéouoTa Yo Ty U€o (Xpowxd() miavoTnTo €DPECTC [LOG
emnAéov omiig 1| nhextpoviou oTto Lelyog BAcEnY j TV oxohoutidy Tou xEQuiaiou
3uen =1,2,..,8 napoucidlovton oo Topoxdte darypduuata. H péon mdavotnto
ebpeomNC EVOC Yoptiou ot wa Véon 1) oe éva Levyog Bdong evog moluuepole pall Ye
Tov xodopd péoo pulud petofBiBaong etvar Tor XaTUAANAOTERY PUOIXE UEYEDT Yo T
pehétn tng amoteheopatixdtTnTag petafifaong goptiou oe tufuata DNA oty mo-
polou OIALUoTIXA. XTo oyfuc 3.13 napatnpolue ueyahitepn miovotnTa EVpEONS
g omig oY Youaviv- amodéxtn oty G(A), GGG ané 6t oty G(T),GGG 1600
o n = 1,2,3 600 xou yoo n > 3 xou dpo avtihopfovouacte otL 1 petofBiBaon tne
omngc elvon TEOTWOTERN o TNV TE®TN axohoudior and ot ot dedtepn. H axohoudia
G(C),GGG éyer yeyahitepec miovoTnTe EVPEONS POPEN GTOL LOVOUERY| TNG Kol dpat
elvor amoteheouaTxoTteRT 0N petoSiBao goptiou and Tig 8U0 TEONYOUUEVES aXONOL-
Biec. BéPaua, ov xou ouvarywvileton dev enepvd v poly(G)-poly(C) yio v ontota
extog and TV eLxoln uetafifoacn @optiou mapatnEolue OTL ol péoeg TavoTNTEG
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Yxnua 3.13: Or 8 ypagikés mapaotdoes twv puéowy miavotntwy €Upeons Hiag omnis o€
kaOéva povopepés yia G(B), GGG, n=1,2,....8 kuB=T,A,C,G. Anobéktn onng Vewpolje

TN 0€UTePn yovavivn NS TPIMAETAS youavivay.
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¢ ebvon Tokvopouxéc. ‘Eyovtog Yewprioer w¢ apyiny| cuvifxn tnyv Tonolétnon tou
QopEn TNV Py Youavivy), ol Yéoeg midovoTtnteg etvar (oeg Yetald Twv oxpolwy Vé-
oeWV X {oe¢ UETACD TWV EVOLUETWY VETEWY. LUYXEXQOEVA, 1) GUVONXT THoVOTNTA
v axpainv Yeoewy eivar a( V) = Niﬂ EVE TV eVOLduecwY Véoenmy =1 — a(N).

Ye avtieon ye tic HOMO xataotdoeig, tapatneoue pueyohitepn miavotnto e0-
peong g omhc oty yovaviv anodéxtn oty G(T), GGG and 6t otny G(A),GGG
1600 v n = 1,2,3 600 xan v n > 3 xon dpo avtihopfoavopacte 6Tl 1 ueTofBaon
¢ omhg elvon TEOTWOTERT TNV TEWTY axoloudia amd OTL 6T dEUTERT,

Ta cuymepdouoTa TOU TEOXUTTOUV ON6 TA OLOY QOUUATO TV UECWY YEOVIXY Ti-
YovothTov elvor TAREnS ouuBatd Ye autd Twv xadopny YEowy pLIUGY Xt deo 1)
avdAuoT pog ivon GUVETHC 0G0V apopd To Bodud anoteiecuatixdTrnTac UeTaPiPoone
popTiou.
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Yxnua 3.14: Or 8 ypagikés tapaotdoe twy péowy mbavorntwy €lpeons €vog nAektpoviov
o€ kaléva povouepés yuu G(B)nGGG, n=1,2,...,8 kuB=T,A,C,G. Arodéxtn nAextporiov
Uewpolue tn deltepn yovavivn tng tpimAétag yovavivay.



Kegdhawo 4

ATOoTEAECUATA XU
DIVUTEQACUATA YL IXONOVLVIES
UE YEPUEES OVO OLAUPORETIXWYV
Bdoswv

Ye auto to Kegdhaio napouctdlovton To anoTeEAEOUATE UAS Amd TNV EQOOUOYT) TOU
ITpotimou Ioyvprc Aéoucuong oe eninedo (evyov Bdoewy, yio To WBLOYICUTA, TIC
TUXVOTNTEC XUTACTACEWY, TOUC HEGoUS puluole UeTofBdoewe xou Tic miavoTnTeES
elpeone Tou @opTiou(omn xou NAEXTEOVIO) o€ Wiol VEOT-UOVOUERES TV oXOAOLIIOY
HE OEXTT QOPTIOL YouaViVY), aTOBEXTY QOETIOU Ulal TELTAET YOUAVIVEY Ko WG YEPU-
e wior axoroudia ye evarhdocouceg tn Bdon 1 xou tn Bdon 2 6mou BdonlBdon2'=
TA,CG,TC,AC,AG, TG,AT,GC,CT,CA,GA,GT.

4.1 Iswogdouata

‘Onwe Aoy avoevouevo tor evepyetoxd diorypduuoto twv toduuepdy a)i)G(TA);,GGG

ue To GA(TA),GGG xau ii) G(AT);GGG pe 1o GT(AT);GGG, B)i)G(CG),GGG ye
10 GG(CG);GGG xar ii) G(GC);GGG pe 10 GC(GC),;GGG, v)i)G(TC);,GGG e
10 GC(TC);GGG xo ii) G(CT);GGG pe 1o GT(CT),GGG, 8)i)G(AC);, GGG pe 10
GC(AC);GGG xu ii) G(CA);GGG pe 1o GA(CA),GGG, ¢)i)G(AG);GGG pe 10
GG(AG);GGG xo ii) G(GA);GGG pe 1o GA(GA),GGG, 0)i)G(TG),GGG pe 10
GG(TG),;GGG xa ii) G(GT);GGG pe 1o GT(GT),GGG, nopouctdlouvv napduoLa
OUUTEQLPORS VLot 1 PUOIKOUE apLiuole.
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48 KE®PANAIO 4. I'EQTPEY ATAPOPETIKSN BAYE(2N

G(CG...)GGG HOMO GC...GGG HOMO
T 121 T T T

o ' : )
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Yxnua 4.3: Ivkvdtnta kataordoewy ya tn HOMO repioyn) ovvaptioer tng evépyeias.
Yy mpdtn oepd, tapovardlovtar ta molvuepn (G(CG); GGG to omolo éyer mapduowa ov-
pumepipopd pe o CG... ka1t GC(GC);GGG to omoilo éxer mapduowe ouumepipopd e to
GC... [20] ywa i moAU peyddos guoikds apriuds. Xtn deltepn oepd, éxouvpe ta moAuuepr)
G(TA); GGG o omnolo éyer mapduoia ouurnepipopd e to TA... ka1t GT(AT); GGG 7o onoio
éxel mapdpola ouurepipopd e to AT... émov i ToAU peydAog puoikds ap1jds.

4.2 Tluxvotnteg Kataotdoswy

‘Oneg avapépaue xou oTny EVOTNTA 3.2 Tor Sy PUUUOTO TNG TUXVOTNTOG XUTO-
O TACEWY GUVOIPTHOEL TNG EVERYELXS VLol Uixpod optdud wovouepnvy N arotehodvton and
evepyelonég otdlueg, eve auiavovtag to N ol evepyetonée otdiueg exguiiCovan
oe éva oOvolo utolwvoy (ouyxexpuéva oe 800 yio Tig oxoloLBES TN EVOTNTAC
4.2). Hopaxdtw napouotdlouue ta Swaypduuata tne DOS cuvopthoet tne evépyetog
Yo peydho oprdud povouepwy (N = 10.000) dote ol xaunilec mou TpoxiTTouy Vo
elvor opokég. TopatnemvToag Tor Sy EAUUATO TG TUXVOTNTUC XATACTACEWY Batvouue
oo (Bl CUUTERAOTA UE AUTE TToU avarpEpdmay Yl To Wlogdouata. Anlady, ot
EVEQYELEG Elvol CUPPETEXES Y0P Amd TNV ETTOTIA EVEQYELX TV UOVOUEQKDY TOU O-
mopTiCouv To ToAupgpéc. O utolVveg dlaywpetlovTtar amd Uixpd EVERYELOXS YACUATAL.
Axoun, ota dpta Twv utolwvny epgavilovta acuvéyelec Van Hove.

Eivar govepd OTL o mohuuepy| 6to Sudypopua 4.3 mou Beloxoviar oty TemTN
oTHAN elvon oxohouliec pe Cuyod v T BEUTERT GTAAN UE HOVO apldUd TONUUERMY.
Hoapd 6Aa autd 1 wop@r Tou dlarypduuatog dev xoopiletan and to (uyd 1 povod
aprdu6 VEcewY YLt TNY O OAAG OO TN (ROVAB AL ERAVAANYME 1) OTolo G TNV TEHOTN
othkn ebvor GC xaw TA (ndver xon xdtw avtioTotya) eved yior T dedtepn oThln ebvan
CG xar AT (méver xon %o avtiotoya). Auth n nopathenon Peloxetar oe TAven
CLUPOVIN UE TaL BLOPAOUTY, ETOUEVWS OVUUEVOUUE To EEETACOUEVO TOAUUERT Yol
MEY MO 0iprd LOVOUERMY VL TTERLY RUPOVTOL OGOV apOEd. TIG TUXVOTNTEG XATUO TUOEWY
and Tic axohovdiec TA..., AT..., TC..., CT..., AC..., CA..., AG..., GA..., TG...,
GT....



G(AC...)GGG LIOMO G(TG...)GGG HOMO

300+

Energy [V
G(AG..)GGG HOMO

Yxnua 4.4: Ivkvéotnta kataotdoewr ya tn HOMO mepioyry ovvaptrjoer tng evépyeias yia
Ta avaypapopera ToAUUEPT).

Yougovo pe o dedea [17], [18] xou [19], vy N neptrtd yia evahdocovoeg 10oe-
VEQYELUXES OANS OLUPORETIXEG [BEOELS TTOL TEOXVTITOUY OL LWOLOTYES elvou:
E Ko

E+ \/t’2 + 172+ 20 cos Ty, M= Mlr=1,2,..,m

A =

H nopamdve e€loworn yia tnv axohovdia GC... yia mopdderypo etvon 1 €ig:

Eqc Ko
Eqo £+ \/téC + t2GC + 2tgctcgc05mr—:1, m = NT,T =1,2,...m

A =

Ouolwe ya v axohouvdio TA....

Enopévee, v vy GC... xou yio cos Tebvel 010 0 mpoxdnTel 6Tl oL EVERYLOXES
Cwveg Tou dnuoveYoLVTAL Yio UEYAAO apriud povouepmy Boloxovtal oe U0 TeployEg
CUUMETEWES TN evépyelag Ege mou anéyouv and auth| tepimou 0,05 eV xoutd yco
600 OIS TEOXVTTEL Amd TNV ToEATdve oyéon. AvtioToya, Y Tnv axoroudio TA...
xou yiow cos Tetvel 0To 0 mpoxOnTEL 6TL 0oL eVERYEUXES LOVES TIOL BNUIOURYOUVTAL Yid
ueYdho apriud povouspnv PBoloxovtar oe 800 TEPLOYEC GUUMETEIXEC TNG EVERYELC
Ege mou anéyouv and auth mepitou 0,06 eV xotd péco 6po yenouonolvToS oL
TNV ToEAndve oyéor. Autd ta cuumepdouata emBeBaldvovTon améd Tor Slary U
4.3.

To draypdupota 4.4 TV axohouhioy TG TeOTNG Oelpds anoTeAoUVTUL antd 5Vo
AUYUNEES x0pLEES To xoéva evey T 4.3 o 4.4 Twv axoulouvdny TG BeVTEENC
oelpdc oynuatilouvy éva cuVEYEC WLoQAoUa. AuTod oNUaiVEL OTL OTIC UPYIXEC UXONOL-
Vieg etvon aernTéa 1 ahAnheTidpoom HeTOL) VEoEWY UE PEYANO EVERYELOXS YAOUA
xou dpor uTodevieTaL o unyaviouos G-hopping otnyv axohoudio G(AC...)GGG xo
oty G(TG...)GGG. Xt nepintwoeic G(TC...)GGG xow G(AG...)GGG av xou né-
AL €YOUPE EVUAJOGOUCES ETUTOTIEC EVEQYELEG TTOAD DLUPORETINES 1) UEYEAT THur) TOV
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taa = tre(dexomhdola nepinou) odnyel o CAANAETIDEUOT TWV ETEPOEVERYELXODY (Y-
oewv xa dpa cLVEYES pdoua oTic HOMO xataotdoeic. ‘Ocov agopd to dlorypduuato
DOS twv LUMO xotactdoswy avoEVoude Vo £Y0UY OA EVOL GUVEYES PACUN OF E-
VL ELBLAXELTO DLAC TNUOL EVERYELWMY X0l dipal BEV TapouatdlovTol GTo XUPL0 UEROS TNG
epyootiac.

4.3 Kodogol pecor puduol petofidoswe

To apriuntind aroteréoyata Yo 1oV Aoyderduo tou xodupol Yécou puiuol ue-
toB3{Boaone Ink tng onric cuvapToel Tou hoyaplduou Tou apriuod TV UETATNOOEWY
Inhops and to 5611 6OV ATOBEX T OOV TAUPOUGLALOVTOL G T THUROXATE) OLOLYEAUUATOL
TG evotnTag  33. ‘Omwg mapatneolue o€ teTota dorypduuata, o xadupde PHEcOg
eLOuoe peToBiBacng eEAaTTOVETUL UE TNV AUENCT TWV PETUTNONOEWY Xou xordic TarvTan
1 petaPifoocn evog popéa Yok Tou Tohupgpols duoxoloteer. Opldtepa, yprowuo-
TolVUE TN oYEon:

ki1 n_—1 = kjhops™" = Ink = (Ink{) — nlnhops, (4.1)

6mou hops = jq — jo [14] pe ja n Véon tod 86t xau j, 1) Véom Tou amodéxty. AZilel
VO GNUEWOCOUUE OTL O TA TAPAX YT dlorypduuata jg = 1 ywatl o 66tng goptiou elvor
N oy yovovivn xou jg = N — 1 yiatl o anodextng goptiou elvar 1 puecota youa-
vivimou Peloxeton oty TEIMAETA Youavivwy. Xuven®g, hops = N — 2 1o omolo 610
xe@dhoto 2 xou oty evétnTa 33 oudBoAileton xou wg N = hops. Yto didypoppa 4.5
nopatneolue 61t to mohupepéc G(TA),GGG xou to GA(TA),GGG, i = 1,2,...,10
onhad exeivo pe povdda emavdindne TA €youv peyolitepo pudud etofBaong onrg
ond 1 G(AT);GGG xaw 1o GT(AT),GGG, i = 1,2, ..., 10 Snhodn exelva pe uovéda
emavéhndne AT yio v Bt Ty} Tou hops. To anotéleopa autd €pyeton o GuU-
pwvia pe Ty mapathenon otL 1 xopugy) Van Hove ye v udnidtepn evépyela 6to
oudypopar 4.3 yioe Ty oaxohoution G(TA...)GGG eivor udmhoteen (dpa peyahiteen
TUXVOTNTO XATAC TECEWY) omd auTh oTo (Bto Sudypappua v v GT(AT...)GGG. 1o
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HOMO G(TA)mGGG&GT(AT)mGGG,{i}=1,2 ..... 10 HOMO G(AT){i}GGG&GA(TA){DGGG,{i}=1,2 ..... 10
-5} a3l
14+ =
r]even=2’54 nOdd 2’56
—~ 181 E ~ 15
N N N
z T a6t
< <
£ 4 £
I’]odd=2’6 8r
-19 -
24 A A A oy
16 2,4 3,2 12 1,4 16 18 20 22 24 26 28 30
Inhops Inhops

Yxnua 4.5: O Aoydpiduos tov péoov pvduol petafifacns omng twy avaypapouevwy mo-
Aupepddy ovvaptioer touv Aoyapidpov twy hops. Me patpa tetpaywrdkia areikovilovar ta
onueia yia ta ToAUpEpn e dpTio €ve) (e UTAE ekelva e povo apriud uovopepwy.To mo-
wep PreTvy yivetar yia akodovlie§ Tov TePIéxYouy TEPIOOOCTEPES and 3 PAUeIS e €MTOMIES
€VEPYEIES D1aPopeTIKES and autn TS apx1knS Pdono-ootn.

Odypopa 4.6 mapotnpovue 6t to nohupepéc G(GC);GGG xa to GC(GC); GGG,
i = 1,2,...,10 dnhady) exebva pe povdda emavaindng GC éyouv yeyahitepo pui-
w6 petofifoone omfc and 1o G(CG),GGG xa 1o GG(CG);GGG, ¢ = 1,2,...,10
onhadr exctva pe povada enavdhndne CG yio v dioe Tipr) Tou hops. To anotéhe-
OUa AUTO €QYETAL OE GUUQWVIa UE TNV TapaTheNon 6Tl 1 xopupr Van Hove pe tnv
umhétepn evépyeto oto Bidypoppo 4.3 yior Ty axohouvdia G(GC...)GGG ebvor v-
Imhotepn (dpar ueyahlTERN TUXVOTNTA XUTUOTACEWY) omd auTH 610 (Blo didrypopa
v Ty GC(GC...)GGG. Emnhéov nopatnpolue ot 1 petoBiBon goptiou eivor amo-
TEAEOUAUTIXOTERY) TOAUUERT| TTOL €youv YEQupa Ue Lovada enavainne TC, CA, AG,
GT ané ot ue CT, AC, GA, TG. To dwrypdppato 4.5 xan 4.6 elvan evoexTnd twv
unyoviodoy UeToPBBdoewe poptiou oTic axolouldiec oTic omoleg auTd avapépovT.
Yuyxexpwéva, oTic axohouldiec tou oyfuatoc 4.5 1 ambToun XAGN TV aXOAOL-
0oy GTAGGG/GTATGGG xan auth tov GATGGG/GATAGGG unodevier
uetaBiBacn goptiou péow e umepavtalhoyfic oA HETAEY BTN Xxon amodéxtr [I]
EVe o€ UEYUADTERES axohoutieg auTod Tou €ldoug 1 Ty Tou 1 elvol TETOL OV ETL-
Teémel TN meptypan TN wetaPifaone omrc oc aut Yéow tou hopping petald Twv
OLBOYIXWY LOVOUERKOY TNG oxoloudiog dnAadr amd to 5-T-A-3" oto 5-A-T-3" xou
and 1o 5-A-T-3" 010 5-T-A-3" x.0.x. X1 axoroudieg 6uws Tou oyfuatog 4.6 6-
TOL eVOAdoCOVTOL BACELC UE UEYAAO EVERYELOXO Ydoua 1) dladixactio ueta{Boaong dev
umopel vo meptypagel 00Te amd To PovOPEVO GripayYoS OAA xou oUTe amd hopping
HETOEY BLadoyxmy BACENY EVIEANS OLaPopeTin|c ETTOTLOC evépyelac. Aauldvovtog
umohty g TI TNYES TOU aVaPEPANE GTNY EpYacia Hog xou tadtepa To dpdpo [21], 0
unyoviopog mou Yo teplEypape Wwavixotepa TN peToPBaon goptiou ot axoloudieg
4.6 etvor To hopping uetall BAoEwmy UE ToROUOL ETITOTL EVERYELAL.



HOMO G(CG),;GGG & GC(GC),GGG, {i}=1,2,...,10 HOMO G(GC);;GGG & GG(CG); GGG, {i}=1,2,...,10
T T T T T T T T T -8 T T T T T T T T T
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11k B
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Yynua 4.6: O Aoydpiduos tou péoov pvipol petafiBaons omns twy avaypagopevwy mo-
Auuepdv ovvaptioer touv Aoyapiduov twy hops. Me patpa tetpaywrdkia areikovilovtar ta
onueia yia ta moAvpepn) Ue dpTio €vd) e HUTAE ekelva e povo apiiud povouepdy. Avo
dagopetikés mpooappuoyés dvvauns (power fits) yivovtar ota k-6edopéva twv akodovdicy
Tou anoteAloUvtar ané Atydtepa (mpddto power fit) kai nepioodtepa (bevtepo power fit) and 3
JLOVOULEPT) M€ €TITOTIA €VEPYEIR DLAPOPETIKT ATO AUTI) TOU OOTN 1) ATOOEKTT).



4.4. MEYEXY [IIANOTHTEY, ETYPEXH)Y OIIHY YE MIA ©OEXH 53

4.4 Meéoeg miavotnteEg EVEECTNC OMNAG OE UL
Yeon

To apriuntixd yac omoteréopato yia TNV UEON (Xpovtxd() mdavotnTo edpeong
wag emmiéov onrig oto L(ebyog Bdocwy U mapouctdlovTon oTo TapoxdT Slaryed-
poto. To Srarypdpparta autd Setyvouv Tic Yéoeg (ypovixd) THUVOTNTEG TWV UTO YE-
AT Tohupegp®y Yo péyedog Tou xdle molupepolg (oo ue N =14, 15 pa Ty mou
ETUTEENEL TN MEAETN TNC PEToPiBaong popéa o autd oe Teployeg mou dev cuuPal-
vouv amotopes petofdoelc. Enopévwe, o anotehéopoto TG UEAETNG YOG UTOROVY
VO YEVIXEUTOUY o GE axoAoudieg - mou dev cuumepthopfdvovton 6To xUplo UEEOS
¢ gpyooiog - ye N > 11. AouBdvovtog unddy Tor amoTEAEOUATO TN EVOTNTAS
33 Ywetloupe Ta mohupepr] o 2 ouddeg Yl va To ouyxpeivouue. H mpdtn oudda
amoteheiton amd ToL TOAVUERT| HE BOTN) TNV 0EYIXT) YOUAVIVT), ATOOEXTY) TELTAETA YOUO-
vivov (1 opddtepo T peoaior youovivn omd Ty TEIMAETA YOLAVIVWY) Xt YEQUEX
vrnooxohoudia pe povada enaviindme TA, TC, GT, GC, AG, CA evo n deltepn
oudda amoteheitan amd TOAUPERY UE (Blo BOTN Xou AmOOEXTN TOU OUWS Efvor Alyo-
Tepo amoteleopaTXd oty peToBBacn goptiou xaTA avTicTOLY i POl EYouV
wovdda enavaindne ot yépupa AT, CT, TG, CG, GA, AC. Ot yéoec mbavotn-
TEC TWV PEV ATEWOVILOTAL GTO YRUPAUATA TNG TEWTNG OELRAC ot TwV O ot exelva
e 0elTeEPng oepdc Tou oyfuatog 4.7. llapatneolue OTL T TOAUUERY| TN TEM-
N¢ oelpdg tou oy. 4.7 ota onola yivetow anoteheouotindtepa 1) UeTAB{Boor onrig
0N Ja xatd @ivovoa oeipd etvon ta G(AG...)GGG, G(GC...)GGG, G(TC...)GGG,
G(TA...)GGG, G(GT...)GGG xor G(CA...)GGG. Oyolwe yu N deltepn oepd é-
youpe GA(GA...)GGG, GG(CG...)GGG, GT(CT...)GGG, GT(AT...) GGG, GG(T)
G...)GGG xau GC(AC...)GGG. Ex npdtng napotneoews auth 1 dlomio twon Qoive-
Ton ToEAROYT). Oo TELUEVUUE oL 0xOhOLDEEC OAaL TOL LOVOUERY| TwV oTtolwY €youv (Bla
emitoma evépyeto onhady| ot G(GC...)GGG i v mpwtn oudda xou GG(CG...)GGG
Yl Tn) 0e0TERT OUddA Var Vol OL AMOTEAEOUATIXOTERES 0 TN UeTaPiBooT onrig and dha
T dhhor TohUpERT) o TNy oudda tou avixer 1 xodewd. Eved n G(TA...)GGG yio v
et opdda xou  GT(AT...)GGG yio ) dedtepn ouddo Yo meptuévope vor ebvor
oL My6Tepo amoteAeoyoTinég ot UeTofBaon onfg YTl 1 Yépupa amoteheiton povo
and Bdoeic udmiol Buvauixol viopol Yo T ony. Omnoladrtote ouadonoinoT xat
av oxohovdioouue oo ouyxexpuévo tohuueer Toté 1 G(TA...)GGG dev Yo ebvan
1 oxohovdior ue N younidteen uéon mavdtnTa edpeong onhg ot Bdon J,. Autd
Toe amoTeEAéopTa EENYOUVTAL opLIUNTIXG OO TIC UEYIAVTERES TWES TWV tga = tre
XL TIC UXPOTEPES TWES TV |tga| = |tre| o oyéon pe 1o tag al\d épyovton oe
avtideon ue metpopoatind anoteréoyata. To adiélodo aipeton av oTn Yewentin Log
TEOGEYYLON TEOGVETHUE TNV UAANAETDPOT TwV BACEWY UE TOV ETOUEVO XOVTUVOTE-
co yeltova next nearest neighbor xou étol unepioyuel o unyaviouds tou G-hopping
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Yynpua 4.7: Or péoeg mbavotnreg elpeong piag onng o€ kadéva povouepés yia ta avaypapo-
peva mokvuepn(mpdtn otniAn). H péon mbavdtnta edpeons tng onng otn Pdon- arodéxtn
OnAadn oto mpdteAeutaio puovopepés TnS akodovliag Tov elvar yovavivn O6mov j, 1) TPOTEAEU-
waia Oéon touv moAuuepols dnov Ppioketar ) yovavivn- arodéxtng onrjs (deUtepn oTriAn).
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ue xdie uetamndnon va yiveton mdvew and uio Bdon vdmiod duvouxod LVicUo) o-
mhc. Kdlde petamionon Yo cupfaiver and tnv youavivr 6Tnv TANCLEGTERT YELTOVIX
Youavivn Tve omd Eva LOVOUERES e UPNAG BUVOULIXS LOVIGUOU Yio TNV OT.
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Abstract

We call monomer a B-DNA base pair and we study polymeric B-DNA seg-
ments, in which the first monomer is a guanine, the last monomers are three gua-
nines and between them exists a repetitive monomer or dimer. The experiment
of Giese et al. [1| which concerns the sequence 5’-G(T),,GGG-3’, n=1,2,...,5,7,8,16
extended with the segment 5’-TATTATATTACGC-3’ is the inspiration of the theo-
retical examination in a Tight-Binding wire Model of the behaviour of the following
sequences:

(i) G(T),GGG with and without the extension TATTATATTACGC. A compar-
ison is being held between the main conclusion of the Giese et al.’s experiment
and the relevant theoretical result presented in this B.Sc. Thesis.

(ii) G(A),,GGG in which the hole is transferred more efficiently compared to the
previous sequence and the opposite claim is applicable to the electron.

(iii) G(C),GGG. The replacement of bridges (T-A), and (A-T), with (C-G),
increases the efficiency of the charge transfer in B-DNA.

(iv) G(G),GGG. The probabilities of finding the carrier in a specific monomer
(=base pair) of this polymer are palindromic. These sequences are the most
efficient in the charge transfer.

where n=1,2,...,16.

Specifically, the interaction between the sequence and the charge (hole or elec-
tron) is examined through the eigenenergies of the HOMO and LUMO states, the
pure mean transfer rate and the density of states and mean probabilities. Finally,
we examine appropriately the sequences with a guanine base as the charge donor,
a triplet of guanines as the charge acceptor and an alternating ’basel’-"base2’ sub-
sequence where 'basel™base2’ = TA, CG, TC, AC, AG, TG, AT, GC, CT, CA,
GA, GT as the bridge between the donor and the acceptor.
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INTRODUCTION

The identification of deoxyribonucleic acid or DNA inside the nuclei of human
white blood cells by the Swiss physiological chemist Friedrich Miescher in 1869 was
the beginning of the discovery of elements related to the DNA’s structure and func-
tion. In 1919 Russian biochemist Phoebus Levene proposed that nucleic acids were
composed of a series of nucleotides, and that each nucleotide was in turn composed
of just one of four nitrogen-containing bases, a sugar molecule and a phosphate
group. Today, although scientists have rejected the tetranucleotide structure of
DNA, they accept the above polynucleotide structure; DNA is composed of a se-
ries of nucleotides and each nucleotide has three components: a phosphate group;
a deoxyribose sugar and a single nitrogen-containing base.

We also know that there are two basic categories of nitrogenous bases for DNA:
the purines (adenine [A] and guanine |GJ), each with two fused rings, and the
pyrimidines (cytosine [C| and thymine [T]), each with a single ring (Figure 2).

Three years before the proposal of Watson and Crick for the well - known
model for the structure of DNA, Austrian biochemist Erwin Chargaff concluded
that the total amount of purines, A and G, and the total amount of pyrimidines,
C and T, are usually nearly equal but he could not imagine the explanation of this
relationship. According to their publication in the journal Nature in 1953 ( [1]),
Watson and Crick proposed the above main characteristics for the structure of
DNA which remain the same until today:

1. DNA has two helical chains that are tilted around the same axon. Consid-
ering the fact that the nitrogen - containing bases are located to the inside
of the helix and the phosphates to the outside, two additional elements that
concern the directionality of DNA are the above: his two chains are anti-
parallel, which means that the 3’ end of one strand is paired with the 5’ end
of its complementary strand (and vice versa) and the nucleotides are paired
with each other through the phosphate groups that connect the 3’ end of one
sugar with the 5" end of the next one.

2. The helix of DNA that is examined in the Watson’s and Crick’s publication,

v



Figure 1: The structure of a nucleotide. We see the nitrogen-containing base and the

pentose(a ribose in the case of RNA or a deoxyribose in the case of DNA sugar), which
they are together a nucleoside, and the phosphate group.
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Figure 2: The structure of nitrogen - containing bases of DNA and RNA. Source: [3]
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INTRODUCTION

Hydrogen bond

5" end

Figure 3: Two hydrogen bonds connect T to A; three hydrogen bonds connect G to C. The
sugar-phosphate backbones (grey) run anti-parallel to each other, so that the 3¢ and 5¢
ends of the two strands are aligned. Source: [5]

that of B-DNA, is right-handed as all the helices except for that of Z-DNA
that is left-handed.

. The adenines are always connected with thymines by double hydrogen bond

while cytosines always with guanines. This is consistent with and accounts
for Chargaff’s rule. In each step of the helix we have 10 base pairs, the
helix’s torsion angle is 36°and the step is 34 A. Consequently, the axial
distance between 2 base pairs is 3,4 A. The distance between a phosphoric
atom and the axe is 10 A.

. The external ends of the nitrogen-containing bases are exposed and therefore

available to possible hydrogen bond. These bonds provide easy access of
DNA to other molecules like proteins which play a vital role in the copy and
expression of DNA.

The charge transfer along the double-stranded helix of B-DNA, that is ap-

proached by the Tight-Binding Model (TB Model), can be described by a simple



tight binding orbitals on the sites and the suitably parameterized hopping onto
the neighboring sites. There are also various approaches of the Tight- Binding
Model (the wire model, the two-channel model, the fishbone model, the ladder
model e.t.c.) the site in which a carrier (base pair, single base pentose e.t.c.) can
be located in DNA and the hoppings that it can make in order to be in an other
site.

The necessary parameters for the description of charge transfer in B-DNA
which is applied to the simplest one-dimensional TB Model, the wire model, is: the
on-site energies of base pair and the hopping parameters of adjacent base pairs.
Tore analytically, the carrier is located to a base pair anf can hop onto his next
or his previous one. We assume that an additional hole is transfered throgh the
Highest Occupied Molecular Orbitals (HOMO) of the base pair while an additional
electron through the Lowest Unoccupied Molecular Orbitals (LUMO). The values
of the necessary parameters are sourced by the bibliography [7] which is prefered
for the HOMO states and [6] for the LUMO states and are used for the resolution
of a system of N coupled differential equations.

In chapter 1 we present the Tight-Binding Model applied to the examined se-
quences. We define the on-site energies and the hopping integrals that are inserted
to the system of coupled differential equations of DNA’s base pairs. The general
method of solving the system of N coupled differential equations is presented by
finding eigenvalues and eigenspectra and appropriate specialization facilitates the
later analysis of the results presented in Chapter 2 and Chapter 3. Finally, certain
physical quantities are defined, such as the eigenenergies, the pure mean transfer
rates, the mean probability and the density of states.

In Section 2 a brief presentation of the experiment Giese et al. [1] is done
and graphs concerning the transfer of the hole to DNA for the sequence G (T)
» GGG with tail TATTATATTACGC, where n — 1,2, ..., 16 are presented with
a qualitative comparison of their results. Beneficially, we study the pure mean
transfer rate of the hole (k) from the first monomer (G) to the triplet of guanines
GGG (5’-3 ) as a function of the distance between them (d). We observe that the
results from the graph k from the first GG the second monomer G of triplet guanine
as a function of the relative d are similar to those of experiment.

In Chapter 3, by applying the Tight-Binding Model, we present the results
for several related sequences. In particular, we are studying the charge -hole and
electron- transfer from the first monomer G-C to the triplet GGG via the bridge
(T-A) ,, and the bridge (A-T) ,,. The results are suitably compared to those of the
sequences G (C) ,, GGG and G (G) ,, GGG.

Finally, in chapter 4, a similar theoretical approach is applied to the following
sequences:

vil



(i) G(X);GGG, where X = TA,GC,TC, AG,GT,CA

(ii) G(Base)(Y);GGG, where Base =T,G,T,A,G,CandY = AT,CG,CT,GA, TG, AC,
respectively. The hole transfer becomes more efficient if we replace the iter-
ation unit from Y to X, respectively.

where 1 = 1,2, ..., 10.

Some observation and results of the Chapter 4 are trivial, others expected and
finally others are interesting for the understanding of the charge transfer mecha-
nisms.
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Chapter 1

THE TIGHT-BINDING MODEL:CHARGE TRANSFER

IN DNA (BASE PAIR APPROACH)

1.1 Electronic structure of DN A’s bases and base
pairs

This section introduces the Linear Combination of Atomic Orbitals (LCAO)
method, which will be used to describe the electronic structure of the four DNA’s
nitrogen-containing bases (A, T, G, C) [8]. These bases are flat organic molecules,
linked to each other by sp? hybridization, while their atoms have their atomic or-
bitals perpendicular to the molecular plane. The electrons of these atomic orbitals
eventually create the molecular structure. Therefore, the LCAO method provides
a good approach to determining the structure of 7 the molecular orbitals.

The 7 monoelectronic molecular wave function can be approached by the
Eq.(1.1):

N

i=1

where index 7 denotes summation on all atoms that contribute p, electrons on a
particular base, |c¢; ]2 is the probability of finding the electron occupying the molecu-
lar orbital. 1°(7) in the i-th atom, while p, ;(7) is the corresponding atomic orbital.
The molecular wave function satisfies the time-independent equation Schrodinger:

H!(F) = BP9(7), (1.2)

where E° the base’s eigenenergy. Replacing the ( 1.1) to ( 4.1) we have:



N N
Z i H'p.i(F) = Z ¢ E’p.(7) =
i=1 i=1

N
> T i) - EchZ/df‘rpw (7)p-a(7)

We assume that the overlapping of p, orbitals of different atoms is neligible, op-
posed to their overlapping through the Hamiltonian. Therefore:

ch/d%pm Hp. ;(F Echz i (1.3)

Replacing appropriately | dgfpz’j(ﬂﬁlbpz’i(ﬁ HY;, we have:

N

> (HY — Eji)c; = 0. (1.4)

=1

Solving the above system N equations the quantification of the N x N table of
Hamiltonian with matrix elements H;.

According to the method developed in [(], the diagonal matrix elements H;; = ¢;
are determined by empirical methods, with ¢; being the on-site energies of base
atoms contributing p, electrons. Here are the values: e¢¢ = —6.7 eV for carbon
atoms, €y, = —7.9 eV for nitrogen atoms contributing a p, electron (with syntax
number 2) each, ey, = —10.9 eV for nitrogen atoms contributing two p, electrons
(with syntax number 3) and ¢p = —11.8 eV for the oxygen atoms. In each case
the oxygen atoms are out of the rings. Non-diagonal elements are zero if the ¢ and
j indices refer to atoms that are not directly connected, while for non-diagonal
elements Hﬁj(i # j) referring to neighboring atoms, the expression suggested by

Harrison [9] is used:
h?
H} i = Vype = —0.63—, 1.5
pp md2 ( )
where m the mass of the electron and d the distance between the corresponding
atoms connected with sp? hybridization. Hamiltonian’s transubstantiation leads



to the determination of the N molecular orbitals and their eigenenergies. Each
molecular orbital is occupied by two electrons, starting from the lowest energy,
until all p, electrons are exhausted. The higher energy-occupied molecular orbital
Y8 () is called m HOMO, while the lower unoccupied molecular orbital ¢ (7) is
called 7 LUMO.

We will then apply the Linear Combination of Molecular Orbitals (LCMO) to
determine the HOMO and LUMO base pair states of B-DNA [6]. This approach
can be applied because the base pair is not considered a molecule but two adjacent
electronically coated molecules due to loose hydrogen bonds (two for the AT base
pair and three for the pair GC) between them. This is because the length of the
hydrogen bonds is ~ 3 A, that is, greater than the typical length of a covalent bond
between two neighboring atoms of a base, which is about 1.3 — 1.5 A. However,
the terms HOMO and LUMO are still used to describe the monoelectronic wave
functions representing respectively the highest energy-occupied orbital and the
lowest energy unoccupied orbital of the molecular cluster, considering that these

wave functions describe an inserted hole or electron in a base pair.
Therefore, the HOMO/LUMO (H/L) wavefunction of the base pair is:

H/L(F) Cle/LO#) +C2¢H/L( ), (1.6)

whare wg}/L(F), wl}j/L(F) the corresponding HOMO/LUMO orbitalsof the bases of
the clones (1) and (2) that form the base pair. The equation (1.6) satisfies the
éeaiioiéaSS Schrodinger’s equation:

HPY, L (7) = By (7), (1.7)

where E;/L the on-site energy of HOMO /LUMO state of the base pair. Therefore:

pr[cle/L( )—I—ngH/L( )] E?/L[Cle/L( )+C2¢H/L( )] (1~8)
Multiplying the (1.8) (left) with wlj}jL(F) we have:

Cle;L( )pr¢H/L( )+ CQ¢?};L(mep¢H/L<T)
EY

H/LCHZJ%;L( )@DH/L( ) H/LC2¢2;L( )¢H/L( )

Cl/dgfwzbﬁ};l( )prwH/L( )+62/d3F¢%/*L( )pr¢H/L( )_



N G R e RN G R )

The p, orbitals of different atoms are are rectangular due to a tight binding.
Consequently:

N1 N
/d3f¢§;;; Pl @) =3 e fI/L/ & plpt, = 0. (1.10)

J=1 =1

Also:
/dSFTbE;L(fJ)Hb wH/L(T) /d3F¢27L< )Hble/LO") = B™, (1.11)

since the term refers to carriers found on the first base, and finally, we define:

tape = [ U, (112

Replacing the (1.9) expressions with the expressions (1.10), (1.11) and (1.12), we
derive the Eq.(1.13):
Ep 1Ci+ tuCa = EY) Cr. (1.13)

Multiplying the Eq.(1.8) (left) by 1/}%}2(77) and following the same procedure
as before , we have:

ti,.C + B 1 Co = B Co. (1.14)
However,
e = [ ol OEY, () —
allgE HL H/L
e =32 > [ Bl ) —
=1 j=1
N1 Ny
tryp = > e e MV, (1.15)
7j=1 =1



We finally derive the system of equations (1.16):
EZ}/LCl + tH/LCQ = EZ)/Lcl

tu/LCr+ By Co = By Co. (1.16)

Therefore, we derive the eigenenergies of the base pair from the solution of the
above system:

E

H/L = 5 5 /L (1.17)

EY%,, +E% EY, —E%,\"
_ Lmr H/L | H/L HL)
The HOMO (LUMO) of the base pair is the highest (lowest) eigenvalue of the
system (1.16).

The matrix elements V;; can be derives from the expression Slater-Koster:

Vij = ViopoSin’e + Vypprcos®p, (1.18)

where ¢ the angle formed by the line joining the atoms i and j and the plane
perpendicular to the p, orbitals (ie the base plane). For neighbouring atoms (where
¢ = 0) linked to covalent bonds, matrix elements V;; = V. are given by the
formula of Harrison (1.5, that only applies to the diatomic distances of the order
of the value of the covalent bond. For larger diatomic distances, such as the
distance between atoms belonging to different molecules, the formula of Harrison
is replaced by the exponentially decreasing expression (1.19):

Vipr = Ae_ﬁ(d_d()); (1.19)

where dy the typical length of the covalent bond. The constants A and (3 are
determined by the following requirements for distance d = d:

2

Harri
‘/pp;:'nzson|d:d0 — V;;p7r|d:do — A = —063—27
mdg
8vHarrison av 9
ppT o ppT

= = — 1.2
od d=do od  ld=d, = F dy’ (1.20)

with dy = 1.35A.

We have already found the matrix elements V;; and the coefficients cf{/ " of the
HOMO/LUMO states of the bases can be computed from the hopping integrals
tu/r by the Eq. (1.15). Therefore, using the formula (1.17) we find the value of
the EZ’ and Eﬁp, and using the coefficients Cy,Cy derived from the system (1.16),
we can compute the HOMO (LUMO) wavefunctions using the (1.6).



1.2 Specification of the tight-binding parameters
for the charge transfer in B-DNA at base pair
level

In this section we will examine the above-mentioned parameters of the Tight-
Binding Model at the base pair level. The method described here can be found in
the article [6]. We must emphasize that these parameters are valid for carriers that
are almost localized in one site and apply to the case of the transfer of a single hole
or a single electron. If we consider that the extra hole is transfered along the DNA
through the HOMO states while an additional electron is transfered through the
LUMO states, we can use the Tight-Binding Model to describe the charge transfer
in consecutive base pairs ..., u — 1, u, 1t + 1, ... of the double helix of DNA (N the
amount).

In the context of the description at the base pair level, the wave function
HOMO / LUMO of DNA can be analyzed into wavefunctions of the base pairs of
DNA with time-dependent coefficients:

Vi (7t ZA Yt (), (121)

where ¢ 4(7) is the HOMO/LUMO wavefnction of the m-th base pair and

|A,,(t)|? is the probability of locating the carrier in the m-th base pair. The w;;‘L(”)
satisfies the Scrodinger’s time-dependent equation:
wg;VLA FFDNA, DN A
HIL_ VAP, (1.22)

therefore replacing the ( 1.21) to the ( 1.22) we have:

b b o ="

;;L ) = ZA YHPNAYE (7) =
— b ,LL/* —\ n —

hz / A (At (7) =

—  bp* _
S A,0) / PR AN (7) =
m



t L b bp,,
)5//# = A (t) /d37" ¢1§/L (7 )HDNAwff/L(_)

ihz dA
o

— bpx P
S A / PR APNAGE (), (1.23)
pFER

In the context of the tight binding approach we can assume that:
/ g (A HPN Ay (7) ~ / g (P g (7) = Eyyry, (1.24)
with E;/“L the on-site energy of the base pair p/. Also:
i = [ A ). (1.25)

Replacing the(1.24) and (1.25) to the (1.23), we have:

dA,

ih=t = Bt A+t Ay T A, (1.26)

If we assume that the wavefunction of the base pair (1.6) can also be written
= H/L
as 77ZJH/L( ) Zl 1 Cz / pz,i(7:j7 then:

bp ), - bp, % b s
tH;LM = /d3r ¢H/HL HDNA¢I§7L( ) =

g = ZZCH/L* ChlM Vs, (1.27)
=1 j5=1
where p1, 4/ the base pairs and Vi; = [ d®r pi#*(7) HPNApir (), while the i and j
indices extend to the total amount of atoms N, and N, that exist in each base
pair. The matrix elements V;; are also given by the Slater-Koster (1.18) expression
but now ¢ # 0. The V. will also be derived from the Eq.(1.8). For the V,,,, the
same formula is applied but now A = 2.22 h? /md?.

Using the coefficients C’iH/L and the matrix elements V;; and following the same

proccedure applied before we can calculate the hopping integrals tH7L”. Conse-
b,

quently, given the E;/‘L and tH/L , we can solve the system (1.26), and through
the coefficients A,(t) we can define the time course of the charge transfer in DNA
sequences.



The tight-binding parameters (HOMO and LUMO on-site energies of the base
pair and the hopping parameters between two adjacent base pairs) have been
estimated by several authors. The on-site energies EZ’/L of the bases A-T and
G-C, have been computed in the article 6] and are presented here (Table 1.1).
Concerning the hopping parameters, we have taken into consideration two sources

[B-DNA base pair | E? | B |
A-T -8.3 | 4.9
G-C -8.0 | -4.5

Table 1.1: The on-site energies of the two possiblr base pairs. All values are given in eV .

[6], [7] and we have two parametrizations presented to the Table 1.2.

DNA sequence | Parametrization 1 [6] | Parametrization 2 [7]
B-DNA bases |ty toP top toP
AATT -8 -29 -20 -29
AT 20 0.5 35 0.5
AG, CT -9 3 -30 3
AC, GT 2 32 10 32
TA 47 2 50 2
TG, CA -4 17 -10 17
TC, GA -79 -1 -110 -1
GG, CC -62 20 -100 20
GC 1 -10 10 -10
CG -44 -8 -20 -8

Table 1.2: The parameters of transfer between two adjacent B-DNA base pairs. All values
are given in meV.

1.3 The general solution of the system of Tight-
Binding equations for a random base pairs B-
DNA sequence

1.3.1 The time-dependent problem

The linear system od differential equations (1.26) can be written as:

T(t) = AZ(t), (1.28)



where Aa N x N table, independent of ¢.
In order to solve the above system, we seek solutions of the form:

B(t) = veM = #(t) = MM = Ave = \veM =
AT = N7 (1.29)

There are three categories of solutions:

1. If the matrix A has N real, discrete eigenvalues with linearly independent
eigenvectors vg, k = 1,2,..., N, the problem is reduced to the solution of N
equations of the form of (A — A\pI)vi, = 0, with general solution:

N

Z(t) = chv_;;ey’ft, (1.30)

k=1
where ¢, Kk = 1,2, ..., N constants, )A\;,C the eigenvalues and vy the eigenvectors.

2. If the matrix A has M real, discrete eigenvalues with M < N, some of them
have multiplicity greater than 1. Let the eigenvalue A, with multiplicity r and
p the amount of linearly independent eigenvectors related to that eigenvalue.
If the variance of the eigenvalue d = r — p is 0 the problem is reduced to
the case (1.). If d = r — 1 and the eigenvector related to the eigenvalue A,
is the v1, the problem is reduced to solving r — 1 equations of the orm of
(A= N1Dvgiy = vk, k=1,2,...,r — 1, with general solution:

. . . ~ t2 o . —
Z(t) = [e101 + co(tv] + 03) + 03(5211757)2 +03) + ... et (1.31)

3. If complex eigenvalues exist, the problem is reduced to the above cases with
the difference that some of the Ay will be complex.

Then, we define the vector matrix:

#(t) = : (1.32)



the system (1.26) takes the form of (1.28), with A = —1H. The matrix H is a
symmetrical three-dimensional matrix of the form:

(B i 0 0 0 ]
, b ,
turn Ehin thi 0 0
H = : : : : : :
0 0 ... t’}fj“;“* Eﬁf/N; tl;ijL**N
I 0 0 ... 0 t’}j,’;VLvN—l E?f/NL |

The (1.28) is transformed to the:

AG = \i = Hi = \7,

(1.33)

(1.34)

with X = —iX. Finding the eigenvalues of the matrix (1.33) we define the general

solution o the system
N

Z(t) = Z Cpine” T,

k=1

(1.35)

The initial conditions to be used throughout the following analysis are for initial
carrier injection in the first base pair, in which case:

A:1(0)

As(0

#0) = |

An(0)

If we define the eigenvector’s matrix
_UH Vi2 ... Uik
Vo1 V22 ... Vg
V=

Uj1 Vjo ... Vjk
| UNT  UN2 UNK

1
0

V1IN
%\

UjN

UNN

where vj;, the j-th element of the k-th eigenvector, the matrix

C1
Co

Ck

LCN

10

(1.36)

(1.37)

(1.38)



is defined from the equation ¢ = V~17(0). Using the matrix property V! = V7T
and considering the initial condition (1.36) we conclude that the coefficients will
be given by the matrix:

V11
V12

e=| (1.39)

Uik

V1N

With the above procedure, we can determine useful sizes describing the carrier
transfer, such as the time course of the probability of finding the extra vector at a
site, the mean value of this probability, the periods and frequencies of the charge
transfer, the spectrum of Fourier frequencies, the weighted average of the transfer
frequencies and the pure mean transfer rate of the extra carrier from one site to
another.

1.3.2 The time-independent problem

The time-independent wavefunction of the DNA carrier can be written as a lin-
ear combination of wavefunctions of base pairs with time-independent coefficients,
ile.:

bpp
Vi (7) = ZFW;?/L
The time-independent Scrédinger’s equatlon is:
HPNApp A7) = M) (7). (1.40)

The solution of the above problem is reduced to the solution of the HI' = ET,
AV = MU (1.34) with

T,
Ly

<y
Il
=
I

F:u (1.41)

[T
With the above procedure we can calculate the HOMO/LUMO eigenvalues
E = X of a DNA polymere segment and the Density of States (DOS).
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1.4 Definition of the physical quantities describing
the charge transfer in random DNA polymere
segments

Some of the following theoretical elements exist in the articles [11] and [12].

1.4.1 Eigenspectra

In the previous section, we have seen that finding the HOMO / LUMO eigen-
values of a polymer is given by the equation HI' = EI" where the H and I' are
given by Eq. (1.33) and (1.41), respectively. The above equation is solved numeri-
cally or analytically if feasible. In Chapter 2, the eigenvalues of aperiodic base pair
sequences are determined and the eigenvectors or their eigenspectra are displayed
up to a number of monomers.

1.4.1.1 Analytical finding of eigenvalues of triplet GGG

The case of the trimer GGG=CCC is one of the simplest becauseaSSiaé the
trimer consists of identical monomers with purines being above purines and pyrim-
idines above pyrimidines.

XOQQa«x
|
Qe

The matrix A of the expression 1.33 can be written as:

Eq_c taa 0
A= tca Fo_c tca . (142)
0 tacc  FEa-c

Its eigenvalues according to the parametrization |7] are:
)\2 = EG—C = —8eV (1.43)
Mg =FEqg_c=* Tfac\@ = -8+ (—0.1)\/5 —

A~ —8.1414 eV, A3~ —7.8586) eV (1.44)

12



1.4.1.2 Analytical finding of the eigenvalues of the sequences GT and
GA

It is obvious that the dimer GT=AC and GA=TC consist of different monomers.
Firstly, we can find the eigenvalues of the GT=AC.

5’ 3
G — C
T A
3 5
The matrix A of the expression 1.33 can be written as:

Eqc_c tar
A= . 1.45
[ ler ET—A} (1.45)

Its eigenvalues according to the parametrization [7] are:

3 Eq_c+Er_a (EG—C —Er_4
1 2=— 77— F 5

> -+ (tGT)2 —

A~ —8.3003 eV, Ay~ —7.9997 eV (1.46)
Secondly, we can compute the eigenvalues of the GA=TC.

5 3
G - C
A T
3 5

The matrix A of the expression 1.33 can be written as:

Ec_c tga
A= . 1.47
[ tga EA—T:| (1.47)

Its eigenvalues according to the parametrization [7] are:

Mo =

Eg_c+ Er_a <EGC —FEy
> + 2

2
) + (tG’A)Q —
A~ —8.3360 eV, Ay = —7.96399 eV (1.48)

13



1.4.1.3 Finding the eigenvalues of the tetramers TGGG and AGGG

The case of the sequences TGG=CCA and AGG=CCT is about the tetramers
whose monomers are identical except for the first one. Let’s find the eigenvalues
of the TGG=CCA.

5 3
T A
G - C
G C
3 5

The matrix A of the expression 1.33 can be written as:

Er_a  trg 0 0
tra FEa-c tac 0
A= . 1.49
0 tcc Eo-c tcc (1.49)
0 0 tecc FEa-c

Its eigenvalues according to the parametrization [7] are:

A~ —83004 eV, Ao~ —8.0998 eV, A3~ —T7.8999 eV, Ay~ —T7.8989 eV

(1.50)
Similarly, we calculate the eigenvalues of the AGG=CCT.
5 3
T — A
G — C
G — C
G — C
3 5
The matrix A of the expression 1.33 can be written as:
Ear trg 0 0
trc Eg-c lec 0
A= : 1.51
0 tcc  Fe-c tcc (1.51)
0 0 leca FEa_c

Its eigenvalues according to the parametrization [7] are:

A~ —8.3004 eV, M=~ —81413 eV, A3~ —7.9998 eV, N4~ —7.8585 eV
(1.52)
The eigenenergies can’t provide us an overall view of the efficiency of the charge
transfer along various sequences. In order to compare sequences with the criterion

14



Sequence of DNA’s base pairs A1 AN_1
GT -8.3003 | -7.9997
GA -8.3360 | -7.96399
TGGG -8.3004 | -7.9998
AGGG -8.3003 | -7.9985

Table 1.3: The lowest and the second highest eigenenergy of the system of two adjacent
base pairs GT, GA and of the four adjacent base pairs TGGG, AGGG of th B-DNA for

the hole. All values are given in eV.

of the efficiency of charge transfer, we use the physical quantities of the mean
possibilities of finding the carrier in the monomer that we examine and primarily
the net mean transfer rate while the graphs of eigenenergied and density of states
can give us some indications of the efficiency of charge transfer and other useful
information.

1.4.2 Density of States

Defining the spectrum of eigenenergies of a DNA segment for any N, allows
us to determine the density of states. Increasing the polymer’s length (N >> 1),
the energy levels gradually degenerate into energy bands. The Density Of States
(DOS) is defined as the amount of energy states of a physical system in the energy
region (E, EF 4+ dFE). Having found the properties of the polymers we can calculate
the density of states, which is generally given by the relation:

g(E) =Y §(E — Ey) (1.53)

where £ =1,2,..., N.
In chapter 3 and 4 we define the HOMO/LUMO density of states for the B-
DNA sequences refered to the abstract.

1.4.3 Mean possibilities of finding one extra carrier in one
site
As follows from the analysis so far, the probability of finding an additional

carrier at a site of a polymer is |A,(¢)?], u = 1,2,...,N. Below is the generic
notation C;(t) insted of A,(¢), with ¢ =1,2,..., N. So:

C1(t)
Co(t
wy= |
Cn (1)
and the (1.35) can be written as:
_Cl(t)- _Ulk-
Cy(t) Vo,
: N . :
. . 7%)‘kt .
aw | = ;cke A I (1.54)




The possibility of finding one extra carrier in the i-th site of the polymer is:

N

_ i
d cpvipe” 1
k=1

2
—

N N ‘ )
= E E ckck/vikvik/e_ﬁ’\’“te_ﬁ’\k’t:>

k=1 k'=1
al Ae — A

1Cy(t)[? chvzk+2 Z chck/vlkvm/cos( F - b > (1.55)
k=1 k>k'=1k'=1

The mean possibility of finding one extra carrier in the i-th site in time 7 is:

(|Cy(t T/ (t)2dt. (1.56)

Replacing the (1.55) to the (1.56), we have:

<|Ci(t)|2> [ ckvzk/ dt + 2 Z Z CkCk/ Vik Uik / dt003<>\k ;L)\k/ )

k=1 k'=
k>k’

A=A
sm( ’“hk’7'>

E ckvzk—i-QE E ChCh VikVik! —3, 3y e N
h

In the limit of 7 — o0, the second term of the right scale becomes zero. Therefore,
he mean possibility of finding one extra carrier in the i-th site is:

N
~ Sk (1.57)
k=1

1.4.4 Pure mean transfer rate

An other quantity that s very important for the charge transfer along the DNA
is the pure mean transfer rate, k;;, a good approach of the rate with which the

16



carrier(hole or electron) hops onto the i base pair, if it was initially located to the
i’ base pair. It is defined as:

1.58
. (1.58)

?

where t;,; the time needed for the possibility of finding the carrier |C;(¢)|?* to be-
come equal to its average value, (|C;(t)[*), for the first time, given that initially
the carrier is located to the site i’ [7], [1 1], [12]. That is,

\C-(lf)l2 = (G (1.59)
155,157 57
Z ckvzk + 2 Z Z CkCr Uik Vg COS (2T frprt) = Z ckvzk
k>k'=1k'=1
— Z Z CkCrr Vg Uiy OS (27 frpet) = 0. (1.60)
E>k=1k'=1

The time ¢ = t;; corresponds to the first node of the(1.60) and in our case it is
defined from the graph of the |C;(¢)|* over time.
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Chapter 2

Examination of the experimental results
aplying the Tight-Binding Model

2.1 Experiment ( B. Giese et al, Nature 412 (2001)
318.) [1]

In this experiment the procedure of the hole transfer along the DNA sequence,
that consists of T-A monomers bridge between a G-C monomer and a G-C, G-C,
G-C trimer, is described. In the end of the sequence G(T'),GGG there is a tail of
monomers, the TATTATATTACGC. Also, in the beginning of the sequence there
is a sequence of monomers (base pairs) ACGCACGTCGCATAATATTAC but we
will ignore it from now on. The photolysis process injects a positive charge in the
Gy of the Figure 2.1.
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Figure 2.1: Charge injection and transfer in DNA. In the figures 1, 2 édé 3, the method of
charge injection with photolysis in the site Gag and its transfer in the trimer GGG (Fig.
3). The charge in the Gag and GGG trapped by water and after appropriate treatment
with piperidine yield the products Pg and Paaa- [1]

The cation G, is either trapped by water yielding the product Pg - after the
proper treatment with piperidine or causes the electron transfer (and therefore
hole transfer) along the DNA. The trimer GGG is used as electron donor (hole
acceptor) very easily oxidized by the monomer G. The positive charge that reaches
the trimer GGG is quantified by the generated product Pogg.

The authors of this article observe that the fraction % is reduced to % each
time an extra T-A base pair is inserted, for bridge’s length n—1-3 base pairs. For
n=4-7, the fraction & e is minimally reduced with each additional monomer T-A,
while for longer brldges the reduction is negligible. It is observed that while the
charge transfer mechanism for short bridges is proportional to the length of the
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bridge, for longer ones there is not a distance dependence and the charge transfer
becomes a thermally induced process.
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Figure 2.2: Charge injection and transfer in DNA. In the figures 1, 2 édé 3, the method of
charge injection with photolysis in the site Gog and its transfer in the trimer GGG (Fig.
3). The charge in the Gaa and GGG trapped by water and after appropriate treatment
with piperidine yield the products Pg and Pgga. [1]

The figure 2.2 illustrates the above shift in the charge transfer mechanism. The
slope of the curve for the first three points of the graph is 3 = 0.6 A~ and for
the following ones is = 0.07 A~1. As mentioned in the article and according to
an earlier publication [13], the fraction P%—gG is proportional to the charge transfer
rate, which corresponds to the pure mean transfer rate in our study.
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HOMO G(T)nGGGTATTATATTACGC, n=1,2,...

15} 4

18} 4

Ink

-24 1 1 1 1 1 1
0 10 20 30 40 50 60 70

d(4)

Figure 2.3: The graph of the exponential logarithm of the pure mean transfer rates
from the first monomer of the sequence G(T),GGGTATTATATTACGC to the sec-
ond monomer of the trimer GGG of the same sequence, as a function of their distance

d.

The figure 2.3 shows the exponential logarithms of the pure mean transfer
rates from the first monomer of the sequence G(T),GGGTATTATATTACGC to
the second monomer of the trimer GGG of the same sequence. The pure mean
transfer rates are subjected to exponential law k = koe™?¢ = Ink = Ink, — Bd.
The coefficients that derive from the graph are 8 =0.776 A=, n = 1,2,3 and
f=0.062A1 n=4,..8, 16, that is, they are comparable to experimental values
(0.6 A~ and 0.07 A~ respectively). Note that the Parametrization 2 [7] was
used to the calculations.
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HOMO G(T) GGG, n=1,2,...,16

14

16 B.=0.84 A"

-18

Ink

N
N
T
|
1

-24 1 1 1 1 1 1
10 20 30 40 50 60 70

d (A)

Figure 2.4: The graph of the exponential logarithm of the pure mean transfer rates from
the first monomer of the sequence G(T),GGG to the second monomer of the trimer GGG
of the same sequence, as a function of their distance d.

Note that even if we deduct the tail TATTATATTACGC and examine the
sequence G(7),GGG the coefficients resulting from the fit of Ink = Inky — fd in
the graph of the Figure 2.4 are consistent with the values of the experiment. The
imporatant thing is that a stiff slope is observed for n < 4 and also a weak distance
dependence of k for n > 3 which point to phenomena that will be described in
detail below.Therefore, in the present thesis we omit the queue that does not have
a dominant position in the mode of carrier transfer along the main part of the
examined sequences as evidenced by the negligible values of the mean probabilities
of finding the charge in the tail monomers.
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HOMO G(T) GGG, n=1,2,...,16
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Inhops

Figure 2.5: The graph of the exponential logarithm of the pure mean transfer rates from
the first monomer of the sequence G(T),GGG to the second monomer of the trimer GGG
of the same sequence, as a function of the exponential logarithm of the N .

For the sequence of this experiment, G(T),GGG, we extend our study to hop-
ping processes and their relations with our theoretical approach and our results .
In particular, the fitting of the expression k = k(N ™~ “* to the graph of the figure
2.5 combined with the proper results for the sequences of the chapter 3 lead to
some conclusions that can be extracted only in combination with a further analysis
and hence in the next parts of this work.

Initially, we claim that the above analysis suggests the existence of two different
mechanisms of the hole transfer along the G-C base pairs in DNA:

1. The transfer through the single-step tunnelling, where the T-A monomers
indirectly affect the transfer mechanism by meditating the electronic coupling

of the G-C and
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2. A thermally induced A-hopping mechanism, where the lifetime of the cation
G, is large enough to induce the oxidation of the intervening T-A and include
them directly in the charge transfer mechanism.

The first mechanism fades quickly with more and more pairs of T-A interfering,
while the second one is minimally affected by the length of the bridge. Therefore,
the different effect of the distance on the hole transfer along the DNA is explained
by the prevalence of one of the two mechanisms.

Without ignoring that the theoretical processing in this thesis concerns the
interaction between our nearest neighbours, we take advantage of the image of our
final results in combination with the results of various related experiments and a
theoretical approach of the Marcus theory [22] in such a way that the hole transfer
can be approached by the following two mechanisms:

1. the superexchange charge transfer (tunneling) between the neighbouring hole
traps between which is inserted a short bridge consisting of monomers with
high hole ionization potentials.

2. the hopping mechanism between monomers with similar on-site energy.

The methodology we follow is: We do not focus on how the charge is transferred
to the DNA sequences in a strictly mathematical way, ie we do not use expressions
describing stochastic processes fully adapted to the theoretical model used in this
thesis. We focus on comparing certain expressions that either can adequately
approach the transfer mechanism to a segment of the sequence as described by our
own results or may deviate so much that in combination with experimental results
of other projects that are coherent with these relations make the model unable to
describe the physical charge transfer process, for example through tight binding
hopping, and thus this mismatch suggests the existence of another mechanism of
charge transfer.

24



Chapter 3

Results and Conclusions for sequences
with bridges consisting of identicals
INONOMers

In this Chapter we present the results of the application of the Tight-Binding
Model at base pair level, for the eigenspectra, the densities of states, the pure
mean transfer rates and the possibility of finding the charge (hole or electron) in
one site (monomer) of the polymer G(Bridge),GGG with Bridge=T,A,C,G.

3.1 Eigenspectra

A more accurate comparison of the energy bands of the Figure 3.1 between
the sequence G(T), GGG and the G(A), GGG leads us to the conclusion that the
highest energy is that of the second sequence. This result is in line with the results
presented in the sections 3.3 and 3.4 about the more efficient hole transfer in the
sequence G(A), GGG instead of the G(T),GGG.

We see in the figure 3.2 that for the sequence G(T),GGG HOMO two energy
strips create a very small energy region around the energy 8 eV. We would make
a similar observation if the initial guanine G and the final triplet of guanines were
studied as two isolated systems and placed on a common energy chart.

There are not observed any overlapping eigenvalues in Figure 3.3 as the pres-
ence of the A bridges influences in such a way the formation of the eigenspectrum
that the strips formed are distinct. In particular, the value of the transfer rate
from guanine to adenine, ¢4, is two orders greater than the values of t 44 and £ 4¢.
This difference is also evident in the lower eigenvalues. If it did not exist, the form
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Figure 8.1: The graph of the HOMO energy as a function of the amount N of the base

pairs that consist each of the 16 polymers listed.
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Figure 8.4: The graph of the LUMO energy as a function of the amount of base pairs
that consist each of the 16 polymers listed.

of eigenvalues with a value around the energy —8,3 eV would have been similar
to the eigenvalues of the sequence G(T),GGG.

Although the values of the base pair energies in the LUMO states are com-
pletely different from those of HOMO, the energy charts for both the sequence
G(T),GGG and for the G(A), GGG for the electron are visually identical to the
energy pattern of the sequence G(T),, GGG for the hole since they have the same
order of transfer rates. Finally, comparing the lower energies strips between the
sequence G(T),GGG and G(A)nGGG, we conclude that the lowest energy and
therefore preferable for the electron is that of the first sequence.

In conclusion, the results of this section agree with those in the following sec-
tions of chapter 3 regarding the most efficient transfer of the hole in the sequence
G(A),GGG instead of the G(T),GGG and of the electron in G(T),GGG instead
of the G(A),,GGG. However, the energy gap is so small that it can not be a bench-
mark for itself.



3.2 Densities of states

The magnitude of the density of states will be studied through the charts of
the densities of states as a function of the energy. These graphs consist of energy
levels for a small number of N monomers (for example N = 5, 10), while increasing
N (for example N = 100, 10,000) the energy levels degenerate into one (as in the
sequences G(T...)GGG and G(A...)GGQG) or into more subbands (Chapter 4).
Below we present the charts of DOS as a function of the energy of a small number
of monomers in order to have discreet energy levels and for very long sequences
so that the resulting curves are continuous. The energy bands formed for large N
present Van Hove singularities at their boundaries.
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Figure 8.5: The densities of energy states for the hole as o function of the amount
of monomers that form the 4 different polymer G(T)y — 4GGG with N=5,10,100 and
10.000.

For N enough, an energy spectrum is formed around the energy Far = —8,3 eV
whose existence is due to the bridges A and T in the examined sequences. The
accumulation of holes and electrons at the boundaries of this energy spectrum is

30
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Figure 3.6: The densities of energy states for the hole as o function of the amount
of monomers that form the 4 different polymer G(A)y — 4GGG with N=5,10,100 and
10.000.
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Figure 3.7: The densities of energy states for the electron as a function of the amount
of monomers that form the 4 different polymer G(T)y — 4GGG with N=5,10,100 and
10.000.

expected for a sequence of polymers with identical monomers and is consistent
with the palindrome that we commented on in the Introduction. In the case of the
hole, however, the density of states for the sequences of the Figures 3.5 and 3.6
is greater at the limit of the higher energies of the above-mentioned energy band
than at the limit of lower energies. It is noteworthy that the inequality of the two
Van Hove peaks is due to and depends on the interaction of the bridges with the
guanines.

In Figures 3.7 and 3.8 of the LUMO energy region, the density of the electron
states is greater at the edge of the lower values of the energy band than at the
edge of the higher energies. Note that these inequalities of the values of the
density peaks are not necessary for the HOMO and LUMO states of any sequence
but these sequences display the property of the guanine triplet as a hole trap and
as an electron donor.
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3.3 Pure mean transfer rate

In this section, the exponential logarithms of the pure mean transfer rates
from the first monomer of the sequence G(7),GGG and G(A),GGG to the sec-
ond monomer of the trimer GGG of the same sequence, as a function of their
distance d for the electron as well as for the hole. We present the numerical results
and we discuss them accordingly. The pure mean transfer rates are subject to
the exponential expression k = kye™?? = Ink = Inky — 3d mentioned in chap-
ter 2. The coefficients derived from the graph 3.9 for the sequence G(A), GGG
is =096 A1 n=1,23and f=0.068 A1 n =4,..,16, that is, they are
comparable to the experimental values and those of the sequence G(T),GGG.
The speed and the efficiency of the hole transfer in the sequence G(A),GGG are
higher that can be explained in more detail by taking into account the results of
the fit & = k(N " in the proper graphs (Fig. 3.11). Additionally, as we expected
the sequences G(C),,GGG and G(G),GGG shown in the second row of the Fig-
ure 3.9 are not subject to the exponential law and suggests that the physical
mechanism of tunnelling can not describe the charge transfer in these sequences.
Instead, an other physical mechanism can be used to describe the charge trans-
fer in these sequences. However, the small value of 8 = 0.055A 1, n = 1,2....,16
derived from the the exponential fit made to the charts of the Fig. 3.9 for the
sequences G(C), GGG and G(G),GGG reveals the weak effect of the distance in
the charge transfer.

The  for the LUMO states derived from the charts 3.10 for the sequence
G(T),GGG is B =1.45 A1 n = 1,2,3 while for the sequence G(A),GGG is
=143 A1 n = 1,2,3 and about 5 =0.064 A~'.n = 4,...,16 for both of
them. Therefore, in the case of electron migration in the sequences G(7"),GGG and
G(A),GGG, the k value has strong dependence in the distance for short sequences
while the dependence is weak for long ones. We can claim that the electron transfer
in the sequences of the first row of the Fig. 3.10 is described by the superexchange
from the first guanine(donor) to the final guanine (acceptor) for n < 4 beacause
in this region the exponential fitting becomes optimum. Furthermore, we observe
that the superexchange is faster than that of the hole. In the corresponding charts
for the sequences G(C'),GGG and G(G),GGG the electron transfer do not happen
in an abrupt way since there is no obstacle(bridge). Unlike the hole, the electron
is transferred more efficiently in the sequence G(7'),GGG,n = 1,2,3 than in the
G(A),GGG,n = 1,2,3 but the electron transfer speed is almost equivalent for
both of the sequences for n = 1,2, 3.

The charts of the Figure 3.11 make it evident that the critical number n., of
the bridges at which the abrupt shift tends to happen does not exceed the number
four both for the sequence G(T),,GGG and for the G(A),GGG. If we accept that
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the critical number for the G(T),GGG is exactly, n.. = 3, then the steeper slope
of G(A),,GGG in the HOMO states for both n =1 — 3 and n = 4 — 16 indicates
that for G(A), GGG the n,, is greater that three (but less than four). The claim
that the G(A),GGG has a greater value of n.. compared to the G(T),,GGG is also
confirmed by the article [16]. However, a physical view of the above issue persuades
as to accept that the critical number for G(A), GGG is exactly n.. = 3 since n,,
should be a natural number (n.. € N). Regarding the charts of the Fig. 3.11 of
the second row the hole transfer in the sequences G(C), GGG and G(G),GGG is
smooth and more efficient as we would expect from a sequence consisting of only
monomers with the same on-site energies.

It is now clear that the results of the chart 3.12 indicate the A-hopping (or
T-hopping) as the mechanism that describes the charge transfer in the sequences
G(T),GGG and G(A),GGG for n > 4 and the G-hopping as the mechanism that
describes the charge transfer in the sequences G(C), GGG and G(G),GGG.

The above results are summarized in the following tables. As expected, the
charge transfer in the the polymers of the Table 3.1 is carried out at almost



Table 3.1: Estimated values of ki, and n fitting the k = k:f)./\/’_’7 for the polymers
with identical monomers and charge acceptor located on the — 1 site

DN A sequence k{(PH?z) n Correlation Coefficients H/L
poly(dG) — poly(dC)  0,087+£0,021 1,575 0,017 0,999 H
poly(dG) — poly(dC) 0,018 1,578+ 0,014 0,999 L
poly(dA) — poly(dT) 0,018 1,576+ 0,014 0,999 H
poly(dA) — poly(dT) 0,026 1,575+ 0,019 0,998 L
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the same speed and furthermore the n values are very close to the results of the
theoretical relation
k= kN, (3.1)

where 1 < n < 2.

The relation 3.1 describes the mechanism of occupying sites with the same
mean arrival rate per time, and departure from this sites and also with the same
mean departure rate per time. This theoretical model is more compatible with the
charge transfer in a sequence with identical monomers as the cases of the poly(dG)-
poly(dC) and poly(dA)-poly(dT). Let us, therefore, make the assumption that the
charge transfer in the above sequences is described by the mechanism of hopping.
It follows that the results of the table 3.1 can be the element of comparison for the
polymers examined in this thesis. Therefore we can describe the charge transfer in
these sequences with the coherent tunnelling over a short distance or an incoherent
hopping over a long distance or a coexistence of both two mechanisms.

The n values of the Table 3.2 show the existence of two different hole and
electron migration mechanisms in sequences with the initial guanine as the donor,
the guanine triplet a the acceptor and bridges with identical monomers and large
band gaps between them and the donor or acceptor. In particular, for an amount of
monomers greater than 3 the n value is closer to the values of the Table 3.1 and so
the charge transfer can be approached by the A-hopping while for sequences with
n < 4 the n value does not allow us to describe the charge migration by successive
hoppings. In contrast, for these short sequences we should take into account
the experimental results of various articles and use the tunnelling phenonenon or
immediate superexchange between donor and acceptor.



Table 3.2: Estimated values of Inkj, and n fitting the k = kN =" for the poly-
mers A) G(T)n,GGG for the hole, B) G(A),GGG for the hole, C) G(T),GGG
for the electron and D) G(A),GGG for the electron. The N —1 monomer as

the charge acceptor

DN A sequence A B C D
(Inky)1(PHz) -1,997+£1,349  +6,376+2,441  11,185£1,547  0,47941,434
™ 11,256+ 0,997 12,874+ 1,768 19,245+ 1,120 18,96+ 1,038
Correlation
coefficient 1 0,975 0,998 0,949 0,998
(Inkj)2(PHz) -16,24+0,057  -10,124+0,099 -17,817+0,099 -28,179+0,102
Mo 2,417+ 0,023 2,634+ 0,04 2,456+ 0,04 2,456+ 0,041
Correlation
coefficient 2 0,999 0,997 0,997 0,997
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3.4 Mean probabilities of finding an extra carrier
at a site

Our numerical results for the mean probabilities to find an extra hole or electron
at the j base pair of the sequences in Chapter 3 with n =1,2,...,8 are presented
to the following figure. The mean possibility of finding a charge at a site as well as
the pure mean transfer rate are the most suitable physical quantities for studying
the charge transfer efficiency through DNA segments in this thesis.

In Figure 3.13 we observe higher possibility of finding the hole at the guanine-
acceptor for the G(A),GGG than for the G(T), GGG for both n = 1,2,3 and n >
3. We conclude that the hole transfer is more efficient in the first sequence than the
second one. The sequence G(C),, GGG has higher possibilities of finding the carrier
at its monomers than the two above sequences and therefore the efficiency of hole
transfer is higher. Of course, the poly(G)-poly(C) sequence is the most efficient in
the charge transfer of them all. Additionally, its mean possibilities are palindromic.
Considering the first guanine as the initial hole site, the mean possibilities are equal
between the first and the last monomer (Edge Group) and also between the rest
of the monomers (Middle Group). In particular, the total possibility at the Edge
Group is a(N) = Niﬂ and at the Middle Group, p =1— a(N).

In contrast to the HOMO states, we observe that the mean possibility of finding
the hole at the guanine-acceptor (the middle monomer of the guanine triplet) is
higher for the G(T),GGG than for the G(A),GGG and therefore the the hole
transfer is more efficient in the first sequence than the second one.

The conclusions drawn from the charts for the mean possibilities are fully com-
patible with these of the pure mean transfer rate and so our analysis is consistent
as far as it concerns the efficiency of the charge transfer.
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for the G(B), GGG, n=1,2,...,8 and B=T,A,C,G. The N — 1 monomer as the charge
acceplor.
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monomer for the G(B),GGG, n=1,2,...,8 and B=T,A,C,G. The N — 1 monomer as
the charge acceptor.



Chapter I

Results and Conclusions for sequences
consisting of bridges with two different
types of monomers

In this Chapter, we present the results of the Tight-Binding Wire Model at
base pair level for the eigenspectra, the densities of states, the pure mean transfer
rates and the possibilities of finding an extra charge(hole or electron) at a site-
monomer of the sequences with a guanine base as the charge donor, a triplet of
guanines as the charge acceptor and an alternating 'basel’-’base2’ subsequence
where ’basel”base2’ = TA, CG, TC, AC, AG, TG, AT, GC, CT, CA, GA, GT as
the bridge between the donor and the acceptor.

4.1 Eigenspectra

As expected, the energy charts of the polymers

1. (i) G(TA),GGG with the GA(TA);GGG and
(i) G(AT),GGG with the GT(AT),GGG,

2. (i) G(CG);GGG with the GG(CG);GGG and
(i) G(GC),GGG with the GC(GC),GGG,

3. (i) G(TC),GGG with the GC(TC);GGG and
(i) G(CT);GGG with the GT(CT),GGG,

4. (i) G(AC),GGG with the GC(AC);GGG and
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Figure 4.1: The energy chart for the hole as a function of the amount of monomers that

make up the polymers listed. Black squares indicate the eigenenergies resulting from the

polymers with even amount of monomers while blue squares these with odd numbers of

monomers.
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48 CHAPTER 4. BRIDGES WITH DIFFERENT MONOMERS

(i) G(CA),GGG with the GA(CA),GGG,

5. (i) G(AG);GGG with the GG(AG),GGG and
(i) G(GA),GGG with the GA(GA),GGG,

6. (i) G(TG);,GGG with the GG(TG),GGG and
(i) G(GT);GGG with the GT(GT);GGG,

show similar behaviour for i € N. We discuss this pattern in the following sections.

4.2 Densities of States

As we mentioned in Section 3.2 the DOS charts for a small number of monomers
(N) consist of discreet energy levels while increasing the N, the energy levels de-
generate into energy subbands (into two energy bands for the sequences discussed
in this Section 4.2). Below, we present the DOS charts for a large number of
monomers (N = 10.000) so that the resulting curves are smooth. By observ-
ing the density graphs, we draw the same conclusions as those reported for the
eigenspectra. That is, the eigenenergies are symmetrical around the on-site ener-
gies of the monomers that make up the polymer. The subbands are separated by
small energy gaps. Also, Van Hove insingularities are presented at the subbands
boundaries.

G(CG...)GGG HOMO GC..GGG HOMO

805 K 795 79 785 78 82 815 8.1 805

Figure 4.3: Density of States for the HOMO region as a function of the energy. In the
first row, we present the polymers (G(CG); GGGthat has similar behavior with the CG...
and GC(GC); GGG that has similar behavior with the GC... [20] for i € N and . In the
second row, we have the polymers G(TA); GGG that has similar behaviour with the TA...
and GT(AT);GGG that has similar behaviour with the AT... .

The polymers on the 4.3(1st row) are sequences with even number of monomers
and these of the 2nd row with odd one. However, the pattern of the DOS chart
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Figure 4.4: Density of States for the HOMO region as a function of the energy for the
polymers listed.

(and the energy chart 4.1) is not determined by the even or odd number of sites
but by the iteration unit which is GC and TA (1st column, above and below
respectively) and, CG and AT (2nd column, above and below respectively). This
observation is in full agreement with the eigenspectra, so we expect the discussed
polymers to be described only by the sequences TA..., AT..., TC..., CT...; AC..,,
CA..., AG..., GA..., TG..., GT... for as far as it concerns the DOS.

According to the articles [17], [18] and [19], for N odd and alternating different
monomers but with the same on-site energy, the eigenvalues are:

E and
A = E+ \/t’2 + 172+ 2t cos 0y, M= Mlr=1,2,..,m

The above equation for the sequence GC... is:

Ecc and
M= Baot S+ 2+ 2t rm =Nl 1.2
GC GC+ GC+ GC CGCOSm+1, m=—-7r=14..

Similarly, for the sequence TA....

Therefore, for the GC... and for cos tend to zero, we conclude that the energy
bands created for a large number of monomers expand to two regions symmetrical
around the energy Egc and spaced from this energy about 0,05 eV on average
as shown by the results of the above relation. Similarly, for the sequence TA...
and for cos tend to zero,we conclude that the energy bands created for a large
number of monomers expand to two regions symmetrical around the energy Ep .
and spaced from this energy about 0,06 eV on average. These conclusions are
confirmed by the graphs 4.3.

The panels 4.4 (1st row), Energy Level sequences, consist of two sharp peaks
each, while the 4.3 and 4.4 (2nd row), Energy Band sequences, form a continuous
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eigenspectrum. This means that for the Energy Level sequences, the interaction be-
tween the sites with big energy gap is negligible so that the G-hopping is indicated
at the sequence G(AC...)GGG and G(TG...)GGG. In the cases of G(TC...)GGG
and G(AG...)GGG, even if we also have alternating on-site energies with a very
different energy value, the high value of tg4 = t7¢ (about ten times higher) leads
to an interaction of monomers with very different on-site energies and a continu-
ous eigenspectrum in the HOMO states. Regarding the DOS charts of the LUMO
states, we expect all of them to have a continuous spectrum in a discreet energy
region and that is why they are not presented in the main part of this project.

4.3 Pure mean transfer rates

The n value derived from the power fitting of the pure mean hole transfer rate
k1 n—1 as a function of the hops are presented in the following graphs of this Section
4.3. As expected, the pure mean transfer rate decreases with the increase of hops
and the carrier transfer through the polymer becomes more difficult.

We use the expression:

ki n_1 = kyhops™" = Ink = (Ink{) — nlnhops, (4.1)

where hops = jq — ja [14] with jg the donor site j, the acceptor site. It is worth
noting that in the following charts, we set j; = 1 because the charge donor is the
guanine at the first site and j;, = N — 1 because the charge acceptor is the middle
guanine of the guanine triplet. Therefore, hops = N — 2 that in Chapter 2 and
in Section 3.3 is also denoted as N = hops.
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Figure 4.5: The logarithm of the pure mean hole transfer rate of the polymers listed as a
function of the logarithm of the hops. Black squares indicate the points for the polymers
with even number of monomers and the blue squares with the odd one. Two different
power fits are made to the k-data of the sequences consisting of less (1st power fit) and
more (second power fit) than 3 monomers with on-site energy different from that of the
acceptor or donor monomer.

In the Figure 4.5, we observe that the polymer G(TA);GGG and the GA(T A),G
GG,i=1,2,...,10 (i.e. those with iteration unit TA) have a higher hole transfer
rate than the G(AT);GGG and the GT(AT),GGG, i = 1,2,...,10 (i.e. those with
iteration unit AT) for almost the same value of hops. This result is in agreement
with the observation that the Van Hove peak with the highest energy in the chart
4.3 for the G(TA...)GGG is higher (hence a higher density of states) than the that
of the same chart for the GT(AT...)GGG.

In the diagram 4.6, we observe that the polymer G(GC);GGG and the GC(GC);
GGG,i=1,2,...,10 (i.e. those with iteration unit GC) have a a higher hole trans-
fer rate than the G(CG);GGG and the GG(CG),GGG, i = 1,2,...,10, (i.e. those
with iteration unit CG) for almost the same value of hops. This result is in agree-
ment with the observation that the Van Hove peak with the highest energy in the
chart 4.3 for the G(GC...)GGG is higher (hence a higher density of states) than
the that of the same chart for the GC(GC...)GGG.

In addition, the charge transfer is more efficient in polymers consisting of a
bridge with iteration unit TC, CA, AG, GT than CT, AC, GA, TG, respectively.

The Figures 4.5 and 4.6 are indicative of the charge transfer mechanisms
in these sequences. In particular, in the Figure 4.5, the steep slope of the
GTAGGG/GTATGGG and that of the GATGGG/GATAGGG indicate the hole
superexchange between the donor and the acceptor [1], while for longer sequences
of this type, the n value allows us to describe the charge transfer by the hop-

o1
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Figure 4.6: The logarithm of the pure mean hole transfer rate of the polymers listed as a
function of the logarithm of the hops. Black squares indicate the points for the polymers
with even number of monomers and the blue squares with the odd one. Two different
power fits are made to the k-data of the sequences consisting of less (1st power fit) and
more (second power fit) than 3 monomers with on-site energy different from that of the
acceptor or donor monomer.



4.4. MEAN POSSIBILITIES OF FINDING AN EXTRA CARRIER AT A SITE53

ping mechanism between neighbouring monomers of the sequence, that is from
the 5’-T-A-3’ to the 5-A-T-3" and from the 5-A-T-3’ to the 5-T-A-3" e.t.c. In
the sequences of the Figure 4.6 whose monomers with large on-site gap alternate,
the transfer cannot be described either by tunnelling or by hopping between adja-
cent monomers with completely different on-site enegy.Taking into account all the
sources mentioned in our paper and the article [21], the mechanism that would best
describe the charge transfer to the sequences 4.6 is the hopping between monomers
with stmilar on-site energy.

4.4 Mean possibilities of finding an extra carrier
at a site

The numerical results of the mean possibility of finding an extra hole at the j-th
monomer are presented in the following Figures. These charts show us the mean
possibilities of the discussed polymers whose number of monomers is N =14, 15,
a value that allows the examination of the charge transfer in areas where abrupt
shifts dos not happen. Therefore, the results of this study can be generalized
in sequences with N > 11. Taking into account the results of the Section 4.3,
we divide the polymers into two groups in order to compare the sequences of
each group. The first group, Even Group, consists of the polymers with the first
monomer- guanine- as the hole donor, the middle monomer as the guanine triplet
as the hole acceptor and a repetitive dimer TA, TC, GT, GC, AG or CA as the
bridge between the donor and the acceptor. The second group, Odd Group, consists
of the same donor and acceptor as before and a repetitive dimer AT, CT, TG, CG,
GA or AC. The mean possibilities of the Fven Group are shown in the panels of
the first row and these of the Odd Group in the panels of the se cond row of the
Figure 4.7.

We notice that for the polymers of the 1st row of the Fig. 4.7, the hole transfer
to the j, site becomes more efficient in ascending order for the G(CA...)GGG,
G(GT...)GGG, G(TA...)GGG, G(TC...)GGG,G(GC...)GGG and G(AG...)GGG.
At first sight, these results seem absurd. We would expect the sequences whose
monomers have the same on-site energy, that is G(GC...)GGG for the Fven Group
and GG(CG...)GGG for the Odd Group, to be the most efficient in hole trans-
fer than the other polymers. Also, we would expect the G(TA...)GGG and the
GT(AT...)GGG to be the least efficient in hole transfer due to their bridge con-
sisting of high potential hole ionization well. For every possible grouping of these
polymers, the G(TA...)GGG is not -as expected- the sequence with the least mean
possibility of finding a hole at the base j,. These results can be explained nu-
merically by the large values of g4 = tr¢ and the small values of [tga| = |trc]
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compared to the tgg but contradict experimental results. This deadlock could be
eliminated if in our theoretical approach we add the interaction of each base with
the next nearest neighbour and so the mechanism of G-hopping prevails. Each hop
would happen from the initial guanine to the adjacent guanine over a monomer
with high hole ionization potential well.
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