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Preface

The central role played by DNA in cellular life guarantees a place of impor-
tance for the study of its chemical and physical properties. It did not take
long after Watson and Crick described the now iconic double helix structure
for a question to arise about the ability of DNA to transport electrical
charge. It seemed apparent to the trained eye of the chemist or physicist that
the array of neatly stacked aromatic bases might facilitate the movement of
an electron (or hole) along the length of the polymer. It is now more than 40
years since the first experimental results were reported, and that question
has been answered with certainty.

As you will earn by reading these volumes, Long-Range Charge Transfer in
DNA I and II, today no one disputes the fact that charge introduced at one loca-
tion in DNA can migrate and cause a reaction at a remote location. In the most
thouroughly studied example, it is clear that a radical cation injected at a termi-
nus of the DNA polymer can cause a reaction at a (GG),, sequence located hun-
dreds of Angstroms away.

In the last decade, an intense and successful investigation of this phenomenon
has focused on its mechanism. The experimental facts discovered and the debate
of their interpretation form large portions of these volumes. The views expressed
come both from experimentalists, who have devised clever tests of each new hy-
pothesis, and from theorists, who have applied these findings and refined the
powerful theories of electron transfer reactions. Indeed, from a purely scientific
view, the cooperative marriage of theory and experiment in this pursuit is a pow-
erful outcome likely to outlast the recent intense interest in this field.

Is the quest over? No, not nearly so. The general agreement that charge can
migrate in DNA is merely the conclusion of the first chapter. This hard-won un-
derstanding raises many important new questions. Some pertain to oxidative
damage of DNA and mutations in the genome. Others are related to the possible
use of the charge transfer ability of DNA in the emerging field of molecular-
scale electronic devices. Still others are focused on the application of this phe-
nomenon to the development of clinical assays.

It is my hope that these volumes will serve as a springboard for the next
phase of this investigation. The foundation knowledge of this field contained
within these pages should serve as a defining point of reference for all who ex-
plore its boundaries. For this, I must thank all of my coauthors for their effort,
insight and cooperation.

Atlanta, January 2003 Gary B. Schuster


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 436.535 666.142 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice





Contents

Effects of Duplex Stability on Charge-Transfer Efficiency within DNA
T. Douki - ].-L. Ravanat - D. Angelov - J.R. Wagner - J. Cadet.......... 1

Hole Injection and Hole Transfer Through DNA:
The Hopping Mechanism

B GIeSe . ottt 27
Dynamics and Equilibrium for Single Step Hole Transport Processes

in Duplex DNA

ED. Lewis - M.R. Wasielewski .. ...... ..o, 45

DNA-Mediated Charge Transport Chemistry and Biology
M.A. O’ Neill - J.K. Barton. . .. oottt it i et et eeeeieeneann 67

Hole Transfer in DNA by Monitoring the Transient Absorption
of Radical Cations of Organic Molecules Conjugated to DNA
K.Kawai-T.Majima .....oovuiiii i 117

The Mechanism of Long-Distance Radical Cation Transport
in Duplex DNA: Ion-Gated Hopping of Polaron-Like Distortions
G.B.Schuster- U. Landman...........oooviiiiniiiiiinn .. 139

Charge Transport in Duplex DNA Containing Modified

Nucleotide Bases

K.Nakatani - 1. Saito ... vv ittt e i e e e e e 163
Excess Electron Transfer in Defined Donor-Nucleobase

and Donor-DNA-Acceptor Systems

C. Behrens - M.K. Cichon - F. Grolle - U. Hennecke - T. Carell . ... .. ... 187
Author Index Volumes 201-236 . .........ccitiiiiit i 205

Subject Index ....... ... i e 217



Contents of Volume 237
Long-Range Charge Transfer in DNA Il

Volume Editor: Gary B. Schuster
ISBN 3-540-20131-9

DNA Electron Transfer Processes: Some Theoretical Notions
Y.A. Berlin - I.V. Kurnikov - D. Beratan - M.A. Ratner - A.L. Burin

Quantum Chemical Calculation of Donor-Acceptor Coupling
for Charge Transfer in DNA
N. Rosch - A.A. Voityuk

Polarons and Transport in DNA
E. Conwell

Studies of Excess Electron and Hole Transfer in DNA at Low Temperatures
Z. Cai - M.D. Sevilla

Proton-Coupled Electron Transfer Reactions at a Distance
in DNA Duplexes
V. Shafirovich - N.E. Geacintov

Electrocatalytic DNA Oxidation
H.H. Thorp

Charge Transport in DNA-Based Devices
D. Porath - G. Cuniberti - R. Di Felice



Top Curr Chem (2004) 236:1-25
DOI 10.1007/b94409

Effects of Duplex Stability on Charge-Transfer Efficiency
within DNA

Thierry Douki' - Jean-Luc Ravanat! - Dimitar Angelov? - J. Richard Wagner? -
Jean Cadet!

! Laboratoire “Lésions des Acides Nucléiques”, SCIB,
Département de Recherche Fondamentale sur la Matiére Condensée, CEA/Grenoble,
38054 Grenoble Cedex 9, France
E-mail: jcadet@cea.fr
2 Institute of Solid State Physics, Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria
3 Département de Médecine Nucléaire et Radiobiologie, Faculté de Médecine,
Université de Sherbrooke, Sherbrooke, Québec, J1H 5N4, Canada

Abstract In the first part of the chapter, emphasis is placed on the description of the main
reactions of radical cations of the four predominant DNA purine and pyrimidine bases
and minor 5-methylcytosine in aerated aqueous solutions. Information is also provided on
the final one-electron oxidation products of 8-0x0-7,8-dihydroguanine, an ubiquitous de-
composition product of DNA with most chemical and physical oxidizing agents, that ex-
hibits a low ionization potential, and is therefore an excellent sink for positive hole migra-
tion within double-stranded DNA. In the second part of the review, it is shown that duplex
stability plays a major role in the redistribution of positive holes generated by high inten-
sity UV laser pulses on purine and pyrimidine bases towards guanine residues. These re-
sults were obtained by measurement of several oxidized nucleosides within DNA using a
sensitive and accurate high performance liquid chromatography-tandem mass spectrome-
try assay.

Keywords Radical cations - Oxidized DNA bases - Biphotonic laser photochemistry - Oxidative
DNA damage distribution
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Abbreviations

dAdo 2’-deoxyadenosine

dCyd 2’-deoxycytidine

dGuo 2'-deoxyguanosine

5-MedCyd 5-methyl-2’-deoxycytidine

Thd thymidine

FapyAde 4,6-diamino-5-formamidopyrimidine

FapyGua 2,6-diamino-4-hydroxy-5-formamidopyrimidine
5-FordUrd 5-formyl-2'-deoxyuridine

5-HmdUrd 5-(hydroxymethyl)-2’-deoxyuridine
5-OHdCyd 5-hydroxy-2’-deoxycytidine
5-OHdUrd 5-hydroxy-2’-deoxyuridine
8-oxodAdo 8-0x%0-7,8-dihydro-2’-deoxyadenosine
8-oxodGuo 8-0x0-7,8-dihydro-2’-deoxyguanosine

ThdGly 5,6-dihydroxy-5,6-dihydrothymidine
Sp spiroiminodihydantoin

Gh guanidinohydantoin

MQ menadione

1

Introduction

Oxidation reactions, which are ubiquitous within cells, have been shown to
be implicated in aging, several types of cancer, and various other diseases,
such as arteriosclerosis, arthritis, cataract and diabetes [1-4]. Major sources
of endogenous oxidation processes include aerobic metabolism leading to
the leakage of superoxide radicals from mitochondria and endoplasmic re-
ticulum, and inflammation involving the production of reactive species by
specific enzymes such as NADPH oxidase and myeloperoxidase [5]. Exoge-
nous chemical and physical agents, including environmental carcinogens,
ionizing radiation and UV-A light may also contribute to the induction of
oxidative reactions. In this respect, DNA, together with other key biomole-
cules that include membrane lipids and proteins, appear to be critical cellu-
lar targets.

Much attention has been paid during the two last decades to the elucida-
tion of oxidation reactions mediated by oxygen (OH radical, H,0,, '0,, O3,
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HOCI) and nitrogen (NO’, TOONO) reactive species that give rise to a wide
array of DNA modifications [for early reviews see, 6-9]. In contrast, interest
in the one-electron oxidation of DNA is more recent; however, a notable ex-
ception concerns detailed investigations of the early events associated with
the direct effect of ionizing radiation [for a recent review, see 10]. Major at-
tention devoted to charge transfer reactions within DNA during the last five
years has provided a strong impetus to this field of research. As it will be
discussed extensively in several chapters, most of the approaches have in-
volved the specific generation of radical cations either at the C-4 of 2-deoxy-
ribose or at proximal guanines within defined sequences of DNA fragments,
and the investigation of hole transfer processes to distant guanine residues.
Interestingly, this has led to major achievements with the formulation of
several mechanisms of transfer, such as multistep hopping, phonon-assisted
polaron-like hopping, and coherent super-exchange [11-15].

A different strategy has been applied in our work, that emphasizes the im-
portance of DNA stability on hole transfer within double-stranded DNA.
This work is based on determination of the overall yield of oxidized nucleo-
sides that arise from the conversion of initially generated purine and pyrimi-
dine radical cations within DNA exposed to two-photon UVC laser pulses.
On the one hand, this work benefits from the excellent current knowledge of
chemical reactions involving the radical cations of DNA bases, and on the
other hand, from major analytical improvements that include recent avail-
ability of the powerful technique of high performance liquid chromatogra-
phy-electrospray ionization-tandem mass spectrometry (CLHP-ESI-MS/MS)
[16-18].

2
One-Electron Oxidation Reactions of the Pyrimidine and Purine DNA Bases

Relevant information on the main pyrimidine and purine radicals generated
by interaction of ionizing radiation with DNA and model compounds was
gained from extensive ESR studies in the solid state using dry samples and
frozen aqueous solutions [19-22]. Evidence was provided that positive holes
are located on guanine whereas electron attachment involves pyrimidine
bases in y- or X-irradiated DNA after warming. These results strongly imply
the occurrence of significant electron transfer processes. This was confirmed
through the identification and measurement of final degradation products
resulting from the conversion of radiation-induced pyrimidine and purine
radicals upon thawing the frozen solutions or dissolving the dry nucleoside
samples into aqueous solutions [23-26].

However, the biochemical significance of the latter studies is challenged
by the fact that the transformation of transient purine and pyrimidine radi-
cals into diamagnetic decomposition products is oxygen-independent in the
solid state. Therefore, it is necessary to study the chemistry of one-electron
nucleobase intermediates in aerated aqueous solutions in order to investi-
gate the role of oxygen in the course of reactions that give rise to oxidation
products within DNA and model compounds. In this respect, type I photo-
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sensitization with 2-methyl-1,4-naphthoquinone (menadione) [27-29], and
high intensity UV laser photolysis [30, 31] were found to efficiently ionize
both purine and pyrimidine nucleobases despite the fact that guanine has
the lowest oxidation potential among DNA components.

2.1
One-Electron Oxidation Reactions of Thymine DNA Base

An almost complete description of reactions resulting from the one-electron
oxidation of the thymine moiety of DNA and related model compounds such
as thymidine (1 in the reaction scheme shown in Scheme 1) is now available.
Photoexcited 2-methyl-1,4-naphthoquinone (MQ) has been used to efficient-
ly generate pyrimidine radical cations 2 through one-electron oxidation of 1
[29, 32]. Two main degradation pathways that involve hydration and depro-
tonation of initially-generated thymidine radical cations (2) were proposed
from isolation and characterization of the main oxidized nucleosides, in-
cluding hydroperoxides and other stable decomposition products [33]. The
exclusive formation of four cis and trans diastereomers of 5-hydroperoxy-6-
hydroxy-5,6-dihydrothymidine (5) may be rationalized in terms of the spe-
cific generation of oxidizing 6-hydroxy-5,6-dihydrothymid-5-yl radicals (3)
[34] through hydration at C-6 of thymidine radical cations (2). The forma-
tion of hydroperoxides (5,11) together with a number of well known stable
oxidation products of thymidine (6-8) accounts for approximately 60% of
the total product mixture arising from the hydration of thymidine radical
cations [29, 32, 35, 36]. On the other hand, competitive deprotonation of
thymidine radical cation (2) accounts for 40% and explains the formation of
methyl oxidation products (11-13).

The formation of thymidine hydroperoxides probably involves fast addi-
tion of molecular oxygen to neutral 6-hydroxy-5,6-dihydrothymid-5-yl (3)
and (2-deoxyuridyl) 5-methyl (9) radicals, with rates of reaction that are
controlled by diffusion [32]. In subsequent steps, about half of the resulting
peroxyl radicals 4,10 are reduced by superoxide radicals [28] leading to the
formation of hydroperoxides 5,11. These hydroperoxides undergo decompo-
sition in aqueous solution with lifetimes that range (at 37 °C) from 8-10 h
for the trans diastereomers 5, 16-35 h for the cis diastereomers 5, and up to
about 8 weeks for the highly stable 5-(hydroperoxymethyl)-2’-deoxyuridine
(11). The hydrolytic decomposition of thymidine 5-hydroxy-6-hydroperox-
ides predominantly gives rise to the (5R")- and (55")-diastereomers of 1-(2-
deoxy--D-erythro-pentofuranosyl)-5-hydroxy-5-methylhydantoin (8). De-
pending on the presence of metal ions, the latter hydroperoxide may also
transform into the four cis and trans diastereomers of 5,6-dihydroxy-5,6-di-
hydrothymidine (ThdGly) (7) and N-(2-deoxy-S-D-erythro-pentofuranosyl)
formamide (6). In comparison, transformation of 5-(hydroperoxymethyl)-
2’-deoxyuridine (11) leads to the formation of 5-(hydroxymethyl)-2'-de-
oxyuridine (5-HMdUrd) (12) and to a much lesser extent, 5-formyl-2'-de-
oxyuridine (5-FordUrd) (13).



Effects of Duplex Stability on Charge-Transfer Efficiency within DNA 5

+O
CH
HN l ’ -e- HN CHs
P —
O N o N
|1 | 2
0 0
o
CH CH
HN A HN :
H |
o >N “oH 0
| 9
3
102 Joz
0 0
CH; o
HN 00° HN CR00
PP |
o >N SoH
|4 0 I|\I 10
l 02°-, H l 02°-, H
CH; CH,OOH
Ij\ OOH Hj]\ |
H
o N/H | 5
K o
0
f 0 CH,OH CHO
CH; . HN HN
O e LT 0
H o N 0 N
07 N on o ons | |
7 8 12 13

Scheme 1 Reactions of the thymidine radical cation in aerated aqueous solution

On the other hand, a number of thymidine oxidation products may be
formed from dismutation reactions of initial peroxyl radicals (4,10) generat-
ed by the one-electron oxidation of dThd 1 by MQ-photosensitization in aer-
ated aqueous solutions. These reactions give rise to highly reactive oxyl rad-
icals [34] that can either undergo hydrogen atom abstraction to give thymi-
dine glycols (7) or undergo S scission and 5,6-pyrimidine bond cleavage
with subsequent loss of a pyruvyl group. Ring contraction of the resulting
ureid may provide the (5R)- and (5S°)-diastereomers of 8 whereas hydroly-
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sis leads to the formation of formamide nucleoside 6. Dismutation reactions
of 10 would predominantly generate 5-formyl-2'-deoxyuridine (13).

Interestingly, one-electron oxidants partly mimic the effects of ‘OH radi-
cals in their oxidizing reactions with the thymine moiety of nucleosides and
DNA. In fact, the main reaction of ‘OH radicals with 1 is addition at C-5 that
yields reducing radicals in about 60% yield [34, 38]. The yield of ‘OH radical
addition at C-6 is 35% for thymidine (1) whereas the yield of hydrogen ab-
straction on the methyl group that leads to the formation of 5-methyl-(2'-de-
oxyuridylyl) radical (9) is a minor process (5%). Thus, the two major differ-
ences in terms of product analysis between the oxidation of dThd by one-
electron oxidants and that by the ‘OH radical are the distribution of thymi-
dine 5-hydroxy-6-hydroperoxide diastereomers and the overall percentage of
methyl oxidation products.

The structure of thymidine (Thd) hydroperoxides 5,11 was assigned on
the basis of extensive 'H and >C-NMR measurements and comparison to
authentic compounds obtained by chemical synthesis [33]. More recent-
ly, the X-ray crystal structure of cis-5-hydroperoxy-6-hydroxy-5,6-dihy-
drothymine was determined and its electronic properties were examined by
ab initio theoretical investigations [39]. The mixture of the four cis and trans
diastereomers of 5-hydroperoxy-6-hydroxy-5,6-dihydrothymidine (5) was
completely resolved by reversed phase high performance liquid chromatog-
raphy and each of the peroxides was individually detected using a sensitive
post-column reaction method [40]. Interestingly, the presence of 5-(hy-
droperoxymethyl)-2'-deoxyuridine (11) in the enzymatic digest of oxidized
DNA was recently assessed using a sensitive assay that involved combination
of HPLC analysis with tandem mass spectrometry detection (Ravanat and
Cadet, unpublished). The bulk of stable dThd oxidation products 6-8, 12,13
have also been identified on the basis of extensive 'H and '*C NMR, mass
spectrometry and X-ray diffraction analyses [41-47]. As will be discussed
later, the measurement of oxidized nucleosides including thymidine glycols
(7), 5-(hydroxymethyl)-2’-deoxyuridine (12) and 5-formyl-2’-deoxyuridine
(13) is now possible within DNA [48] using the highly and sensitive of
HPLC-tandem MS assay [16-18]. It may be added that evidence for the for-
mation of the latter two oxidized nucleosides 12,13 within DNA was provid-
ed from previous studies with type I photosensitizers, including menadione,
riboflavin, and a nitro derivative of lysine [49-52].

2.2
One-Electron Oxidation Reactions of Cytosine and 5-methylcytosine DNA Base

2'-Deoxycytidine (dCyd) (14 in Scheme 2) is also an excellent target for one-
electron oxidation reactions mediated by triplet excited menadione. On the
basis of extensive identification of dCyd photooxidation products, it was
concluded that this nucleoside decomposes by competitive hydration and
deprotonation reactions of cytosine radical cations with yields of 52% and
40%, respectively [53]. It was also found, on the basis of '*0 labeling experi-
ments, that hydration of cytosine radical cations (15) predominantly occurs
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at C-6, as observed for the related thymine intermediate 2. However, isola-
tion of the cis and trans diastereomers of 5-hydroperoxy-6-hydroxy-5,6-
dihydro-2'-deoxycytidine (18) is not possible due to their high instability.

The main stable oxidation products were the four cis and trans diastere-
omers of 5,6-dihydroxy-5,6-dihydro-2’-deoxyuridine (21) that arise from fast
deamination of the initially generated cytosine glycols 20. The glycols of
dCyd 20 were recently isolated and characterized [54]. A reasonable mecha-
nism for the formation of dCyd glycols 20 (Scheme 2) involves fast addition
of molecular oxygen to 6-hydroxy-5,6-dihydrocytosyl radicals (16) [32]. The
resulting peroxyl radicals 17 are expected to behave like the related thymine
hydroxyperoxyl radicals 4, being involved in dismutation reactions and/or
reduction processes that lead to the formation of hydroperoxides. In addi-
tion, N-(2-deoxy-f-D-erythro-pentofuranosyl)-formamide (6) and the (5R)-
and (5S")-diastereomers of N-(2-deoxy-B-D-erythro-pentofuranosyl)-5-hy-
droxyhydantoin (19) are generated (Scheme 2) through the rearrangement
of the pyrimidine ring as already observed for Thd (1).

Other degradation products of the cytosine moiety were isolated and
characterized. These include 5-hydroxy-2'-deoxycytidine (5-OHdCyd) (22)
and 5-hydroxy-2’-deoxyuridine (5-OHdUrd) (23) that are produced from de-
hydration reactions of 5,6-dihydroxy-5,6-dihydro-2’-deoxycytidine (20) and
5,6-dihydroxy-5,6-dihydro-2'-deoxyuridine (21), respectively. MQ-photosen-
sitized oxidation of dCyd also results in the formation of six minor nucleo-
side photoproducts, which include the two trans diastereomers of N-(2-de-
oxy-f-D-erythro-pentofuranosyl)-1-carbamoyl-4;5-dihydroxy-imidazolidin-
2-one, N'-(2-deoxy-B-D-erythro-pentofuranosyl)-N*-ureidocarboxylic acid
and the o and B anomers of N-(2-deoxy-D-erythro-pentosyl)-biuret [32, 53].
In contrast, formation of the latter compounds predominates in ‘OH radical-
mediated oxidation of the pyrimidine ring of dCyd, which involves preferen-
tial addition of ‘OH radicals at C-5 followed by intramolecular cyclization
of 6-hydroperoxy-5-hydroxy-5,6-dihydro-2'-deoxycytidine and subsequent
generation of the 4,6-endoperoxides [53].

On the other hand, the dCyd pyrimidine radical cation (15) undergoes
competitive deprotonation from the exocyclic N3 group giving rise to 2'-de-
oxyuridine (25) by way of an aminyl radical 24, and from the C-1’ position
of the sugar moiety leading to the release of cytosine [55]. The yield of 2'-
deoxyuridine is 36% whereas that of cytosine is only 4% of the total yield of
decomposition products. The release of cytosine involves N-glycosidic bond
cleavage and may be accounted for by loss of the anomeric proton and sub-
sequent transformation of the C-1'-neutral radical 26 into highly alkali-labile
2-deoxyribonolactone (27) [56]. This pathway probably involves the forma-
tion of related peroxyl radicals, loss of superoxide radical and further hy-
drolysis of the resulting sugar carbocation.

The formation of 5-hydroxy-2'-deoxycytidine (22) and 5-hydroxy-2'-de-
oxyuridine (23) that arise from dehydration of dCyd glycols 20 and related
dUrd derivatives 21, respectively, was assessed by HPLC-electrochemical de-
tection within calf thymus DNA upon exposure to photoexcited menadione
and subsequent enzymatic hydrolysis [57]. The latter two oxidized nucleo-
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Scheme 3 Main reactions of the radical cation of 5-methyl-2'-deoxycytidine in aerated
aqueous solutions

sides were also shown to be generated within isolated DNA by other type I
photosensitizers including riboflavin and to a lesser extent benzophenone
using an accurate HPLC-GC/MS assay [51].

Information is also available on the main chemical reactions of base radi-
cal cations (29) of 5-methyl-2'-deoxycytidine (5-MedCyd) (28), a minor
DNA nucleoside that plays a major role in regulating gene expression at CpG
sequences. Interestingly, deprotonation of 5-MedCyd radical cations readily
occurs with 60% yield. The main reaction involves loss of a proton from the
methyl group as previously observed for Thd. Subsequently, the (2-deoxy-
cytidylyl)-5-methyl radical 30 incorporates oxygen to give rise to the corre-
sponding peroxyl radical, which undergoes reduction by O, and then pro-
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tonation to yield 5-(hydroperoxymethyl)-2'-deoxycytidine (31) [58]. The
half-life of hydroperoxides at 24 °C was found to be 9.5£0.5 h. In addition,
two stable methyl oxidation products were isolated and assigned as 5-
(hydroxymethyl)-2’-deoxycytidine (32) and 5-formyl-2'-deoxycytidine (33).
They likely arise from a Russell mechanism [59, 60] that involves the tran-
sient formation of tetroxides through the condensation of two peroxyl radi-
cals. It was also shown that 5-formyl-2'-deoxycytidine (33) is the predomi-
nant MQ-mediated photooxidation product of 5-(hydroxymethyl)-2’-deoxy-
cytidine (32).

It may be noted that competitive deprotonation of 29 at C-1’ gives rise to
2-deoxyribonolactone (27) with the concomitant release of free 5-methylcy-
tosine as minor processes. Interestingly, competitive hydration of 5-MedCyd
radical cations (29) occurs exclusively at C-6 as inferred from labeling exper-
iments with '®0, (36) [61]. Thus, mass spectrometry analysis of the four cis
and trans diastereomers of 5-MedCyd glycols 36 showed that incorporation
of 180, takes place exclusively at C-5 of 6-hydroxy-5,6-dihydro-2’-deoxycy-
tyd-5-yl radicals (34).

An interesting feature of 5-MedCyd glycols 36 is the much higher stability
toward hydrolytic deamination compared to dCyd homologues 20, the cis di-
astereomers being more easily converted into the corresponding Thd glycols
7 than the trans forms [62]. The high selectivity of the hydration reaction
was confirmed by the lack of formation of the four cis and trans diastere-
omers of 3-(2-deoxy-B-D-erythro-pentofuranosyl)-1-carbamoyl-4,5-dihy-
droxy-5-methyl-2-oxo-imidazolidine. Indeed, the latter modified nucleosides
were found to be the predominant stable degradation products in aerated
aqueous solution arising from the fate of 5-hydroxy-5,6-dihydro-5-methyl-
2'-deoxycytid-6-yl radicals, the main "OH radical addition product of 5-Med-
Cyd 28. Fixation of O, to the latter radical is likely to give rise to the related
C-6 substituted hydroperoxide, which is able to undergo intramolecular cy-
clization with subsequent rearrangement of the pyrimidine ring.

23
One-Electron Oxidation Reactions of the Guanine DNA Base

As already mentioned, guanine is the preferential DNA target for one-elec-
tron oxidants. Various physical processes, including the direct effect of ion-
izing radiation [63] and bi-photonic high intensity UV lasers [64-66], to-
gether with type I photosensitizers [51, 67], are able to promote the forma-
tion of the radical cation 38 upon one-electron oxidation of the guanine
moiety of DNA and related nucleosides such as 2’-deoxyguanosine (dGuo)
(37). This is also the case for chemical agents that include Co (II) ion in the
presence of benzoyl peroxide [68] peroxyl and oxyl radicals [69] and several
radicals such as CO5~ [70] Bry ™, (SCN),~ [71] TI*" or SO~ [72].

The two overwhelming oxidation products of the purine moiety of dGuo
37 arising from the transformation of guanine radical cations 38 were iso-
lated and identified as 2,2-diamino-4-[(2-deoxy-f-D-erythro-pentofura-
nosyl)amino]-5(2H)-oxazolone (41) and its precursor 2-amino-5-[(2-deoxy-
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B-D-erythro-pentofuranosyl)amino]-4H-imidazol-4-one (40) [73, 74]. The
mechanism of their production (Scheme 4) may be rationalized in terms of
the transient formation of oxidizing guanilyl radicals 39 that arise from de-
protonation of 38 [75]. The resulting neutral radicals of dGuo(-H)' 39 may
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also be generated through dehydration from the overwhelming "OH radical
C-4 adduct of the guanine moiety (k=6x10° s™!). In a subsequent step, 39 or
tautomeric C-5 centered radicals are expected to react with O, or more likely
0, with an estimated rate constant of 3x10° M~! s7! [75]. Then, addition of
water is expected to take place at the 7,8-double bond of resulting peroxyl
radicals, followed by rearrangement. The release of formamide [76] leads to
the formation of oxazolone 41 through quantitative hydrolysis of unstable
imidazolone 40 (half-life=10 h in aqueous solution at 20 °C) [73, 74]. Howev-
er, side-oxidation of 8-0x0-7,8-dihydro-2’'-deoxyguanosine (8-oxodGuo) 44
by highly oxidizing oxyl radicals 39 may also contribute to the formation of
the oxazolone 41 and imidazolone 40 nucleosides. It may be noted that both
41 [77] and 40 [78] are strongly alkali-labile compounds whereas 8-oxodGuo
44 under similar hot piperidine treatment is stable in terms of DNA strand
cleavage [77, 79].

Interestingly, the nucleophilic addition of water in the sequence of events
giving rise to 41 represents a relevant model system for investigating the
mechanism of the generation of DNA-protein cross-links under radical-me-
diated oxidative conditions [80, 81]. Thus, it was shown that lysine tethered
to dGuo via the 5'-hydroxyl group is able to participate in an intramolecular
cyclization reaction with the purine base at C-8, subsequent to one electron
oxidation [81].

A second major radical-induced decomposition pathway of dGuo 37 in-
volves reducing 8-hydroxy-7,8-dihydroguanyl radicals (42) [82] that arise
through either hydration of guanine radical cations 38 or addition of ‘OH
radicals at C-8 of 37 (17% yield) (Scheme 4). However, the formation of 44
upon exposure of dGuo 37 and single stranded DNA fragments to one-elec-
tron oxidants is only a minor process [83]. This may be accounted for by an
efficient deprotonation of guanine radical cations 38 at neutral pH [82] since
its pK, is 3.9. In contrast, hydration of 38 is efficient within native DNA [84]
in which guanine radical cations are likely to be stabilized through base
stacking and base pairing. This was found to lead to the predominant forma-
tion of 8-oxodGuo 44 together with small amounts of 2,6-diamino-4-hy-
droxy-5-formamidopyrimidine (FapyGua) (43) in aerated aqueous solution
(98). Oxidation of transient 8-hydroxy-7,8-dihydro-2'-deoxyguanosyl radi-
cals (42) leads to the formation of 8-oxodGuo (44), whereas competitive re-
duction of the latter intermediate gives rise to FapyGua 43. This involves
scission of the C-8-N-9 bond of the radical precursor 42 with a rate of
k=2x10> s7! as determined by pulse radiolysis measurements [75]. Interest-
ingly, relevant chemical and biochemical features of FapyGua 43 and its ade-
nine homologue 49 have recently become available [85-88]. By site-specifi-
cally inserting unstable FapyGua derivatives into defined sequence DNA
fragments as dinucleoside monophosphates, it was found that this modifica-
tion is a weakly piperidine-labile lesion [87].

Relevant kinetic information on two competitive reactions of guanine rad-
ical cations within double stranded DNA, namely hydration and hole trans-
fer to another guanine residue, has been examined [13]. Thus, the pseudo-
order rate for hydration of guanine radical cations 38 has been estimated to
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be 6x10* s7! at neutral pH. This is lower by about two orders of magnitude
than the rate of hole migration between single guanines separated by two AT
base pairs [13]. The rate constant of guanine radical decay in DNA is esti-
mated by direct absorption to be slower, in the order of 100 ps time-scale or
<1x10*s7! [89].

2.4
One-Electron Oxidation Reactions of Adenine DNA Base

One-electron oxidation of the adenine moiety of DNA and 2'-deoxyadenos-
ine (dAdo) (45) gives rise to related purine radical cations 46 that may un-
dergo either hydration to generate 8-hydroxy-7,8-dihydroadenyl radicals
(47) or deprotonation to give rise to the 6-aminyl radicals 50. The formation
of 8-0x0-7,8-dihydro-2’-deoxyadenosine (8-oxodAdo) (48) and 4,6-diamino-
5-formamidopyrimidine (FapyAde) (49) is likely explained in terms of oxi-
dation and reduction of 8-hydroxy-7,8-dihydroadenyl precursor radicals 47,
respectively [90]. Another modified nucleoside that was found to be generat-
ed upon type I mediated one-electron oxidation of 45 by photoexcited ribo-
flavin and menadione is 2’-deoxyinosine (51) [29]. The latter nucleoside is
likely to arise from deamination of 6-aminyl radicals (50). Overall, the yield
of formation of 8-oxodAdo 48 and FapyAde 49 upon one-electron oxidation
of DNA is about 10-fold-lower than that of 8-oxodGuo 44 and FapyGua 43,
similar to ‘OH radical mediated reactions [91].

Interestingly, it was recently shown that the one-electron oxidation reac-
tion promoted by photoexcited menadione (MQ) gives rise to Né-formylade-
nine (52) and N°-acetyladenine (53) residues (Scheme 5) in several dinucleo-
side monophosphates including d(ApA), d(CpA) and d(ApC) [92].

2.5
One-Electron Oxidation of 8-oxodGuo

There is a growing body of evidence showing that 8-oxodGuo 44, which has
an oxidation potential about 0.5 eV lower than that of dGuo 37 [93], is a
preferential target for numerous one-electron oxidizing agents. These in-
clude Na,IrCls [94, 95], K3Fe(CN)s, CoCl/KHSOs [96], high-valent chromi-
um complex [97] peroxyl radicals [98], triplet ketones, oxyl radicals [99]
ionizing radiation through the direct effect [100], and riboflavin as a type I
photosensitizer [101].

Insights were recently gained into the kinetic features of the one-electron
oxidation of 8-oxodGuo 44 by various inorganic and organic radicals includ-
ing Br,”, N3, SO4~, CH;0;, CCl;0;, TyrO, Trp* and dGuo(H) 39 [102].
The rate of reaction of the latter oxyl radicals 39 arising from deprotona-
tion of the guanine radical cations 38 with 8-oxodGuo 44 was found to be
0.46x10° M~! s7! at pH 7.0. This fast reaction, together with the fact that the
rate of O, addition to oxyl guanine radicals 39 is likely to be very low
(k<10?> M~! s71), would explain why 8-oxodGuo 44 is barely detectable upon
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steady-state gamma radiolysis of an aerated aqueous solution of dGuo 37. In
fact 8-oxodGuo 44 is consumed as fast as it is produced through an oxida-
tion reaction with dGuo(-H)" 39.

Interestingly, the two (R")- and (S”)-diastereomers of spiroiminodihydan-
toin (Sp) nucleosides 56 were found to be the predominant one-electron oxi-
dation products of 8-oxodGuo 44 and 8-oxo-7,8-dihydroguanosine (8-ox-
oGuo) at neutral pH. The formation of (Sp) containing products 56 was ra-
tionalized by the transient generation of 5-hydroxy-8-oxo0-7,8-dihydrogua-
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nine derivatives (55) that rearrange via an acyl shift (Scheme 6). The latter
precursors were found to undergo a different decomposition pathway under
slightly acidic conditions; this involves opening of the 5,6-pyrimidine ring
followed by a decarboxylation reaction and formation of the two diastere-
omers of guanidinohydantoin (Gh) derivatives 57. It was suggested that the
latter Gh nucleosides 57 exist in a dynamic equilibrium with a pair of di-
astereomeric iminoallantoin compounds 58 [95, 101]. The oxazolone nucleo-
side 41, together with its imidazolone 40 precursor were also found to be
one-electron oxidation products of 8-oxodGuo 44, although they were gener-
ated in lower yields than (Sp) 56 and (Gh) 57 nucleosides [101].
Peroxynitrite is able to oxidize 8-oxoGuo through the intermediacy of
CO5~ radicals generated in bicarbonate buffered aqueous solutions. This
was found to lead to the predominant formation of (Sp) ribonucleosides in
the presence of thiols [103]. Several secondary ONOO mediated oxidation
products of 8-oxodGuo 44 were characterized within oligonucleotides in-
cluding oxazolone 41, oxaluric acid and cyanuric acid [104]. The two di-
astereomers of the (Sp) 2’-deoxyribonucleosides 56 were found to be the
main reaction products of 8-oxodGuo 44 with either HOCI or a myeloperox-
idase-H,0,-Cl™ system. The formation of Sp containing nucleosides 56 was
accounted for by either initial CI* addition or two electron oxidation of the
base moiety of 44 [105]. The reactivity of 8-oxodGuo 44 residues toward
various one-electron oxidation agents was investigated in defined DNA frag-
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ments that show different sequence context [106]. Interestingly, it was shown
that 8-oxodGuo 44 residues, when stacked in a duplex with a 3’ neighboring
guanine, were more susceptible to one-electron oxidation than any other
possible doublet with the three other normal bases. This finding, which par-
allels the previously higher observed reactivity of the 5 guanine in GG dou-
blets toward one-electron oxidants, is in agreement with ab initio calcula-
tions of the ionization potential of nucleobases. It should be pointed out that
in contrast to one-electron oxidation, the reaction of !0, with 8-oxodGuo 44
does not show any marked sequence selectivity.

3
High Intensity UV Laser Photochemistry of Isolated DNA:
Photophysical Features

A convenient way to induce the formation of radical cations of the purine
and pyrimidine bases within DNA is by the use of high intensity 266 nm la-
ser pulses [65]. Indeed, at this wavelength, the absorption of incident pho-
tons is approximately equal for the four normal bases of DNA. Each of the
nucleobases are initially excited to their first singlet excited state (see Fig. 1).
In the case of nanosecond laser pulses, one can expect that the excited spe-
cies have time to undergo intersystem crossing to the corresponding triplet
excited state. Due to the high intensity of UV laser pulses, the relatively
long-lived triplet state likely absorbs a second photon. The energy absorbed
by the molecule in this biphotonic process exceeds the ionization threshold
of purine and pyrimidine bases by more than two eV, and as a result, it di-
rectly yields the radical cations of DNA bases [30]. This occurs roughly with
the same efficiency for the four bases.

The formation of final oxidation products such as 8-oxodGuo 44, 8-oxo-
dAdo 48, 5-HMdUrd 12 and 5-FordUrd 13 is monitored using the highly spe-
cific method of HPLC-MS/MS [17]. Application of this powerful technique
as described in the next section has also been extended to the quantitative
measurement of the main DNA photoproducts that arise from the reaction

Biphotonic products: ¢ T+o
oxidized nucleosides

lonization
energy

ISC\‘T

hv \ .
Monophotonic products:
3 ——— pyrimidine dimers
0
Singlet states Triplet states

Fig. 1 Principles of UV laser-induced biphotonic ionization of DNA bases
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of singlet and triplet excited pyrimidine bases with adjacent ground state
thymine or cytosine bases. This leads to the formation of cis-syn cyclobu-
tadipyrimidines together with pyrimidine (6-4) pyrimidone photoproducts
and their Dewar valence isomers [29, 107, 108].

3.1
HPLC-MS/MS Measurement of One- and Two-Photon Induced DNA Base Modifications

A specific approach for the measurement of base damage to DNA involves
the hydrolysis of DNA into monomeric units. Acidic hydrolysis leads to the
release of bases while enzymatic treatment yields nucleosides. The resulting
mixture of lesions together with the overwhelming presence of normal bases
or nucleosides is resolved by chromatography. The targeted damage is then
quantified by use of specific detection systems.

Enzymatic digestion followed by HPLC with electrochemical detection is
a widely used assay for the quantification of 8-oxodGuo 44 [109, 110]. This
reliable technique however can only be extended to a few other lesions, in-
cluding 8-oxodAdo 48 [111], 5-OHdCyd 22 and 5-OHdUrd 23 [57], as well as
the corresponding bases [112]. A more versatile technique combines gas
chromatography separation with mass spectrometry detection [113, 114].
However, this assay suffers from several drawbacks [115], particularly hot
acidic hydrolysis of DNA that may degrade sensitive lesions such as purine
formamidopyrimidine derivatives [116, 117]. In addition, caution must be
taken against artifactual oxidation that occurs during the silylation step,
which is required in the preparation of volatile derivatives of DNA bases
[118, 119].

More recently, high performance liquid chromatography with tandem
mass spectrometry has emerged as a powerful tool to investigate DNA base
damage. In this technique, the modified nucleosides are separated from nor-
mal DNA components by HPLC and the eluent is introduced into a triple
quadrupolar mass spectrometer. The protonated or deprotonated pseudo-
molecular ion of the targeted compound is ionized in an electrospray source
and isolated by the first quadrupole. The ion is then directed towards the
second quadrupole that contains a low pressure inert gas (nitrogen or ar-
gon). Collision of the accelerated pseudo-molecular ions with gas molecules
leads to fragmentation of the former species. The resulting ions, whose dis-
tribution is unique to each compound, are then isolated in the third quadru-
pole. This tandem mass spectrometer is used as a highly specific detector in
which the major fragmentation products are detected and quantified. A high
sensitivity is also achieved because of low background noise. Amounts as
low as a few fmol of injected material on the HPLC column can be detected.
It may be added that mass spectrometry detection is quantitatively a very
precise method because heavy isotopes (>C,'°N) of the analyte may be
added as internal standards in order to correct for losses of the analyte dur-
ing sample preparation.

HPLC-MS/MS has been applied to the quantification of several types of
radical-induced base damage within DNA [16, 17, 120-122]. In particular,
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five oxidized nucleosides were simultaneously detected from enzymatically
digested DNA. For DNA digestion, incubation with a combination of exo-
and endonucleases and phosphatase was necessary to quantitatively release
all targeted compounds [17]. Formamidopyrimidine derivatives of guanine
and adenine are quantified as free bases following mild room temperature
formic acid hydrolysis. Quantification of oxidized nucleosides and Fapy
derivatives is extremely precise because of isotopic dilution methodology.

The HPLC-MS/MS assay was also successfully applied to the measure-
ment of UV-induced dimeric pyrimidine photoproducts [123, 124]. The
latter lesions were released from DNA as modified dinucleoside monophos-
phates due to resistance of the intra-dimer phosphodiester group to the
exonuclease activity during the hydrolysis step [125, 126]. The hydrolyzed
photoproducts exhibit mass spectrometry and chromatographic features
that allow simultaneous quantification of the three main classes of photole-
sions, namely cyclobutane dimers, (6-4) photoproducts, and Dewar valence
isomers, for each of the four possible bipyrimidine sequences. It may be
added that these analyses are coupled to UV detection of normal nucleo-
sides in order to correct for the amount of DNA in the sample and obtain a
precise ratio of oxidized bases or dimeric photoproducts to normal nucleo-
sides.

3.2
Intensity Dependence on the Product Distribution

A series of experiments investigated the effect of laser pulse intensity on the
distribution of damage. For each pulse intensity, DNA samples were exposed
to three different doses. The quantum yield for the formation of lesions,
expressed with respect to total DNA bases, was then calculated by linear
regression analyses. At all intensities, the formation of lesions was found to
be linear with respect to the applied dose. Oxidized nucleosides, including
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Fig. 2 Effect of the laser intensity on the quantum yield of formation of oxidized bases
(¢ox) and pyrimidine dimeric photoproducts (@qim)
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Fig. 3 Effect of UV laser intensity on the distribution of oxidation products. DNA was
solubilized in 1 mM pH 7 TRIS buffer in order to stabilize the duplex

8-0x0dGuo 44, 8-oxodAdo 48, 5-FordUrd 13, 5-HMdUrd 12 and thymidine
glycols (ThdGly) 7, were quantified by HPLC-MS/MS, together with cyclobu-
tane pyrimidine dimers and pyrimidine (6-4) photoproducts that arise from
dimerization of adjacent pyrimidine bases via monophotonic excitation. The
occurrence of DNA ionization mediated by biphotonic processes is shown
by an inverse association between the quantum yield for the formation of
oxidation products compared to that for the formation of dimeric pyrimi-
dine photoproducts as a function of laser intensity (see Fig. 2). This is in
agreement with previous results showing an increase in the quantum yield
of Fpg-sensitive site in oligonucleotides exposed to laser pulses with increas-
ing intensity [64].

Interestingly, 8-oxodGuo 44 was the main product among quantified oxi-
dized bases (see Fig. 3). However, its relative yield with respect to the other
oxidative lesions was found to decrease with increasing laser intensity (91
and 75% of the quantified oxidized bases at 20 and 350 mJ/cm?, respectively,
upon irradiation in 1 mM TRIS buffer). This suggests that the equilibrium
between the number of guanine bases in the triplet-excited state on the one
hand, and radical cation forms on the other hand, is reached at relatively
low intensities in comparison to other DNA bases. This result cannot be ex-
plained by favored population of the triplet state of guanine, which is rela-
tively high in energy compared to that of the other bases [30]. The most like-
ly explanation involves the transfer of positive charges from other base radi-
cal cations toward guanines. Hence, the difference in the saturation intensity
of the quantum yield for the formation of oxidative lesions constitutes an in-
direct measure of charge migration distances between bases.

4
Effect of Duplex Stability on Charge Transfer

The quantum yield for the formation of 8-oxodGuo 44 from guanine in rela-
tion to the formation of products arising from the oxidation of other nucle-
obases may be considered as a marker of charge transfer efficiency. This pa-
rameter was therefore used to study the influence of duplex stability on
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Fig. 4 Effect of DNA duplex stability on the formation of DNA lesions. Samples (75 pg/
ml of calf thymus DNA) were solubilized in pure water. The different conditions were:
“heated” (the solution was heated at 100°C prior to irradiation); “control” (irradiations
were performed at room temperature); “compacted” (irradiations were performed in
the presence of 0.1 mM spermidine)

charge transfer. The stability of DNA was controlled by modifying the ionic
strength of irradiated solutions, heating the solution prior to irradiation, or
adding spermidine that leads to more compacted DNA. The ratio between
the yield of cis,syn and trans,syn diastereomers of thymine cyclobutane di-
mers (¢,s T<>T and t,s T<>T, respectively) was taken as a measure of the
stability of DNA duplexes. Indeed, the latter ¢,s cyclobutadithymine is hardly
produced in stable B-form DNA [124]. In a first series of experiments, calf
thymus DNA was diluted in pure water and heated with or without spermi-
dine prior to irradiation. Irradiations were performed at the highest laser
pulse intensity in order to favor biphotonic ionization. Thereby, it became
clear that, as the stability of duplexes increased from heated to compacted
DNA, the ratio between the cis,syn and trans,syn thymine cyclobutane di-
mers increased as well (see Fig. 4). Simultaneously, the proportion of 8-ox-
0odGuo 44 within oxidized nucleosides also increased, reaching 32, 52 and
77% of the quantified oxidized bases in heated, control and compacted
DNA, respectively. This strongly suggests that the efficiency of charge trans-
fer increases upon stabilization of DNA duplexes.

The role of duplex stability on charge transfer was confirmed by the effect
of laser intensity on the relative yield of 8-oxodGuo 44. Indeed, the results
indicate that charge transfer is directed towards guanine residues because
the quantum yield of formation of 8-oxodGuo 44 reaches a point of satura-
tion at much weaker intensity compared to that of other modifications.
Therefore, one might anticipate that the difference in the relative yield of
8-0x0dGuo 44 between low and high intensity would be small under condi-
tions of efficient charge transfer. This was actually observed in experiments
in which the ratio of 8-oxodGuo 44 at low (20 mJ/m?) to high (350 mJ/m?)
intensities was 2.1, 1.5 and 1.1 for heated, control and compacted DNA. Sim-
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ilar observations, in terms of the relative yield of 8-oxodGuo 44 at high in-
tensity and the effect of pulse intensity on the distribution of oxidative dam-
age, were made when the DNA duplex was stabilized by the addition of in-
creasingly higher concentrations of TRIS.

The observation that stabilization of the DNA duplex favors charge trans-
fer sheds some light on the mechanism of this process. Two very different
mechanisms of charge transfer have been advanced, which include long dis-
tance coupling between bases within a 7-stack [127, 128] and hopping of the
electron hole between sites of low ionization potential (guanine or GG dou-
blets) [129, 130]. A more refined version of the latter process involves delo-
calization of the positive hole between several bases similar to a polaron [11,
131]. Interestingly, theoretical calculations based on the latter model led to
the conclusion that charge transfer efficiency increases with increasing du-
plex stability [132]. This contrasts with other calculations based on the hy-
pothesis of super-exchange that predicts an increase in charge transfer with
DNA fluctuations [133, 134]. On the basis of results with biphotonic ioniza-
tion of DNA and HPLC-MS/MS analysis of the photoproducts, the former
hypothesis seems to be the most important.

5
Conclusion

Evidence is provided in this chapter that HPLC-MS/MS quantification of
specific one-electron oxidation products of purine and pyrimidine bases is
a powerful tool for the study of charge transfer processes within DNA. Al-
though this approach does not give sequence information about the dam-
age, it does give unambiguous identification and quantitation of several
DNA modifications arising from one-electron oxidation. This approach is
complementary to the common assay that involves mapping DNA lesions
at nucleotide resolution after cleavage of defined sequence defined DNA
fragments at the site of the damage by either hot piperidine treatment or
upon incubation with DNA N-glycosylase repair enzymes. Indeed, the
latter assay does not provide unambiguous identification of the modified
bases.

It should be added that some lesions are resistant to the chemical or enzy-
matic treatments aimed at inducing strand breaks, and so they are not re-
vealed, leading to loss of structural and mechanistic information. Another
point of concern is the occurrence of secondary oxidation reactions that in-
volve 8-0xodGuo 44, a major product of guanine oxidation that is suscepti-
ble to further oxidation (vide supra). Therefore, it will be necessary to in-
crease the sensitivity of detection in the methods used for mapping oxidative
base damage at the sequence level in order to detect damage at a low overall
extent, and minimize the occurrence of secondary reactions. Additional ef-
forts should be made to allow for the detection of damage at the nucleotide
level in a more specific and also more extensive manner, including for exam-
ple the measurement of FapyGua 43 and oxidation products of adenine. To
achieve this goal, we will need to carefully delineate the stability of lesions to
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alkali treatment and of the substrate specificity of DNA glycosylases used to
reveal the presence of chemical damage within sequence defined DNA
probes. The design of specific oxidation conditions that convert base dam-
age such as 8-oxodAdo 48 into piperidine labile sites or that are recognized
by DNA repair N-glycosylases should be researched.
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1
Introduction

Assays developed for the study of long distance charge transfer through
DNA have to include the following experimental steps:

. Attachment of the charge injection system to DNA
. Injection of the charge into a DNA base

. Migration of the charge through DNA

. Detection of the charge

W N =

As described in this book, the individual research groups use different
charge injection systems, which contain artificial molecules attached in dif-
ferent ways to the DNA. Their activation by light, reduction, or oxidation
leads to systems with different redox potentials. Therefore, the observed
rates of charge injection into a DNA base vary from assay to assay. Once a
DNA base is oxidized or reduced, it triggers charge transfer through DNA,
which should be mainly independent of the injection system. But the meth-
od of charge detection in the DNA strand can influence the experimental re-
sults. For example, a chemical trapping of the charge depends upon the re-
agent and the reaction conditions. Therefore, a general picture of the charge
transfer through DNA can be concluded from experimental results only if
the different experimental conditions for the charge injection and the charge
detection are well understood and taken into account. A simple, direct
comparison of the experimental results that neglects the boundary condi-
tions of the various assays leads to confusion. A similar warning is given by
K. Nakatani and I. Saito in their article of this volume.

We will discuss an electron hole injection system that is quite different
from all the other ones described in this book.

2
Hole Injection

2.1
Injection System

Our method of hole injection into DNA is based on the higher oxidation
potential of the enol ether radical cation 1 compared to the guanine radical
cation 4. The generation of an enol ether radical cation 7, which can be used
for hole transfer experiments in DNA, starts from the modified nucleotide 5
[1], whose photolysis forms the nucleotide radical 6. In double and single
stranded oligomers radical 6 cleaves the -C,0-bond with reaction rates of
102-10%s7" [2] leading to radical cation 7 in high yields [3] as long as radical
traps like O, are absent (Scheme 1).

Enolether radical cation 7, generated in a double strand, oxidizes selec-
tively a nearby guanine base (G) in the same double strand [3, 4]. This elec-
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Scheme 1 Generation of guanine radical cation 4 and sugar radical cation 7

tron transfer step (7—8) competes with the addition of water to the radical
cation 7, which leads to products 9 and 10 in irreversible, pseudo first order
reactions (Scheme 2). The three products 8, 9 and 10 can be separated and

T {
— .O —_— ®o_
$ $ OH 9

§ §
®o_ ®o
0. O
L HO/{ 7 \{//O
10

Scheme 2 Competition between electron transfer (7—8) and water trapping (7—9+10)
of sugar radical cation 7

quantified by HPLC [3]. They are the only products formed from the radical
cation 7 under our conditions. In test experiments, we have shown that the
water trapping reaction of 7 does not depend upon the DNA strand. There-
fore the product ratios 8/(9+10) are the relative rates of the charge injection
step into a guanine of the DNA. Because we have determined the pseudo first
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Fig. 1 Influence of the pH value on the ratio of the electron transfer, forming enol ether
8, and the water trapping, yielding products 9+10, of the enol radical cation 7 in a DNA
double strand

order rate of the water trapping to 103%™ (pH 5.0), the absolute electron
transfer rates could be measured in competition experiments [3].

The efficiency of this injection system depends upon the reaction condi-
tions. O,, which traps the first formed radical 6, reduces the yield of enol
ether 8. Therefore, we are using our assay under anaerobic conditions. Also,
the pH of the solution influences the product ratio because it changes the
nucleophilicity of the water. Figure 1 shows how the efficiency of the elec-
tron transfer is reduced as the pH value increases from 5.0 to 7.0 [5]. This is
in accord with an increase of the nucleophilicity of water, which traps the
radical cation (7—9+10) in competition to the electron transfer step (7—8).

2.2
Injection into DNA

The modified nucleotide 5 was synthesized and site selectively incorporated
into double strands [1, 6]. The experiments were carried out with long oligo-
mers so that after strand cleavage (5—7), the three strands remained base
paired. It turned out that from the four natural DNA bases a positive charge
(hole) was injected from the sugar radical cation 7 only into guanine [4, 7],
the base of lowest oxidation potential [8]. With A:T base pairs as possible
electron donors the water trapping of the enol ether radical cation
(7—9+10) was faster than a charge injection (7—8). We have studied the de-
tails of the charge injection step, where a G:C base pair is the electron donor,
the (A:T), sequence is the bridge, and the enol ether radical cation is the
electron acceptor (Scheme 3).

According to the Marcus theory [9], the electron transfer rate depends
upon the reaction enthalpy (AG), the electronic coupling (V) and the reorga-
nization energy (1). By changing the electron donor and the bridge we mea-
sured the influence of these parameters on the charge transfer rate. The re-
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Scheme 3 Charge transfer from the sugar radical cation to guanine (G)

action enthalpy was varied by exchanging guanine (G) by 8-oxoguanine
(G°*°) and 7-deazaguanine (G?%). The data in Fig. 2 show that the decrease of
the ionization energy of these electron donors [10] leads to an increase of

D ker(10°s™)
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|
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Fig. 2 Electron transfer rate from guanine and guanine derivatives to the enol ether rad-
ical cation

the charge transfer rate [7]. Interestingly, the exchange of a single G by a
GGG triplet as electron donor only slightly influences the electron transfer
rate [4] although the positive charge at a guanine is stabilized by surround-
ing guanines. Similar results were also obtained by time resolved experi-
ments of M.E. Michel-Beyerle [11] as well as E.D. Lewis (see his article in this
volume).

The influence of the electronic coupling on the electron transfer rate was
determined by changing the length of the (A:T), bridge. As expected, the
rate decreased as the number # of the A:T base pairs between electron donor
and electron acceptor increased [4, 7]. But, surprisingly, the exponential cor-
relation of Eq. (1) between the rate kgrand the distance is not valid for short
distances. The plots in Fig. 3 and Fig. 4 show that at 6 A the electron transfer
rate kgt is much faster than expected [4, 7].
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Fig. 3 Distance dependence of the relative electron transfer rate from a single guanine to
the enol ether radical cation

Such a rate increase at short distances has been observed also by M.E.
Michel-Beyerle [12] in time resolved experiments with a photoactivated acri-
dinium ion as electron acceptor. This effect can be explained by the influ-
ence of the distance on the solvent reorganization energy As. The solvent
reorganization energy is small for charge shifts over short distances, and it
increases with the distance until it reaches a plateau. In this plateau area the
solvent reorganization energy remains constant and Eq. (1) can be applied:

Inkgr o —B- Ar (1)

The B-value in this area is 0.6+0.1 A™! for our injection system. A B-value
in this order seems to be typical, as the articles by ED. Lewis and V.
Shafirovich in this volume show. Also, the data of Fig. 5 are interesting. They
demonstrate that distance holders in the bridge whose ionization energies
are too high to become oxidized by 7 only slightly influence the rate of the
electron injection in our system [7]. However, an abasic site (H) increases

9 L
—C GZ log kET
(Fa "), 8
o)
—A T
OPO5%~ 7
6 L
6 10 15
Ar (A)

Fig. 4 Distance dependence of the electron transfer rate from 7'-deazaguanine G (see
Fig. 2) to the enol ether radical cation
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Fig. 5 Influence of the bridging substituent Y on the electron transfer rate from a 7'-
deazaguanine GZ (see Fig. 2)

the rate, presumably because it decreases the distance between donor and
acceptor by enhancing the flexibility of the DNA strand [7].

23
Injection into Single Strands

Single stranded oligomers exhibit a completely different behavior than dou-
ble strands. As shown in Fig. 6, the increase of the number # of thymine bas-
es in the bridge between the electron donor guanine and the enol ether radi-
cal cation as electron acceptor influence the rate of the electron transfer only
slightly. This can be explained by the flexibility of the single strand, which
levels out the distance between donor and acceptor [13].

log k

| | I 1
0 1 2 3 4 n

Fig. 6 Hole injection into a guanine (G) in single strands, which is separated from the
enol ether radical cation by various numbers of thymidines [T],
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3
Hole Transfer through DNA

3.1
Analytical Method

Having injected the positive charge into a guanine base, the question arises
as to whether this guanine radical cation (G™) can induce charge transfer
through DNA. In assays like 11 where the guanine is oxidized by a photoex-
cited injection system (11—12), the back electron transfer (12—11) is a
severe problem because it is exothermic and therefore often faster than the
thermoneutral electron transfer from a guanine within the DNA duplex
(12—13) (Scheme 4). In our system 14 the back electron transfer (15—14) is

g charge i P

cG injection CG charge c G**

3 hv 3 transfer ]

CG - C G*e _— CG

d 3 back electron : .; thg’,ﬂih { .;

Inj transfer meln) meln

11 12 13

}3 (§3 charge é §G charge é) (§3“

§ 3 injection § 3 transfer § 3

» J. —

? ? $ 3C ZG through % ?
“enj Inj DNA nj

14 15 16

Scheme 4 Charge injection from the photoexcited state (11—12) and from the ground
state (14—15)

endothermic because it would occur from the enol ether in the ground state
(Scheme 3). Therefore, in our assay the positive charge can migrate between
the guanines (15—16) without the danger of a competing back electron
transfer from the charge injection system.

The guanine radical cations (G™*) are detected by their reactions with
water, which leads after treatment with piperidine or ammonia to selective
strand cleavage [14]. A similar charge detection method was used by J.K.
Barton, G.B. Schuster and I. Saito as described in their articles in this vol-
ume. The cleavage products were separated and quantified by gel electro-
phoresis. A typical example is shown in Fig. 7 where the GGG unit acts as a
thermodynamic sink for the positive charge, and the efficiency of the charge
transfer can be measured by the product ratio Pggg/Pg.
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Fig. 7 Histogram showing the products Pg and Pggg, formed after charge injection into
G, water trapping of the guanine radical cations and subsequent strand cleavage

But the ratio of the products Pggs/Pg depends not only upon the charge
transfer but also upon the water trapping reaction rate [15]. This water trap-
ping of a guanine radical cation should change if the reaction conditions are
modified. For example, in strand 17 (Fig. 8), the product ratio Pggg/Pg; de-
creases from 30 to 9 if the pH value is increased from 5.0 to 7.0 [16]. Obvi-
ously, the water trapping of the guanine radical cation G;™, which competes
with the hole transfer to GGG, is more efficient at pH 7.0 than at pH 5.0,
which can be explained by an increase of the water nucleophilicity (see also
Fig. 1).

Also, the distance of the injection system from the first oxidized guanine
influences the product ratio Pgse/Pg1, because the injection system itself can
influence the water trapping rate of the nearby G;*. Therefore, the experi-
mentally detected efficiencies of the charge transfer (measured by the ratio
of the chemical products) depend upon the special injection system and the
reaction conditions. This has to be taken into account if the experimental re-
sults obtained under different reaction conditions are to be compared with
each other.

3—CAACCC—5
5 @ ‘5T TGGG— 3

|1

Ps,  Pscs

17

pH Pace/Ps

5.0 30

7.0 9.0
Fig. 8 Influence of the pH value on the product ratio Pggs/Pg, formed after charge injec-
tion into G, water trapping of the guanine radical cations and subsequent strand cleav-
age



36 Bernd Giese

3.2
Single Step Charge Transfer Between Guanines

In order to determine the influence of the bridge length on the efficiency of
the hole transfer between guanines, we studied double strands where the
number of (A:T), base pairs between the guanines were varied (Fig. 9). In
these experiments the GGG unit acts as a thermodynamic sink for the charge
[17].

C ACccCC CAACCC
*G TG G G *"GTTGGG
Pgga/Pg = 250 Pgga/Pg =305
intensity intensity
Position Position Position

Fig. 9 Histograms for three different strands showing the products Pg and Pggg formed
after charge injection into G, water trapping of the guanine radical cations and subse-
quent strand cleavage

The data of Fig. 9 show that an increase of the (A:T), sequence from n=13
drastically decreases the efficiency (Pggg/Pg) of the charge transfer. A plot of
these ratios against the distance Ar according to Eq. (2) gives a f-value of
0.6+0.1 A1,

IOgPGGG/PG o — ﬂ -Ar (2)

Similar results are described by K. Nakatani and I. Saito in their article of
this volume. The distance effect is in accord with a single step charge shift
between the guanines where the A:T base pairs act as bridge that are not ox-
idized during the reaction, as described in the articles of J. Jortner, ED. Lew-
is as well as D. Beratan and M. A. Ratner in this volume.

3.3
G-Hopping

In DNA sequences where the water trapping of a guanine radical cation
(G™) is slower than the hole transfer between the guanine bases, the charge
shift should not stop after the first step. We have demonstrated this by an
experiment shown in Fig. 10 where all single guanines lead to water trapping
products [18]. The experiment can be described by a reversible diffusion of
the charge between the guanine charge carriers so that the overall charge
transport over long distances occurs in a multistep hopping process. The ex-
periments of K. Nakatani and I. Saito, described in this volume, also show
that single guanines are carriers of the positive charge. The theoretical treat-



Hole Injection and Hole Transfer through DNA: The Hopping Mechanism 37

—+C AACAACAACAACCC—¥
—GIT TG TGI TG4 TGGG — 3

‘injection leol j J H

400 PG1 PGZ PG3 PG4 PGGG

charge

300
Intensity|
200
P, Pe, Pg,

100

L

Fig. 10 Histogram showing the products Pg and Pggg formed after charge injection into
G, water trapping of the guanine radical cations and subsequent strand cleavage

Position ——

ment of such a hopping reaction is described in the articles of J. Jortner as
well as D. Beratan and M.A. Ratner.

But the experimental results of hopping experiments using this assay can
be easily overinterpreted or misunderstood [15] because long distance hole
hopping occurs only if the water trapping is so slow that the charge transfer
can compete with it. Often, the rate determining steps for the formation of
products Pg are the water trapping reactions, and the decrease of the prod-
ucts Pg; to Pg, does not simply reflect the distance influence of the hole
transfer rate (Fig. 11).

In extreme cases where all electron transfer steps are reversible and the
water trapping reactions are very slow, the charge is distributed over the
guanines according to the thermodynamic stabilization. From these experi-
ments one cannot deduce the influence of the sequence on the hole transfer
rate. Therefore, using a chemical assay of this type leads to results that have
to be discussed with great care.

Nevertheless, long distance charge transfer through DNA is possible only
because of a hopping mechanism. A single step charge shift over long dis-
tances induced by a guanine radical cation (G™) is much too slow to com-
pete with the trapping reaction of G by water.

34
A-Hopping

In section 3.2. we described how the efficiency of hole transfer between a G
and a GGG triplet strongly depends upon the length of the (A:T), bridge. Be-
cause the competing water trapping of the guanine radical cation (G™) does
not depend much upon the number of adjacent A:T base pairs, one expects
that in double strands with long (A:T), sequences between the guanines the
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Fig. 11 Yields of the water trapping products Pg at the single guanines, and reaction
profile diagram for the electron transfer as well as water trapping of the guanine radical
cations

hole transfer will become slower than the trapping reaction by water. This
should lead to a collapse of the hole transfer through a DNA, which contains
long (A:T), sequences. But this is not the case, as described in the articles of
J.K. Barton and G.B. Schuster in this volume. In order to understand this
discrepancy, we performed experiments with an increasing number n of
(A:T), base pairs between the guanine radical cation (G*) and the GGG trip-
let [17]. For n=1-3 (Fig. 9) the yield ratio Pggg/Pg decreased from 250 to 4.0.
But, surprisingly, this ratio changed only very slightly when the number # of
the (A:T), base pairs was further increased (Fig. 12).

These results demonstrate that hole transfer between guanines over short
and long (A:T), sequences follow different distance dependencies and there-

CAAAACCC CAAAAAAACCC CAA(AAAA\AACCC
*GTTTTGGG HGTTTTTTTGGG GTT TTTT3TTGGG
Pcea/Pg=3.5+05 Pcac/Pg =25+ 0.5 Pcea/Pc = 2.5 0.5

Intensity Intensity Intensity
Position Position Position

Fig. 12 Histograms for three different strands showing the products P and Pggg formed
after charge injection into G, water trapping of the guanine radical cations and subse-
quent strand cleavage
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Fig. 13 Influence of the (A:T), sequence on the hole transfer between a guanine radical
cation G* and a GGG triplet

fore different mechanisms. Figure 13 makes this change of the reaction
mechanism visible.

Our explanation is as follows: If the distance between G™ and GGG is
short, the electron tunnels in a single step reaction between the guanines,
and the (A:T), sequence acts as a bridge that does not carry the positive
charge. But if the distance is long, the tunnelling rate is so slow that an en-
dothermic oxidation of the adjacent adenine becomes faster than the exo-
thermic hole transfer to the GGG triplet. Once the adenine is oxidized, the
charge very rapidly travels over the A:T base pairs until it reaches the GGG
triplet, the thermodynamic sink for the positive charge (Fig. 14). According
to this mechanism the hole transfer over long (A:T), sequences is possible if
the lifetime of the guanine radical cation (G™) is long enough to oxidize the
adjacent A:T base pair in a thermally activated step. But under experimental
conditions where the lifetime of G is too short for this endothermic step, a
long (A:T), sequence can stop the charge transfer through DNA. This is the
case for example if the back electron transfer from the injection system re-
duces the lifetime of G, as described by K. Nakatani and I. Saito in this vol-
ume.

The activated hopping mechanism that also involves adenines as charge
carriers is validated by experiments in which we directly injected the posi-
tive charge into an adenine [19]. We have shown that photolysis of injection
system 18 oxidizes the adenine base, maybe by through-bond charge trans-
fer (19—20). Therefore, incorporation of 18 into DNA duplexes makes it
possible to inject the hole directly into an adenine base in the middle of an
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Fig. 14 Reaction profile diagram for the hole transfer from a guanine radical cation
(G™) to a distant GGG sequence via the activated hopping mechanism, which also in-
volves adenines (A) as charge carriers

(A:T), sequence. In double strand 21 (Scheme 5) the charge is trapped by a
GGG triplet, and it turned out that the hole transport over 8 A:T base pairs
is nearly as efficient as the hole transport over 2 A:T base pairs.

§ § §
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O , O 2 403 &1 O
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e
3I—C C E/AAA(A A}\C cc—s
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5'-(3 G GTTT\T T/6G66—3

leo lH2o

Ps Pa
n=1 45% 55%
n=4 50% 50%

Scheme 5 Charge injection into adenine (A), and efficiency of charge hopping between
adenines
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This almost distance independent hole transfer over (A:T), sequences
where adenines are charge carriers is very surprising. Maybe the transfer of
a positive charge between adenines of an (A:T), sequence is extremely fast,
as recent calculations of M.D. Sevilla predicted [20]. One could also specu-
late that the positive charge is delocalized over more than one A:T base pair
so that polaron hopping, which is discussed in this volume by G.B. Schuster
as well as E.N. Conwell, might make the hole transport in oxidized (A:T),
sequences very efficient.

In conclusion, hole transfer between guanines that are separated by long
(A:T), sequences is possible because also the adenines become involved as
charge carriers. Such a change of the reaction mechanism can also be ex-
plained by calculations [21], and has been described by J. Jortner as well as
D. Beratan and M.A. Ratner in their articles of this volume.

4
Mismatches and Proton Transfer

Mismatches can cause a dramatic decrease of the hole transport efficiency,
as J.K. Barton and H.H. Holden have shown in their articles of this volume.
We have observed these effects in DNA sequences 22-24 (Fig. 15) [18].

In the perfectly paired double strand 22, the yield of product Pggg, which
indicates the amount of charge that has reached the hole trap GGG, is 68%.
But if the intermediate G:C base pair is exchanged by a G:T mismatch, the
efficiency of the charge transport drops to 23%. With an abasic site (H) op-
posite to G the hole transport nearly stops at this mismatched site (Fig. 15).
We have explained this influence of a mismatch on the efficiency of the
charge transport by a proton transfer from the guanine radical cation (G,™)

5 3 8- 3 5 3 5 3
¢c6 c¢c6 c¢o J: tl;
¢ ¢6 ¢& ¢é
cé& ¢6 E6 &6
’.\IT ﬂ.\[r e\[T ﬁ‘]T
AT AT AlT Al A
L Ll I i
¢ T G H G HG
AlT. AL AlL. Alf.
1 1 1 C Gy
R O T N
22 23 24 25
Peee: 68% 23% 8% 53%

Fig. 15 Influence of mismatches on the efficiency of hole transfer through double
strands 23 and 24 where the cytidine (C) is exchanged by thymidine (T) and an abasic
site (H), respectively. In 25 guanosine is exchanged by N-methylguanosine (see
Scheme 6), and C by an abasic site (H)
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in the mismatched base pair to the surrounding water. This reaction leads to
guanosyl radical 26, which is a much poorer oxidant than a guanine radical
cation (G*), and therefore slows down the charge transport. In perfectly
paired G:C base pairs this proton transfer from G™ to water is too slow to
compete with the hole transfer because the protons are fixed between the
heterocyclic bases (Scheme 6).

o) 0

Y +
LY e ST

N + N
NTONTSNH, MO NT N7 NH,
R, R

G 26

H H

N-H"O R N-H=0 R
H H
o
N _CH
< | /’l >
—
NT N NH,

R

Scheme 6 Deprotonation of a guanine radical cation with and without a complementary
base

Experiments with methyl guanine (27), in which the acidic proton of the
radical cation is exchanged by a methyl group, support this explanation
[22]. With this base in a mismatch situation (strand 25) the hole transfer be-
comes efficient again because a deprotonation cannot occur (Fig. 15).

These experiments demonstrate the importance of proton transfer pro-
cesses during hole transfer through DNA. S. Steenken has already remarked
that a proton shift between the G:C bases stabilizes the positive charge [23].
If such a proton shift is coupled with the hole shift, a deuterium isotope ef-
fect should arise. Actually, H/D isotope effects are described by V. Shafiro-
vich, M.D. Sevilla as well as H.H. Thorp in their articles of this volume. Ex-
periments with our assay [22] also demonstrate (Fig. 16) that hole transfer
in protonated DNA (H,O as solvent) is three times more efficient than in
deuterated DNA (D,0 as solvent). If this reflects a primary isotope effect, it
shows that the charge transfer is coupled with a proton transfer.
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Fig. 16 Influence of the exchange of protons (H,0) by deuterons (D,0) on the efficiency
of the hole transfer, measured by the product ratios Pgsa/Pg

5
Conclusion

For the discussion of charge transfer in DNA one has to distinguish between
the injection of the charge into DNA and the transfer of the charge through
DNA. Our experiments, in which a positive charge is site-selectively injected
into a guanine, demonstrate that a guanine radical cation (G™*) triggers
charge transfer through DNA from an adjacent guanine (G). If the (A:T), se-
quence between the guanines is short, the adenines act as a bridge and are
not oxidized during the single step hole transfer. Under these conditions an
increase of the distance between the guanines decreases the hole transfer
rate. Because the reaction does not stop after the first step, long distance
hole transport through DNA can occur by a multistep hopping process, us-
ing the guanines as charge carriers. The mechanism of the charge transfer
changes if the (A:T), sequence between the guanines is long. In cases where
the lifetime of the guanine radical cation is long enough (for example slow
trapping by water), an endothermic oxidation of the adjacent adenine can
occur. After this reaction step the positive charge quickly migrates in a hop-
ping process over the adenines until it reaches the next guanine base. This
hole transfer process stops when the positive charge is trapped either by
nucleophilic attack or by proton transfer to the surrounding water.

A multistep hopping mechanism explains not only the long distance hole
transfer through DNA, it can also rationalize the electron transfer through
reduced DNA as T. Carell and M.D. Sevilla demonstrate in this volume.
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Abstract The dynamics of single step hole transport processes from a guanine cation radical
(G™) to GG, GGG and deazaguanine (Z) secondary electron donors separated by one or two
A:T base pairs have been investigated by means of nanosecond time-resolved absorption
spectroscopy with kinetic modeling. Photoinduced electron transfer from G to a stilbenedi-
carboxamide (Sa) hairpin linker is used to generate a G*/Sa™" radical ion pair separated by
two or three A:T base pairs. The occurrence of hole transport from G* to the secondary
donors results in an increase in the Sa™ decay time. Kinetic modeling provides both the for-
ward and return rate constants for hole transport, from which the hole transport equilibri-
um constant and free energy can be obtained. No other experimental method has yielded
equilibrium data. Hole transport dynamics depend on the identity of the secondary donor,
the number and identity of the bases separating the primary and secondary donor, and the
location of the donor within the same strand as the primary donor or in the complementary
strand. Secondary GG and GGG donors form very shallow hole traps, whereas Z forms a
much deeper hole trap. These results are correlated with other transient absorption studies,
selected strand cleavage data, and current theories of charge transport in DNA.
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Abbreviations and Symbols

Sa stilbenedicarboxamide

Sa™ stilbenedicarboxamide anion radical
G* guanine cation radical

VA deazaguanine cation radical

Sd stilbenediether

Sd* stilbenediether cation radical

1

Introduction

The possibility that positive charge (holes) might migrate through the
n-stacked bases of duplex DNA has long stimulated the imagination of scien-
tists [1, 2]. Evidence for charge migration over short distances was available
several decades ago from pulse radiolysis studies of DNA at low tempera-
tures [3]. Recently, evidence for charge migration over several dozen base
pairs has been obtained from DNA strand cleavage studies conducted at
room temperature [4-6]. Site-selective photooxidation of duplexes possess-
ing multiple GG sequences results in cleavage at sites remote from the initial
locus of charge injection [7-9]. Selective cleavage of DNA at guanine-con-
taining sites is attributed to the relative ease of oxidation of G, compared to
the other common nucleobases [10]. Even greater selectivity is observed for
cleavage at GG and GGG sites, which are believed to function as hole traps
[11-15]. Hole migration between G-containing sites has been proposed to
occur via a hole-hopping mechanism [16, 17]. The precise mechanism of
hole hopping or hole transport and the degree to which holes are delocalized
remain topics of active investigation.

Strand cleavage studies have provided relative rate constants for hole
transport versus the rate constant for the initial chemical event leading to
strand cleavage [18-20]. However, they do not provide absolute rate con-
stants for hole transport processes. Several years ago we introduced a meth-
od based on femtosecond time-resolved transient-absorption spectroscopy
for investigating the dynamics of charge separation and charge recombina-
tion in synthetic DNA hairpins [21, 22]. Recently, we have found that exten-
sions of this method into the nanosecond and microsecond time domains
permit investigation of the dynamics of hole transport from a primary hole
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acceptor to a secondary hole acceptor [23]. Kinetic modeling of this data
provides both forward and return hole transport rate constants and hence
the equilibrium constants for reversible hole transport. This method pro-
vides data about the hole transport process that is unavailable from other
experiments.

2
Hole Injection

2.1
Stilbenedicarboxamide-Linked Hairpins

The formation of exceptionally stable synthetic DNA hairpins possessing a
stilbene-4,4’-dicarboxamide (Sa) linker (Scheme 1) connecting complemen-

H 0 NH, o 0
sa= _O 3
o ) W N NN N e
3 H ¢ ) By L
NN NTONTUNH, NTUNTTNH,

sd= O O o . ) .
/ Y / adenine, A guanine, G deazaguanine, Z
o= ) (Y0

Eox= 169V Eox=124V  E, =095V

A—A—G—A—A—A-A 3 T—T-G-A-G—G-A 3
Sa i o111 Sa ! o0
e A-A-E—i—C-Ct 5
3G 3GAGG

Scheme 1 Structures of the Sa and Sd hairpin linkers, electron donor nucleobases and
their oxidation potentials, and the hairpins 3G and 3GAGG shown in Fig. 1

tary oligonucleotide “arms” was reported by Letsinger and Wu in 1995 [24].
The assignment of a B-DNA structure in which the stilbene linker is
n-stacked with the adjacent base pair was proposed on the basis of spectro-
scopic data and later supported by x-ray crystallography for an analogous
hairpin possessing a stilbenediether linker (Sd) [25]. MM* minimized struc-
tures for two Sa-linked hairpins possessing either a single G:C base pair
(3G) or three G:C base pairs (3GAGG) are shown in Fig. 1. Condensed for-
mulae for these hairpins are shown in Scheme 1. The preparation of these
hairpins by standard phosphoramidite chemistry using a mono-protected,
mono-activated chromophore has facilitated the synthesis of dozens of syn-
thetic hairpins possessing Sa and other linkers and oligonucleotide arms of
varying length and base sequence.

Letsinger and Wu [24] also made the seminal observation that Sa-linked
hairpins possessing polyT and polyA arms are strongly fluorescent, whereas
the Sa fluorescence is strongly quenched by a neighboring G:C base pair.
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Fig. 1 Structures of the hairpins 3G (left) and 3GAGG (right) calculated using the MM*
force field in Hyperchem 5.01a. The stilbenedicarboxamide located at the top of the
structure and the guanine bases are enlarged to show their location

The observation of selective fluorescence quenching by G:C base pairs
is consistent with the energetics of electron transfer (charge separation)
from the bases to the singlet excited state Sa’, which can be estimated using
Weller’s equation [26]:

AGCS - _(Es+Erdn) + on (1)

where E; is the Sa singlet energy (3.35 eV), Eeq is its reduction potential
(=2.05 V vs SCE), and E is the nucleobase oxidation potential (Scheme 1).
Lacking measured potentials for the bases in duplex DNA, we have used the
single-nucleotide values of Seidel et al. [10], which were determined in polar,
aprotic solvents. As shown in Fig. 2, the values of AG, for photooxidation of
G and A are —0.3 and +0.2 eV, respectively. Oxidation of T or C is even more
endergonic, in accord with selective quenching of Sa" by G. Also evident
from Fig. 2a is the highly exergonic nature of the charge recombination pro-
cess.

2.2
Dynamics of Charge Separation and Charge Recombination

The dynamics of photoinduced charge separation, k, and charge recombi-
nation, k¢, (Fig. 2a), have been studied in several families of hairpins con-
taining an Sa linker and a single G:C base pair by means of femtosecond
time-resolved transient absorption spectroscopy [27, 28]. Both the singlet
state and anion radical of Sa have strong transient absorption centered at
575 nm. The difference in the independently determined band shapes for Sa*



Dynamics and Equilibrium for Single Step Hole Transport Processes in Duplex DNA 49

kes = 2.6 x 10"
(b)  ~AGAAMAAA

(@ Sai il
LT C-T-T-T—T-T
3.6eV . ker=1.1x10"0

34eV LT Sa"A"AG

[P —_
Sa*AAG _\ . kCS =3
o ey TMET aacaAana

2G

3G

hv Ker=5.3x 108
Kes = 1.7 x 10°
A-A-A-G-A-AA
Sa; i !, 4G
LrTTCTTT

SaAAG — ker=1.8x107

kes = 2.1 x 108
—A-A-A-A-G-A'A

Sa; .. 5G
L TTT-C-TT
ker=<1x10°
Fig. 2 a Energetics of photooxidation of G and A by singlet Sa. b Dynamics of charge

separation (k) and charge recombination (k) for Sa-linked hairpins possessing a sin-
gle guanine

and Sa™ makes it possible to determine the decay times for these species

from transient spectra such as those shown in Fig. 3 for the hairpin 3G.
Values of k. and k., for a family of hairpins containing a single G:C base

pair separated from Sa by one-to-four A:T base pairs are summarized in

1.0
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0.2 [
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1 n 1 n 1
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Fig. 3 Transient absorption spectra of hairpin 3G obtained at increasing delay times fol-
lowing 340 nm excitation with a laser system having a 150 fs instrument response function
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Fig. 2b. Both k. and k., are seen to decrease as the distance R between Sa
and G:C increases. In accord with a superexchange mechanism for photoin-
duced electron transfer, the distance dependence can be described by Eq. (2):

ket=ko exp (—BR) (2)

where 8 is dependent upon the nature of the bridge and its coupling with
the donor and acceptor [29]. The data in Fig. 2b provide values of f=0.7 and
0.9 A™! for k. and ke, respectively. We have subsequently found that the
magnitude of S is dependent upon the donor-bridge-acceptor energetics, re-
cently obtained values ranging from 0.4 to 1.1 A~ [30].

Time-resolved transient absorption spectroscopy has also been utilized to
study the driving force dependence of k. and k., in stilbene- and phenan-
threne-linked hairpins [31]. A plot of ke vs AGe for hairpins in which the
acceptor linker and donor nucleobase are separated by two A:T base pairs is
shown in Fig. 4, along with a fit of the k., data to the Marcus-Levich-Jortner
equation [29]. Values of k. increase as AG becomes more negative, as ex-
pected for a process occurring in the Marcus normal region, whereas values
of k. decrease as AG becomes more negative, as expected for a process in
the Marcus inverted region [32].

Values of k. and k¢, for Sa-linked hairpins possessing G or Z single base
donors and GG or GGG sequences, which are expected to be more readily
oxidized than G, are summarized in Fig. 5. Values of k for Z, GG, and GGG
donors are slightly faster than that for G. Similar results for GG and GGG
have been reported by Davis et al. [33]. The small variation in ks may reflect
the moderately exergonic nature of these processes, which may place them
near the maximum in the Marcus curve (Fig. 4), resulting in a kinetic level-
ing effect. In fact, Sistare et al. [34] report a value of kgg/kg=12, based on

10" ok,
. A ak,
10 "4 g’ N
Il \\
—_ 1 \
‘» 10°4 E AN A
. 1 \ A
() [m]
x~ Iﬂ, AN A
10%+ 4 \ A
\
I’ \
Q \
7
10" 5 H \
1 \
1 \
1 \
1 \

-05 00 05 10 15 20 25 3.0 35 40
-AG (eV)

Fig. 4 Free energy dependence of the rate constants for charge separation and charge
recombination for hairpins in which two A:T base pairs separate the linker acceptor
from the nucleobase donor. The dashed line is a fit of the charge separation data to the

Marcus-Levitch-Jortner equation
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Fig. 5 Dynamics of charge separation and charge recombination for hairpins possessing
G, Z, GG, and GGG donors

their electrochemical measurements. The value of k., for Z is larger than that
for G, in accord with less exergonic electron transfer in the inverted region.
However, the values for GG and GGG are smaller than that for G. This may
reflect either hole delocalization over the GG or GGG sequence or equilibra-
tion of a localized hole. The dynamics of charge separation between strong
acceptor linkers and neighboring A:T vs G:C base pairs indicates that the
difference between A and G oxidation potentials is large [31, 35], consistent
with the potentials reported by Seidel et al. [10].

3
Hole Transport Across a Single A:T Base Pair

3.1
General Considerations and Kinetic Modeling

The design concept for the study of hole transport from a primary guanine
donor to a secondary deazaguanine donor in the Sa-linked hairpin 3GAGG
is shown in Scheme 2 and the full kinetic scheme in Fig. 6. The occurrence

'Sax _ Sa” Sa”
//—\\ I r —
\? o ‘ﬂ o o [}
? G E ks G* ti G o
%rﬁjl—do\ KQ’@& \Q—ef..ﬁs )
o § f
¢ G o o G, o é G ’:(.)\o
& Y=o O . G O
lo jo ° 5 o 6%
Scheme 2 Schematic representation of the charge separation and charge transport pro-
cesses in the hairpin 3GAGG. Shading indicates excited state or radical ion species
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Fig. 6 Kinetic scheme for reversible charge transport in a GAGG sequence

of hole transport requires that the rate constant for charge transport, ki,
competes with charge recombination, kg, in the initially-formed Sa—-G*
radical ion pair. The occurrence of charge transport should result in a long-
lived Sa*™ decay component. If ki~k., then two decay components should be
observed, their relative amplitudes reflecting the relative rate constants for
the two competing decay processes of the Sa~-G* radical ion pair. The
shorter-lived component should have a decay time shorter than that of a
hairpin lacking a secondary donor. The longer-lived component should have
a decay time longer than that of the hairpin lacking a secondary donor and
might not decay on the us time scale of our experiments if either return hole
transport, k_y, is very slow or GG™ undergoes a relatively fast chemical reac-
tion.

The ps and ns transient decays of hairpin 3GAGG are shown in Fig. 7.
The ps decay time is similar to that for hairpin 3G, in accord with similar
hole injection rates for the two hairpins. The nanosecond decay of 3GAGG is
biexponential, the short-lived component having a shorter decay time than
that for hairpin 3G and the second component having a significantly longer
decay time. Kinetic modeling of the transient decays provides values for
both k; and k_, and hence the equilibrium constant for hole transport, Ky,
from which the free energy change, AGy,, can be calculated.

Whereas other experimental methods have been used to obtain values of
ki, no other method provides values of k_; or equilibrium data. There are,
however, several important limitations of our method. First, the method is
restricted to relatively fast hole transport processes that can compete with
charge recombination of the Sa~-G*" radical ion pair (Fig. 6). This precludes
the use of strong acceptors which can oxidize A as well as G (Fig. 2a). We
find that hole transport cannot compete with charge recombination in such
systems, even when a charge gradient is constructed which should favor hole
transport [35]. Second, the method is unable to resolve the dynamics of sys-
tems in which return hole transport, k_y, is very slow (<10* s!) or systems
in which multiple hole transport processes occur. Third, since the guanine
cation radical cannot be detected by transient spectroscopy, the method is
dependent upon the analysis of the behavior of Sa™. In section 3.4 we de-
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Fig. 7 Transient decay for the hairpin 3GAGG on the ps and ns (inset) time scales. Fits
to the data were obtained using the Levenberg-Marquardt algorithm

scribe a promising new system in which the donor cation radical as well as
the acceptor anion radical are observed.

3.2
Hole Transport in a GAGG, GAGGG, and GAZ Systems

The transient absorption spectrum of 3GAZ displays a long lived Sa™ com-
ponent with a large amplitude [36]. Therefore charge transport competes ef-
fectively with charge recombination in this system. Kinetic analysis provides
values of k=6.9x10® s7! and k_=4x10> s~! (Fig. 8), from which values of
Kn=1,700 and AGp=—0.19 eV can be calculated (Table 1). The calculated val-
ue for AGy, is somewhat smaller than the measured difference in irreversible
oxidation potentials of dZ vs dG (ca. 0.3 eV) [37] or calculated ionization
potentials of Z vs G (0.39 eV) [12]. Computational studies indicate that
neighboring bases in B-DNA can influence the effective base ionization po-
tentials. The smaller value of G,=-0.19 eV may, in fact, reflect a “leveling
effect” of the neighboring bases on the relative energies of Z* vs G* [38].
GG and GGG sequences have been widely used in strand cleavage studies
of hole migration in DNA [4-6]. According to conventional wisdom, GG and
GGG sequences serve as “hole traps”. The calculated gas phase ionization
potentials reported by Sugiyama and Saito [14] provide relative energies for
G vs GG (0.47 eV) and G vs GGG (0.68 eV) that continue to be cited as evi-
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Fig. 8 Hole transport dynamics for hairpins possessing GAZ, GAGG, and GAGGG hole
transport sequences

dence for significant stabilization and delocalization of holes on GG and
GGG.

The ns decay for 2GAGG is a single exponential with a decay time similar
to that for 2G (Fig. 2b) [23, 39]. This means that there is no evidence for the
occurrence of hole transport in 2GAGG. In contrast, dual exponential ns
decay is observed for 3GAGG. Kinetic modeling provides values of
k=5.6x10" s7! and k_=7.5x10° s (Fig. 8), from which values of Ky=7.5
and AGp=-0.052 eV can be calculated (Table 1). The value of k; is much
smaller than the value of k. for 2GAGG, accounting for the absence of mea-
surable charge transport in that sequence. Similar values of AGy; were ob-
tained for hairpins with Sa-AAAGTGGA and Sa-TTTGAGGA donor se-
quences. A slightly larger value of AG,=0.077 eV was obtained for 3GAGGG,
indicative of the formation of a slightly more stable hole trap (Table 1).

Table 1 Equilibrium constants and free energy changes for hole transport

Hairpin® 107 k. (s'P) Kn=kik_£ —AGy, (eVY)
3GAZ 69 1,700 0.19
4GAGG" 1.3 1.4 0.008
3GAGG 5.6 7.5 0.052
3GAGGG 8.7 20 0.077
4GTGG 0.04 6.7 0.05
4GACC’ 0.21 5.7 0.04

4 See Fig. 8 and Fig. 9 for conjugate structure and donor strand sequence. ‘indicates ter-
minal C:G base pair

b Rate constant for hole transport from Fig. 8 and Fig. 9

¢ Equilibrium constant for hole transport, calculated using experimental values of k; and
k_; from Fig. 8 and Fig. 9

d Free energy change for hole transport. AGp=—RT [In(Kpy)]
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Smaller values of AGy~0.01 eV were obtained for 4GAGG and for a hairpin
with a Sa-TTTGAGG donor sequence. Evidently, a terminal GG base pair has
approximately the same energy as an internal G in a AGA sequence. Thus
we suggest that the value of k, for 4GAGG provides an approximate value of
1x107 for isoenergetic hole transport in a GAG sequence.

The values of k, for hole transport from the secondary donor to the pri-
mary donor in Fig. 8 are substantially smaller than the values of k. for the
hairpins in Fig. 5. The slower rate constants for hole transport vs charge sep-
aration, which occurs at a longer donor-acceptor distance, may reflect fun-
damental differences between these two processes [40]. The charge separa-
tion process occurs via a superexchange mechanism with a relatively modest
solvent reorganization energy [31]. To our knowledge, the temperature de-
pendence of hole transport dynamics have not been determined. However,
there is growing evidence that hole transport may be gated by large ampli-
tude motions of the nucleobases, solvent, and ions [40].

The modest variation in k; values for the hairpins 4GAGG, 3GAGG, and
3GAGGG (k(rel)=1:4:7) is consistent with the relatively small values of AGy,
for hole transport from G to GG or GGG (Table 1). In contrast, the value of
k¢ for hairpin 3GAZ is much larger than that for any of the hairpins with G
secondary donors, in accord with the larger value of AGy, for 3GAZ. The
variation in k; with the secondary hole acceptor is larger than the variation
in k. for the same set of acceptors (Fig. 5), which we attribute to a kinetic
leveling effect for electron transfer processes which occur near the top of the
Marcus curve.

3.3
Pathway Dependence in G-B-GG Systems

Values of k; and k_; have been determined for several GAGG systems in
which the primary G donor is separated from the Sa acceptor by a T, rather
than an A, bridge [41]. Whereas the values of k. are somewhat slower for
charge separation via T, vs A, bridges, there is little difference in the values
of ki or k_; for these bridges. In contrast, systems with GTGG hole transport
sequences have much smaller values of k; than do systems with GAGG se-
quences. Kinetic data for the 4GTGG system is shown in Fig. 9 and equilibri-
um data reported in Table 1. Even though the rate constants for this and re-
lated systems are 50-100 fold slower than for GAGG systems (Fig. 8), the
equilibrium constant remains essentially the same. Attempts to detect hole
transport in several other GTGG systems were unsuccessful, presumably due
to the failure of slow charge transport to compete with charge recombina-
tion.

The dynamics of interstrand hole transport have also been investigated
for several hairpins possessing GACC hole transport sequences in which a
GG secondary donor is located in the complementary strand [41]. Kinetic
data for 4GACC are reported in Fig. 9 and the resulting equilibrium data in
Table 1. Comparison of the values of k; for 4GACC and 4GAGG shows that
there is a “kinetic penalty” of 1/6 for inter- vs intrastrand hole transport. A
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Fig. 9 Hole transport dynamics and structures for hairpins possessing GTGG and cross-
strand GACC hole transport sequences, a triplex hole transport system, and a two-step
hole transport system

similar result was obtained for analogous sequences in which Sa and the do-
nors are separated by a T; bridge.

We have also investigated the transient spectroscopy of hairpins such as
4GAGAGG (Fig. 9), which possess two hopping steps [40]. While a long
lived-component of Sa™ transient decay can be observed, it is not possible
to obtain the rate constants from a fit of the transient decay curves.

34
Hole Transport in a Triplex GASd Sequence

We have recently investigated electron transfer processes in DNA triplex
systems in which the Watson-Crick base pairs are linked by Sa and the
Hoogsteen base pairs by a stilbenediether (Sd) linker [42]. The Sd linker has
a lower oxidation potential than does G and so can serve either as a primary
donor in studies of charge separation and charge recombination, or as a sec-
ondary donor in studies of hole transport. The triplex 3GASd (Fig. 9) pos-
sesses a guanine primary donor and an Sd secondary donor. The transient
decay of Sd™ in 3GASd displays dual exponential decay, indicative of the oc-
currence of reversible hole transport from G to Sd. The long-lived compo-
nent has a decay time similar to that of 3GAZ, indicative of a large equilibri-
um constant for hole transport from G to Sd. Since the transient absorption
spectra of Sa~ and Sd* can be resolved, it may be possible to distinguish
the rise time of these two species and directly determine the hole transport
rates.

4
Distance Dependence of Hole Transport Dynamics

Several hairpins containing GAAGG hole transport sequences were designed
to investigate the dynamics of hole transport across an AA bridge [41]. Only
in the case of 4 GAAGG (the primes refer to hairpins in which Sa and the
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Fig. 10 Hole transport dynamics for hairpins with GAAGG and GAAZ hole transport se-
quences

donor sequence are separated by a T, bridge), which has a very slow rate
constant for charge recombination, was it possible to detect a long-lived Sa™
decay component. Kinetic modeling provides values of k; and k_; which are
reported in Fig. 10, along with data for 4 GAGG. The value of k; for 4 GAAGG
is 22-fold slower than that for 4 GAGG. The difference in values for k_; is
smaller, but this data is less reliable. In both cases, values of Kj;~1 are ob-
tained, as previously noted for 4GAGG (Fig. 8), which also has a terminal
G:C base pair.

Hole transport in conjugate 3GAAZ might be expected to be more rapid
and exergonic than for a GAAGG sequence. A long-lived decay component
was observed for conjugate 4GAAZ; however, it did not decay appreciably
on the us time scale of our measurements [36]. Kinetic modeling provided
an estimated value of k=5.0x107 s™!, appreciably faster than the value for
4'GAAGG, but 14-fold slower than the value for 3GAZ (Fig. 10). Our limited
data for the distance dependence of k; is shown in Fig. 11.

10
] O GAGG
8 & GAZ
v (AP)T.GG
] A GT Py
-
8 7
41 v
2 T T T T T T T T T T T T T
6 8 10 12 14 16 18

D-A distance, A

Fig. 11 Distance dependent kinetics of hole transport in GA,GG, GA,Z, (AP)T,GG [43]
and GT,Py [44] systems
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5
Comparisons with Other Hole Transport Experiments and with Theory

5.1
Experimental Studies of Hole Transport Dynamics

Two other studies of hole transport dynamics have been reported. Shafiro-
vich et al. [43] have investigated the dynamics of hole transport in
[AP*]T,GG systems (where AP* is the aminopurine cation radical generat-
ed by two-photon ionization), detecting guanine radical formation by tran-
sient absorption spectroscopy on a microsecond time scale. Their data for
n=1, 2, and 3 are shown in Fig. 11. Our value of k; for 4GTGG is in excellent
agreement with their value for n=1. They also investigated [AP"]A,GG sys-
tems. Whereas they were unable to resolve the hole transport dynamics for
n=1-3, their value of k for an A, bridge is ca. 10%-fold faster than for a T,
bridge. This difference is larger than we observe for a A; vs T bridge. How-
ever, both studies indicate that A, is a much more effective bridge for charge
transport than T,. These results stand in marked contrast with our earlier
studies of charge separation, in which similar values of k. were observed for
Sa-A,G sequences (Fig. 2b) and for Sa-T,G sequences [27].

The distance dependence of hole transport in G*'T,Py systems, where Py
is a pyrene secondary donor separated from a G-rich region of DNA by a T,
bridge, has been investigated by Kawai et al. [44]. Pulse radiolysis was used
to generate guanine cation radicals, and the formation of Py* was studied
by transient absorption spectroscopy on the microsecond time scale. Data
for n=2, 3, and 4 is shown in Fig. 4. The values of k; for n=2 and 3 are some-
what faster than the values of Shafirovich et al. [43] although the extrapolat-
ed value for n=1 is similar to our value for 4GTGG and Shafirovich’s value
for [AP*]TGG. The agreement between these three distinctive methods is re-
markable.

Jortner et al. [16] have proposed that the individual hole transport pro-
cesses can be viewed as discrete superexchange processes. As such, the dis-
tance dependence of k, can be described by Eq. (2). The slopes of the data in
Fig. 4 provide values of 3~0.6 A~!, similar to those for charge separation in
Sa-linked hairpins (Fig. 2b) [27] and two related systems in which a guanine
donor is separated from an excited acceptor by a variable number of A:T
base pairs. A similar value of 3 was obtained by Meggers et al. [17] in their
study of strand cleavage probabilities in G*'T,GGG systems, where G* is
generated irreversibly in a photocleavage reaction. Recently Giese and
Biland [20] reported the relative rate constant for hole migration in the se-
quences R*TZ and R*'TG, where R* is a photochemically generated oxi-
dized deoxyribose. Oxidation of Z is 17 times faster than oxidation of G.
This value is slightly larger than the ratio of k. values obtained for 3GAZ vs
3GAGG (Table 1). The agreement between our kinetic data and Giese’s
strand-cleavage data is reassuring.
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To our knowledge, there are no other direct measurements of the dynam-
ics of interstrand hole transport. However, the strand cleavage studies of
Meggers et al. [17] have clearly demonstrated that long-distance hole trans-
port can occur via a G-hopping sequence in which guanines are located in
both strands. Other workers have assumed that hole transport occurs exclu-
sively via intrastrand pathways [45].

5.2
Theoretical Studies of Hole Transport Dynamics

Theoretical studies of hole transport dynamics in DNA far outnumber the
experimental studies summarized above. Prior to our initial report of the
hole transport rates for the GAGG sequence, Bixon et al. [46] estimated a
value of k,~10° s™! for hole hopping from G to G via two intervening AT base
pairs. Both the motions of polarons through DNA and incoherent hole trans-
port in DNA have been estimated to occur on the ps time scale [47, 48].
These estimated rates are comparable to our measured value for superex-
change charge separation in the SaAAG sequence (k=3%10'" s71), but are
much faster than the value of k=4x10° s™! for hole transport in a GAAGG
sequence (Fig. 10) or than our estimate for isoenergetic GAG hole transport,
ke~107 s71. Evidence from both theory and experiment suggests that the rela-
tively low values for k. may reflect the presence of solvent-induced barriers
for hole transport or gating by the motions of the duplex or cations associ-
ated with the duplex [49].

There has been considerable recent interest among theoreticians in the
distance dependence of the dynamics of hole transport. For G(A),G se-
quences, Jortner and co-workers [50, 51] have proposed that hole transport
from G to G occurs via a single step superexchange process when n#<3. Sim-
ilar results have been obtained by Berlin et al. [52, 53]. For longer A, se-
quences these workers propose a change in mechanism to thermally induced
hopping in which the A, bridge is oxidized. Since our results pertain only to
short distance hole transport, the latter mechanism does not seem to be rel-
evant to our studies. Troisi and Orlandi [54] have calculated values of
B~0.7 A for hole transport in G(A),G systems using the electronic couplings
between adjacent bases obtained from an ab initio procedure. A significantly
higher value of f~1.5 A was obtained by Olofsson and Larsson [55] using
electronic couplings obtained from a superexchange model. The lower value
of B is in good agreement with the data in Fig. 11.

Theoreticians have also considered the difference in the distance depen-
dence of hole transport in G(T),G sequences. Voityuk et al. [56] predict
more rapid hole transport for T, vs A, bridges and a ca. 10-fold decrease in
k. for each additional bridging base. Olofsson and Larsson [55] also predict
more rapid hole transport via T, vs A, bridges. However, Troisi and Orlandi
[54] and Rak et al. [57] have recently reached the opposite conclusion, going
so far as to predict that hole transport in G(T),G sequences would occur via
the polyA sequence in the complementary strand. If hole transport does in
fact occur via the complementary A, bridge in T,-bridged systems, then the
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value of f should be similar to that for systems with A, bridges. Comparison
of our data for GA,GG or GA,Z systems with the data of Shafirovich et al.
[43] and Kawai et al. [44] for T, bridges indicates that this appears to be the
case.

The dynamics of inter- vs intrastrand hole transport has also been the
subject of several theoretical investigations. Bixon and Jortner [38] initially
estimated a penalty factor of ca. 1/30 for interstrand vs intrastrand G to G
hole transport via a single intervening A:T base pair, based on the matrix el-
ements computed by Voityuk et al. [56]. A more recent analysis by Jortner et
al. [50] of strand cleavage results reported by Barton et al. [45] led to the
proposal that the penalty factor depends on strand polarity, with a factor of
1/3 found for a 5'-GAC(G) sequence and 1/40 for a 3’-GAC(G) sequence (in-
terstrand hole acceptor in parentheses). The origin of this penalty is the re-
duced electronic coupling between bases in complementary strands.

Our experimental data (Fig. 9) provide penalties of 1/6 for inter- vs in-
trastrand 5-GACC(GG) hole transport. In view of the difference between
our “mini-hairpins”, which contain a single hole transport step and Barton’s
duplex, which contains multiple hopping steps, the agreement between our
penalty and those reported by Jortner et al. [50] is excellent. The small
penalty for inter- vs intrastrand hole transport lends credence to the propos-
als of Rak et al. [57] and Troisi and Orlandi [54] that hole transport in G(T),
sequences may occur via the complementary A, sequence. We, in fact, ob-
serve a much larger kinetic penalty for GTGG vs GAGG hole transport than
for interstrand GACC(GG) hole transport. If two strand crossings are in-
volved in this process, the average kinetic penalty for each crossing would
be ca. 1/10, in good agreement with our value of 1/6 for a single strand
crossing.

53
Experimental Studies of Hole Transport Equilibria

Our kinetic modeling method provides the only experimental values for k_
as well as k; and hence the only available values of Ky and AGy, (Table 1).
The small stabilization energies for holes located on GG or GGG vs G
(Table 1) are consistent with experimental strand cleavage data for short
duplexes containing a limited number of G, GG, and GGG sites, which dis-
play a relatively low level of strand cleavage selectivity [9, 11, 13, 15]. Data
from several such studies provides a “consensus” ratio of 1:3:5 for cleavage
at G vs GG vs GGG. Therefore cleavage is less selective than would be expect-
ed on the basis of the equilibrium ratio of 1:7.5:20 provided by our equilibri-
um data (Table 1). The ratio of relative cleavage yield to relative population
provides a measure of the relative reactivity on a per-site basis of 1:0.4:0.2.
Giese and Spichty [58] arrive at a similar ratio, 1:0.7:0.3, based on their anal-
ysis of strand cleavage ratios for several duplexes. The agreement between
these results, which were obtained by totally different methods, is reassur-
ing. Bixon and Jortner [59] obtain a somewhat larger ratio for G vs GGG,
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Table 2 Comparison of G, GG, and GGG sequences: Relative populations, cleavage yields,
and reactivities on a per-sequence and per-G basis

Property of sequence G GG GGG
Population® 1 7.5 20
Cleavage yield® 1 3 5
Cleavage rate® 1 0.4 0.2
Cleavage rate per G¢ 1 0.2 0.1

2 Relative equilibrium population based on equilibrium data in Table 1

b Consensus value for the relative cleavage yields in sequences containing G, GG, and
GGG sites (see text)

¢ (cleavage yield)/population

d (cleavage yield)/(population x number of G’s per site)

1:0.6 based on their analysis of Giese’s data. The relative reactivity on a per-
G basis is, of course, even lower.

Our data provide a ratio of 1:0.2:0.1 for reactivity at G, GG, and GGG sites
on a per-G basis. These relationships are summarized in Table 2. The small
difference in G vs GG vs GGG hole stability and lower reactivity of the more
stable sites is, of course, precisely the combination of stability and reactivity
that is required for the observation of hole transport over long distances
containing multiple G and GG sites. Hole transport between two GGG sites
separated by a TTGTT sequence appears to be somewhat slower than cleav-
age at the initially oxidized GGG site [12]. To our knowledge, the efficiency
of strand cleavage in duplexes possessing more than two GGG sites has not
been studied.

Kinetic modeling provides a significantly larger value of AGy=-0.19 eV
for hole transport in conjugate 3GAZ (Table 1). Therefore Z functions as a
much deeper hole trap than does GG or GGG. The larger value of AGy, for Z
vs GG is also consistent with the faster rate constants for both superex-
change charge separation [36, 60] and relative rates determined from strand
cleavage studies by Giese and Biland [20] for hole transport from an oxi-
dized sugar to Z vs GG [61]. Nakatani et al. [12] have reported that hole in-
jection into the 5'-end of a 5'-GGGTTZTTGGG sequence results predomi-
nantly in cleavage at Z, with a lesser amount at the 5'-GGG and very little at
the 3’-GGG. Based on our values of AGy, for hole transport from G to Z and
GGG, the relative equilibrium population in a ZTTGGG sequence should be
ca. 70:1. Assuming similar rates for the chemical reactions leading to strand
cleavage, cleavage at Z should predominate for this sequence. We note that
Nakatani et al. [12] interpret their data differently; assuming that GGG forms
a more stable hole trap than Z on the basis of gas phase calculations. This
assumption is inconsistent with our data and that of Giese and Biland [20]
and further requires that the rate constant for cleavage at Z be much faster
than cleavage at GGG.
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54
Theoretical Studies of Hole Transport Equilibria

The difference in stabilities of cation radicals located on G, GG, and GGG se-
quences was initially investigated by Sugiyama and Saito [14], who em-
ployed ab initio methods to calculate the gas phase ionization potentials of
nucleobases stacked in B-DNA geometries. Their results indicated large dif-
ferences in potential for holes on G vs GG (0.47 eV) and GGG (0.68 eV) se-
quences. A similar G vs GG difference was calculated by Prat et al. [62].
These values suggest that GG and GGG are, in fact, deep hole traps and they
have been widely cited as evidence to that effect [54, 63].

Voityuk et al. [56] have employed semi-empirical calculations to deter-
mine the effects of neighboring bases on the relative energies of holes local-
ized on a single nucleobase. Their calculations of the relative energies of
5'-XG*Y triples provide relative energies of 0.0 eV for GG*'G and AG*G tri-
ples and 0.13 eV for AG*A and GG™ A triples. Thus a 3'-G lowers the poten-
tial by 0.13 eV, whereas a 5'-G has only a small effect. Our experimental val-
ue for hole transport equilibrium in 3GAGG is intermediate between the cal-
culated values for AG™G and GG*A. Recently, Kurnikov et al. [64] have re-
ported that the inclusion of solvation energies has a “leveling effect” on the
calculated (ab initio) gas phase ionization potentials of G, GG, and GGG se-
quences. Solvation stabilization is largest for a hole localized on a single G
and decreases with increasing delocalization. The net effect is a modest sta-
bilization energy (<0.1 eV) for GG vs G and an even smaller stabilization en-
ergy for GGG. These authors point out that both their calculated stabiliza-
tion energies and our experimental results for the trap depths for G and GG
are within ~2kgT (where kg is Boltzmann’s constant).

It is interesting to note that our experimental values for the relative ener-
gies of G, GG, and GGG (0, 0.052, and 0.077 eV) are in excellent agreement
with a Hiickel analysis, according to which the stabilization energy for GGG
should be larger than that for GG by /2. Conwell and Basko [65] have ana-
lyzed our results in terms of a delocalized polaron model, and both a small
difference in A vs G oxidation potentials and a large decrease in interbase
spacing (as much as 0.4 A) are necessary to reproduce our data. Quantum
calculations by Barnett et al.[66] also indicate extensive delocalization in a
GAGG hole sequence.

Both our small experimental values for AGy; and the values calculated by
Voityuk et al. [56] and Kurikov et al. [64] indicate that GG and GGG form
very shallow hole traps. This result is consistent with strand cleavage data
for short duplexes containing a small number of G, GG, and GGG sequences
(Table 2). It is also consistent with the analysis of strand cleavage data in
longer duplexes containing multiple G and GGG sites, as reported by Giese
and Spichty [58] and by Bixon and Jortner [38]. In view of these very small
stabilization energies, it seems likely that holes are largely localized on a sin-
gle G base rather than being strongly delocalized, as proposed in polaron
models of charge transport in DNA.
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6
Conclusions

Our studies reveal several important features of the dynamics of hole trans-
port processes between a guanine and a secondary electron donor separated
by one or two A:T base pairs. First, hole transport in the isoergic system
GAG is slow (k~107 s7!), relative to the rate constants for charge separation
in an Sa-AG system (k,=2x10'! s7!). These rates increase as the hole trans-
port becomes more exergonic, in the series GKGG<GGG<Z. The markedly
slower values of k; vs k. are indicative of fundamental differences in these
electron transfer processes. Second, rate constants for GAAGG or GAAZ sys-
tems are slower than those for GAG or GAZ systems by a factor of 10-20. A
similar distance dependence is observed in the hole transport studies of
Shavirovich et al. [43] and Kawai et al. [44] and in the strand cleavage stud-
ies of Meggers et al. [17]. Third, interstrand charge transport in a GA(CC)
system is slower than intrastrand charge transport by only a factor of 7. A
much large kinetic penalty is observed for charge transport in a GTGG se-
quence, which is 50-100 fold slower than in a GAGG sequence. This suggests
the possibility that GT,GG hole transport may occur via the A, sequence in
the complementary strand.

Our studies also provide the first experimental data for the free energy
difference between different holes. The GAZ sequence has a value of
AGR=-0.19 eV, somewhat smaller than the —0.3 eV difference in oxidation
potentials of G vs Z. Much smaller values are obtained for GAGG and
GAGGG sequences, for which AGy=0.052 and 0.077 eV, respectively. These
values are smaller than those initially obtained from ab initio calculations
[14], but are in agreement with more recent calculations which include the
effects of solvation [64]. Our experimental values of AGy are similar in
magnitude to 2kgT, suggesting that the holes may be localized on a single
base. Combination of our results from equilibrium data with strand cleav-
age probabilities in short oligonucleotides provides relative rate constants
of 1:0.2:0.1 for strand cleavage at G, GG, and GGG sites on a per-guanine
basis.

The combination of shallow hole traps and slow hole transport is pre-
cisely the formula needed to explain the distance dependence of strand
cleavage in longer oligonucleotides containing multiple G, GG, or GGG
sites. Our kinetic data has been used by Giese [58] and Jortner [50] to mod-
el the results of strand cleavage studies. So long as hole transport is more
rapid than the initial chemical events leading to strand cleavage, cleavage
can be observed for dozens of base pairs from the locus of charge injection.
We would, however, caution against the extrapolation of our data to longer-
distance hole transport processes or to sequences other than those that we
have investigated.

Have we pushed the use of time resolved transient absorption with kinetic
modeling to its limit? We think not. Studies of the temperature dependence
of hole transport in hairpins such as 3GAZ should provide additional details
about the mechanism of this processes. The use of donor-acceptor triplexes
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or dumbbells based on 3GASe but possessing multi-donor sequences may
permit us to unravel the complex dynamics of multiple hole transport pro-
cesses. Strand cleavage studies in such systems would allow for the first di-
rect correlation of dynamics and strand cleavage data for the same system.
The use of time-resolved EPR may permit direct observation of guanine cat-
ion radicals and provide experimental information about the extent of
charge delocalization. Finally, initial studies of electron injection to T or C
via a (G:G), bridge provide an entry to the study of electron migration pro-
cesses in DNA [67].
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Abstract A range of photophysical and biochemical experiments have been conducted to es-
tablish DNA charge transport, to probe those parameters that influence DNA-mediated
charge transport, and to explore the biological applications and consequences. Charge mi-
gration through the DNA base stack has been shown to result in oxidative damage 200 A
from the site of the remotely-bound oxidant, but this long-range reaction is exquisitely sen-
sitive to perturbations in the intervening base stack. Spectroscopic measurements provide
the timescale for the transfer between bases and highlight the dependence of coupling
through the base stack on base dynamics. In exploiting the sensitivity of DNA charge trans-
port to base pair stacking, DNA electrodes have been designed that detect, with high sensi-
tivity, single base mismatches in DNA, as well as protein-dependent changes in DNA stack-
ing. How proteins modulate long-range DNA charge transport has also been examined,
and, in exploring charge transport within the biological milieu, oxidative damage to DNA
within the cell nucleus is being probed.
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1
Introduction

It was not long after the molecular structure of double helical DNA was re-
vealed [1] that scientists began to ask whether inherent in the double helical
stacked base pair structure were new functional characteristics for DNA [2].
Noting the resemblance of the array of aromatic bases in the DNA double
helix to conductive, one-dimensional aromatic crystals, Eley and Spivey sug-
gested that the DNA 7z-stack might provide a pathway for rapid charge sepa-
ration [3]. This notion, that DNA can mediate motion of electronic charge,
continues to fascinate and surprise us today. While a wealth of experimental
evidence has now established, undeniably, that DNA can act as a conduit for
rapid, and long-range charge transport (CT), the mechanisms and conse-
quences of this role of DNA in diverse areas of chemistry and biology re-
main to be completely revealed.

Extended solid state 7 systems facilitate CT, particularly when doped [4-
6]. The analogy between DNA and conductive solid state n-stacks therefore
establishes that a requisite condition for CT may exist in DNA. DNA contains
an array of heterocyclic aromatic base pairs, stacked at a distance of 3.4 A,
wrapped within a negatively charged sugar phosphate backbone [7] (Fig. 1).
The interactions between the 7 electrons of the DNA base pairs provide the
electronic coupling necessary for CT to occur.

Unlike solid state z-stacks, however, double helical DNA is a molecular
structure. Here CT processes are considered in terms of electron or hole
transfer and transport, rather than in terms of material conductivity. More-
over, the z-stack of DNA is constructed of four distinct bases and is there-
fore heterogeneous and generally non-periodic. This establishes differences
in redox energetics and electronic coupling along the 7-stack. The intimate
association of DNA with the water and counterions of its environment fur-
ther defines its structure and contributes to inhomogeneity along the mole-
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(b)

Fig. 1 The z-stack of double helical DNA. In this idealized model of B-DNA the stack of
heterocyclic aromatic base pairs is distinctly visible within the sugar-phosphate back-
bone (schematized by ribbons): a view perpendicular to the helical axis; b view down
the helical axis. It is the stacking of aromatic DNA bases, approximately 3.4 A apart, that
imparts the DNA with its unique ability to mediate charge transport. Base stacking in-
teractions, and DNA charge transport, are exquisitely sensitive to the sequence-depen-
dent structure and flexibility of DNA

cule. Perhaps most significantly, DNA is dynamic. Motions of the DNA bases
in the picoseccond to millisecond time regimes [8-16], modulate stacking
and coupling interactions between DNA bases on the time scale of charge
transfer and transport reactions. In fact, what we have been learning, and
describe in this Review, is that where the analogy between DNA and solid
state 7-stacked materials actually breaks down may be more interesting than
where the analogy holds true.

The most straightforward test of the ability of DNA to transport charge is
a direct measurement of DNA conductivity. Earlier experiments in this area
generated vastly different results, and descriptions of DNA ranging from in-
sulator to quantum wire emerged [3, 17-20]. The inherent complexities and
variables of such measurements, particularly the nature of the electrical con-
tacts and accessing the DNA 7-stack, were likely sources of conflicting re-
sults. Despite the implementation of more sophisticated experimental tools,
these issues remain controversial in more recent measurements of DNA con-
ductivity [21-25]. Furthermore, the validity of extrapolating measurements
made on dehydrated, structurally uncertain DNA samples exposed to high
voltages to B-DNA molecules under physiological conditions is unclear.
Overall, these studies reveal that methods designed to investigate current
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flow in conductive materials need to be refined in order to probe CT in
DNA.

As with conductivity measurements, methods and results of theoretical
treatments of CT in DNA have varied significantly. Mechanisms invoking
hopping, tunneling, superexchange, or even band delocalization have been
proposed to explain CT processes in DNA (please refer to other reviews in
this text). Significantly, many calculations predicted that the distance depen-
dence of CT in DNA should be comparable to that observed in the o-systems
of proteins [26]. This prediction has not been realized experimentally. The
dichotomy between theory and experiment may be related to the fact that
many early studies gave insufficient consideration to the unique properties
of the DNA molecule. Consequently, CT models derived for typical conduc-
tors, or even those based on other biomolecules such as proteins, were not
adequate for DNA.

Charge and radical migration through DNA has profound biological im-
plications, including an important role in mutagenesis and carcinogenesis.
Radiation biologists, probing the motion of radical species generated by ion-
izing radiation within DNA, debated whether these radicals could traverse
two or two hundred base pairs within the double helix [27]. Here the diver-
sity of experimental conditions and methods for accurately assessing the
distance of migrating radicals were key issues.

Chemists approach DNA CT on a molecular level by examining charge
transfer and transport reactions between electron donors and acceptors me-
diated by and/or directly involving DNA. These experiments aim to measure
the rate constants and yields of charge transfer reactions as a function of
distance. Our initial investigations of DNA CT exploited the photophysical
and chemical properties of polypyridyl metal complexes. First experiments
revealed enhanced efficiency of photoinduced electron transfer between
complexes when weakly bound to DNA; the rate constant for luminescence
quenching of Ru(phen);** (phen=9,10-phenanthroline) by tris(phenanthro-
line) complexes of Co(III) and Rh(III) increased by two orders of magnitude
[28, 29]. The role of the DNA z-stack in these charge transfer reactions was
immediately revealed by our metallointercalator redox probes, that bind
DNA avidly by intercalation between the bases [30-32]. Oxidative quenching
of dipyridophenazine (dppz) complexes of Ru(II) by phenanthrequinone di-
imine (phi) complexes of Rh(III) was found to be extremely rapid
(k>10" s7!), only when both complexes were intercalated into DNA base
stack. Transient absorption measurements of DNA-mediated quenching of
dppz complexes of Ru(II) or Os(II) by Rh(phi),bpy’* (bpy=2,2-bipyridine)
facilitated direct observation of the oxidized Ru(III) or Os(III) intermediate,
confirming electron transfer (ET) as the quenching mechanism [33, 34].

These preliminary studies established that charge transfer reactions did
indeed proceed in DNA, and suggested that these reactions may occur rapid-
ly over a long distance, and thereby be mechanistically distinct from ET in
proteins. Particularly provocative was the description of DNA-mediated CT
as largely insensitive to distance, but strongly dependent on stacking inter-
actions between the redox reagents and the DNA base pairs. Not surprising-
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ly, however, alternative explanations were proposed [35, 36], and using dif-
ferent DNA-bound donors and acceptors, CT behavior reminiscent of pro-
teins was observed [37, 38], suggesting that no new paradigm was required
to describe DNA CT. This controversy, however, most likely originated in the
lack of control over and characterization of the DNA assemblies, particularly
in terms of the CT distance and association of the redox probes with the
DNA.

Being intrigued by the potential of this CT chemistry, we devised new
tools to accurately probe and describe it. In particular, methods for precise
control and characterization of our donor-DNA-acceptor assemblies were
developed. Structurally well-characterized DNA assemblies containing cova-
lently bound and stacked donors and acceptors were prepared. We also ex-
panded our repertoire of redox active probes to include an array of metal-
lointercalators, organic intercalators, and DNA base analogues. As first in-
vestigations hinted that reactions over varied distance and time regimes
may be characteristic of DNA CT, we adapted a versatile combination of
spectroscopic, biochemical and electrochemical methods to probe DNA CT
under diverse conditions. Here we highlight research in our laboratory to
probe this chemistry using these tools and assemblies. Results emanating
from other laboratories are described in other chapters of this text.
Throughout, we wish to emphasize what we have learned from these varied
experiments: that the structure and dynamics of the DNA z-stack make
charge transfer and transport possible, and likewise regulate its rate con-
stants, efficiencies and distance dependence. Our current questions regard-
ing DNA CT are undoubtedly linked to how the unique structure and dy-
namics of DNA determine chemical and biological functions for CT.

2
Experimental Approaches to Studies of DNA-Mediated Charge Transport

Our approach to studies of CT in DNA relies on two key features. First is the
use of well-characterized DNA assemblies, which include redox probes that
are strongly coupled to the DNA z-stack. The importance of well-character-
ized DNA assemblies, including the redox participants and DNA bases, can-
not be overstated. Differences in structural and energetic properties of DNA
assemblies, particularly when unaccounted for, may be responsible for dras-
tically different conclusions regarding DNA CT. Furthermore, in order to
characterize the DNA 7-stack as a medium for CT, it is necessary to employ
redox probes that are directly coupled to the zn-stack.

Second is the application of a wide range of experimental designs and
techniques. DNA CT is observed in a diverse array of systems over different
distance and time regimes. Consequently, a versatile approach which draws
upon complementary methods is required to explore different facets of this
chemistry and develop a complete picture. We interrogate a variety of nucle-
ic acid assemblies using spectroscopic, biochemical and electrochemical
tools to define mechanistic features, exploit biological applications, and ex-
plore biological consequences of DNA CT.
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2.1
Metallointercalators, Organic Intercalators and Modified Bases as Probes

Redox participants are chosen to facilitate spectroscopic, biochemical and
electrochemical probing of DNA CT. These include metallointercalators, or-
ganic intercalators, and modified bases that possess useful, well-described,
and varied redox, photophysical and photochemical properties (Table 1).
Our probes are readily incorporated into DNA assemblies where CT dis-
tances ranging from 3.4 to 200 A and driving forces spanning over two
volts can be modulated with certainty. Most importantly, all redox probes
which afford fast and/or efficient CT through DNA are well-coupled to the
n-stack.

Table 1 Probes of DNA-mediated CT and their redox potentials (in solution) versus NHE
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2.1.1
Metallointercalators

A number of metallointercalators are commonly employed to study long-
range CT in DNA, notably phenanthrequinone diimine (phi) complexes of
Rh(III) (for example [Rh(phi),bpy’]**), and dipyridophenazine (dppz) com-
plexes of Ru(II) (for instance [Ru(phen)(bpy’)(dppz)]**) [44]. These ligands
facilitate tight binding (K>10° M!) of the octahedral Rh(III) and Ru(II)
complexes to DNA by intercalation, and the interactions of these metalloint-
ercalators with DNA have been extensively characterized [45]. In addition,
we have devised facile synthetic schemes for covalent attachment of these
complexes to DNA [46]. Due to their positive charge, ET reactions involving
these metallointercalators are charge shift reactions.

Phi complexes of rhodium bind DNA avidly by intercalation of the phi li-
gand [47, 48]. High resolution NMR studies indicated that these complexes
bind from the major groove with a sequence specificity that is modulated by
the ancillary, non-intercalating ligands [49, 50]. This binding mode was re-
cently confirmed by a 1.2 A crystal structure of the A-a-[Rh(R,R-dimethyl-
trien)phi]** complex intercalated into a DNA octamer [51]. In addition, five
independent views of the complex established that intercalation induces
minimal perturbation of the DNA z-stack, either globally or locally (Fig. 2).
No kinking or bending is associated with intercalation. The inserted phi li-
gand can essentially be described as an additional base pair.

The photochemistry of phi complexes of rhodium makes them particular-
ly amenable probes for DNA CT [52]. Exciting these complexes with ultravi-
olet light (A=313 nm) results in direct scission of the DNA sugar-phosphate
backbone via hydrogen abstraction from the sugar near the photoexcited in-
tercalated phi ligand. Consequently, the binding site of the complex is
marked. Exciting these complexes with visible light (1>365 nm) generates a
potent photooxidant (E°(Rh***/**)~2 V vs NHE) [31] which, when intercalat-
ed into DNA, leads to oxidative damage at guanines. The oxidation potential
of these photoexcited phi complexes should be sufficient to oxidize all four
DNA bases as well as thymine dimers (Table 1).

Dipyridophenazine complexes of Ru(II) have been dubbed “molecular
light switches” due to their remarkable photophysical properties when
bound to DNA [53, 54]. Although these dppz complexes display lumines-
cence in organic solvents, their luminescence is quenched in aqueous solu-
tion, as a result of proton transfer from water to the nitrogen atoms of the
phenazine [55]. Intercalation into the DNA z-stack protects the phenazine
nitrogen atoms from water, and, consequently these molecules light up when
bound to DNA. This interesting photophysical feature can be exploited, for
instance, to delineate the DNA binding mode of the dppz ligand. NMR inves-
tigations of partially deuterated A-[Ru(phen),dppz]** bound to a DNA hex-
amer indicated that the dppz ligand intercalates from the major groove with
two distinct binding modes [56]. In the symmetrical orientation, the phena-
zine nitrogens are protected from solvent, whereas in the asymmetrical ori-
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(b)

Fig.2 A 1.4 A crystal structure reveals that intercalating phi ligands do not disrupt the
DNA 7-stack. Shown are: a the five A-o-[Rh(R,R-dimethyltrien)phi]**-DNA octamers
stacked end-to-end in the asymmetric unit of the crystal, and b a view from the major
groove of A-a-[Rh(R,R-dimethyltrien)phi]** intercalated in the DNA duplex, 5'-G-dIU-
TGCAAC-3'. The intercalator is inserted as an additional DNA base step with minimal
perturbation of DNA 7-stack. Adapted from [51]

entation, the phenazine nitrogens are more solvent exposed. Thermodynam-
ic studies reveal that binding to DNA is avid [57].

Photoexcitation of Ru(II) dppz complexes generates a metal-to-ligand
charge transfer excited state that is localized on the dppz ligand. This is a
particularly salient feature for investigations of DNA-mediated CT, because
excitation of the metallointercalator directs the charge transfer into the 7-
stack rather than on an ancillary ligand [58]. We exploit the redox properties
of photoexcited Ru(II) (E°(Ru**"**)~0.6 V vs NHE) [30, 34] to generate a
potent ground state Ru(III) oxidant (E°(Ru***)~1.6 V vs NHE) [34] in situ
by the flash quench technique [59] (Fig. 3). Here, the excited state complex,
Ru(II)", undergoes an ET reaction with a non-intercalated oxidative quench-
er (for example methyl viologen, Ru(NH;)s) yvielding the ground state
Ru(III) oxidant intercalated within the DNA 7z-stack. This Ru(III) complex is
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Fig. 3 Flash quench scheme for in situ generation of Ru(III). Oxidative quenching of a
photoexcited Ru(Il) intercalator by a diffusible quencher (Q) generates Ru(III), a potent
ground state oxidant which can react with guanine bases in DNA. Once oxidized, the
guanine radical cation can rapid deprotonates (>107 s™!). The resultant guanine radical
may be irreversibly trapped leading to permanent DNA lesions. Conversely hole migra-
tion to additional traps, X, positioned elsewhere in the DNA duplex may occur. Compet-
ing with these processes is back reaction with the reduced quencher to regenerate
ground state Ru(III)

sufficiently potent to oxidize guanine, and perhaps adenine, based on the
potential of these nucleosides as measured in solution (Table 1). The flash
quench technique, originally designed for exploring ET in proteins [60], has
proven invaluable for the generation of powerful ground state oxidants
bound to DNA. A significant feature of the flash quench method is that a dif-
fusion-controlled reaction is required to generate the Ru(III) oxidant. This
sets the time-scale for the direct measurement of reaction kinetics (typically
k~<107-10%s7").

2.1.2
Organic Intercalators

Intercalating molecules, such as the classic organic intercalator, ethidium
(Et), have likewise been significant in our efforts to understand DNA-medi-
ated CT (Table 1). The intercalative interactions and fluorescence properties
of Et in the presence and absence of DNA have been extensively character-
ized and are highly amenable to investigations of DNA CT. Ethidium interca-
lates tightly into DNA (K~10° M™!) [61, 62], and its luminescence intensity
is significantly enhanced upon DNA binding [63]. The excited state of Et
formed upon irradiation with visible light, has a potential that is insufficient
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to oxidize the natural DNA bases (E°(Et7%)=1.2 V vs NHE) [41]. This allows
selective reaction with appended redox reagents or modified bases of low ox-
idation potential such as 7-deazaguanine (“!G). Moreover, functionalization
of Et with methylene tethers facilitates covalent attachment to DNA in order
to precisely control the distance of CT [41, 64].

Other intercalating organic molecules serve as probes for electrochemical
investigations of ground state CT through DNA films. Methylene blue (MB)
is a three-ringed heterocycle which binds to DNA by intercalation
(K~10° M) with a slight preference for GC-rich sequences [65-68]. MB can
be reversibly reduced at negative potentials (E°..q~—0.25 V vs NHE). Dauno-
mycin (DM), a redox active antitumor agent [69], can likewise be reversibly
reduced at negative potentials (E%.q~—0.4 V vs NHE). Crosslinking of DM to
the exocyclic amine of guanine generates a DNA duplex with a covalently ap-
pended redox probe [70]. Furthermore, DM bound to DNA in this fashion
has been crystallographically characterized [71]. MB, DM and Et are posi-
tively charged; therefore charge transfer involving these intercalators are
charge shift reactions.

2.1.3
Modified Bases

We use modified DNA bases to tune the photophysics and redox properties
of bases in DNA with minimal structural impact (Table 1). DNA oligonucleo-
tides containing base analogues at precisely defined positions are readily
prepared by standard solid phase synthesis and easily characterized. The hy-
drogen bonding and stacking interactions of base analogs within DNA du-
plexes are often comparable to the natural bases, and may be characterized
by a variety of spectroscopic tools. Crystallographic or NMR structures of
many DNA duplexes possessing base analogues now exist. The base ana-
logues we employ are neutral molecules and their CT reactions with natural
DNA bases involve charge separation.

The fluorescent base analogues, 1-N°®-etheno-adenine (¢A) and 2-amino-
purine (Ap) are two examples that illustrate the utility of modified bases as
probes. Although the natural DNA bases are essentially non-fluorescent [72-
73], both adenine analogues, €A [74-76] and Ap [77, 78], emit strongly in
solution and in DNA. These probes can be selectively excited in DNA to gen-
erate powerful photooxidants (Ap: E°/7)~1.5 V; gA: E°*/?~1.4 V vs NHE)
[40] which can initiate CT chemistry within the base stack. Equally impor-
tant, the photoexcited molecules, particularly Ap", are remarkably sensitive
to their environment. Consequently, the fluorescence of Ap" acts as a de-
tailed reporter of structure and dynamics within the double helix [8, 9, 79-
84]. The solution structures of DNA duplexes containing €A [85] and Ap [8]
have both been characterized by NMR. Opposite thymine, Ap is base paired
and stacked in duplex DNA in a manner which is very similar to adenine.
Conversely, €A assumes a non-planar conformation and exhibits corre-
spondingly poorer stacking interactions with neighboring bases.
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Base analogs are often chosen in order to access different redox potentials
within DNA. Typically these molecules differ very little from the natural
DNA bases such that the change in redox potential dominates over any mi-
nor structural perturbation. Examples are 7-deazaguanine (*G) and 7-deaza-
adenine (“A) which are derived by replacing the N-7 atom of guanine and
adenine, respectively, by a C-H. This trivial structural modification induces
a dramatic change in oxidation potential of ~300 to 400 mV [41, 86, 87].
Inosine (I) is another guanine analog with particularly useful redox proper-
ties. Replacement of the exocyclic amine of guanine by a hydrogen induces a
200 mV increase in oxidation potential [40]. Substitution of I for G in a DNA
duplex results in the loss of one hydrogen bond in the base pair with cyto-
sine. Other base analogues exist which form no hydrogen bonds with natural
bases, but instead are stabilized by base stacking interactions in duplex
DNA [88]. An example with particularly desirable features for our CT inves-
tigations is methyl indole (M). This molecule has an exceptionally low redox
potential (E°®%)~1 V vs NHE) [42] and can therefore serve as a relatively
deep hole trap. In addition, since the methyl indole radical cation exhibits
significant absorption in the visible region [89], methyl indole is an ideal
probe for investigations of CT by transient absorption spectroscopy.

2.2
Spectroscopic, Biochemical and Electrochemical Approaches

Using a variety of spectroscopic techniques, we have observed the time-re-
solved dynamics of charge transfer and transport on time-scales from fem-
toseconds to milliseconds. Our time-resolved studies are coupled to steady-
state spectroscopy in order to evaluate both reaction rate constants and
yields. Fluorescence spectroscopy is employed to measure excited state life-
times of redox probes within the DNA 7-stack, and to monitor charge trans-
fer quenching of these photoexcited reagents. This defines the time-scale
and efficiency of the reaction. Transient absorption spectroscopy is em-
ployed to directly observe the transient intermediates along the CT pathway,
and to monitor back electron transfer (BET). In all spectroscopic investiga-
tions, we exploit the photon energy to initiate charge transfer between our
photoexcited donor and an acceptor positioned elsewhere in the DNA helix.
Importantly, the information obtained from each spectroscopic method is
governed by the time-scale accessible to the instrument. Consequently, each
experiment represents a discrete piece of the overall CT dynamics which en-
compass a much wider time scale.

Biochemical assays truly probe “chemistry at distance” by examining
DNA damage and repair products generated by long-range DNA-mediated
CT. The experiments typically involve steady-state irradiation of an interca-
lated photooxidant tethered to DNA, leading to the injection and migration
of a hole through the duplex. These holes are ultimately trapped at the sites
of lowest oxidation potential, which are guanine sites in native DNA. Often
multiple guanines, particularly guanine doublets, are used as hole traps. Se-
lective oxidation at the 5'-G of guanine doublets has become a hallmark of
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CT-induced damage, consistent with theoretical predictions that the HOMO
of guanine doublets is localized on the 5'-G [90]. Conversely, non-specific
oxidation of both guanines is indicative of an alternative chemistry, for in-
stance reaction with singlet oxygen.

The oxidized guanines subsequently react with water and/or oxygen to
yield permanent lesions that are revealed as strand breaks upon enzymatic
treatment or reaction with base (such as piperidine) [91]. The resultant frag-
ments are separated, visualized and quantified by polyacrylamide gel elec-
trophoresis (PAGE) or high performance liquid chromatography (HPLC).
What renders biochemical assays so valuable is that they are not limited by
time, and can therefore examine the final product of a CT reaction that has
occurred over considerable distance. However this same feature is responsi-
ble for the limitation of biochemical methods; the lack of real-time observa-
tion precludes the detection of intermediates and the possibility to distin-
guish between charge injection, migration and trapping.

We have also developed novel methods for electrochemical probing of
DNA-mediated CT [92, 93]. Here we exploit molecular self-assembly to gen-
erate well-defined monolayers of thiol-modified DNA duplexes on gold elec-
trodes. A redox active intercalator, such as MB or DM, is bound to the DNA
at a distance from the gold surface. This intercalator acts as a reporter of
electrochemically-initiated CT through the intervening DNA bridge; reduc-
tion of the distantly bound intercalator is monitored by, for instance, cyclic
voltammetry or chronocoulometry. The yield of reduced intercalator there-
fore provides a measure of the efficiency of CT through DNA. In contrast to
other techniques, the electrochemical methods probe electron, rather than
hole, transport (HT) between ground state, rather than photoexcited, mole-
cules. Correspondingly, the distance, time and energetic regimes are distinct.
Notably the charge must traverse the alkane-thiol linker before accessing the
DNA 7-stack. As this process is considerably slower [94] than measured rate
constants for CT in DNA, it may not be possible to obtain direct information
on the rates of CT through these DNA films.

3
Probing DNA Charge Transfer and Transport over Different Distance,
Time and Energetic Regimes

Preliminary investigations of DNA CT suggested that it may be quite distinct
from CT through proteins, in distance, time, and energetic regimes. In addi-
tion these studies hinted that a strongly coupled 7-stack including the redox
participants and the intervening DNA bases is essential to CT. These features
provide the impetus and focus for our continued exploration of DNA-medi-
ated CT.
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3.1
Spectroscopic Investigations of Charge Transport Through DNA

3.1.1
Charge Transport Between DNA Intercalators

The first experiments characterizing DNA-mediated CT over a precisely de-
fined distance between covalently appended redox probes were reported in
1993 [95]. Remarkably, the luminescence of a photoexcited Ru(II) intercala-
tor was quenched by a Rh(III) intercalator fixed to the other end of a 15-mer
DNA duplex over 40 A away (Fig. 4). Furthermore, non-intercalating, teth-
ered Ru(II) and Rh(III) complexes did not undergo this quenching reaction.
In this way the importance of intercalative stacking for efficient CT was
demonstrated.

To further probe this CT chemistry, in particular the distance dependence
and role of z-stacking interactions, we considered reactions between pho-
toexcited Et and [Rh(phi),bpy’]** covalently appended to DNA and interca-
lated within the base stack. [64] (Fig. 5). Here, as reported for the metalloin-
tercalators, charge transfer quenching of Et’ luminescence by the Rh(III) in-
tercalator was observed over distances of 20-30 A. Significantly, although a
shallow distance dependence was observed in the yield of CT, the fluores-
cence decay rate of the Et-modified assemblies was unaffected by the Rh
quencher. From these observations we proposed that the rate constant for
charge transfer was fast compared to the time scale of our instrumentation
(1071 5) and exhibited no significant variation with distance; what we ob-
served was the subpopulation of molecules that were not quenched, presum-
ably owing to a defect in the intervening stack. This was our first suggestion
that the distance dependence of CT yield might reflect the increased proba-
bility of base destacking with increasing donor-acceptor distance, rather
than a decrease in CT rate constant.

To test this sensitivity of photoinduced quenching to perturbations in the
intervening base pair stack, an assembly was prepared containing an inter-
vening CA base mismatch which disrupts locally the 7-stack between the do-
nor and acceptor. We observed that the yield of CT was reduced in the DNA

Fig. 4 Coupling of the redox participants to the DNA 7-stack is requisite to DNA-medi-
ated charge transport. Rapid (>10° s™!) photoinduced electron transfer occurs between
the metallointercalators, [Ru(phen),dppz]** and [Rh(phl) ,phen]®*, when they are teth-
ered to opposite ends of a DNA duplex over 40 A apart. Conversely, electron transfer
does not occur between non-intercalated Ru(II) and Rh(III) complexes tethered to DNA
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Fig. 5 Charge transfer occurs through the DNA 7-stack and is strongly dependent on mi-
nor base stack perturbations. Photoinduced electron transfer is observed from tethered
intercalated ethidium to a rhodium intercalator bound to DNA up to 30 A away. The ef-
ficiency of electron transfer is drastically reduced in the presence of a stacking disrup-
tion, here a single base-pair mismatch

possessing the mismatch (Fig. 5). This confirmed first that the pathway of
CT is through the DNA base stack not the sugar-phosphate backbone. Fur-
thermore this result emphasizes the sensitivity of DNA CT to perturbations
in this base stack. Unlike CT in proteins, here CT depends not only on dis-
tance but sensitively upon the intervening 7-stacked structure.

3.1.2
Charge Transport Between an Intercalator and a DNA Base

In order to examine long range CT reactions in which DNA bases are partic-
ipants, we prepared DNA duplexes containing “G and covalently tethered Et
(Fig. 6). As “G has an oxidation potential which is ~300 mV below guanine,
selective quenching of photoexcited Et by “G is observed when Et is interca-
lated within mixed sequence DNA. Using steady-state fluorescence and
nanosecond time-correlated single photon counting (TCSPC), we character-
ized the CT reactions between Et" and “G as a function of distance, DNA se-
quence, and base stacking [41]. The CT was found to proceed on a sub-
nanosecond time-scale over distances of 6 to 27 A. Furthermore, while the
yield of CT exhibited a shallow distance dependence, both the yield and dis-
tance dependence were dramatically influenced by subtle changes in base se-
quence, including intervening mismatches. These data were again consistent
with ultrafast CT sensitively modulated by the nature of the intervening
DNA r-stack, even in assemblies where the distance between donor and ac-
ceptor was fixed.

In order to directly probe the dynamics of CT between Et" and “G, and to
understand how the intervening DNA base stack regulates CT rate constants
and efficiencies, we examined this reaction on the femtosecond time scale
[96]. These investigations revealed not only the unique ability of the DNA 7-
stack to mediate CT, but also the remarkable capacity of dynamical motions
to modulate CT efficiency. Ultrafast CT between tethered, intercalated Et’
and “G was observed with two time constants, 5 and 75 ps, both of which
were essentially independent of distance over the 10-17 A examined. Signifi-
cantly, both time constants correspond to CT reactions, as these fast decay
components were not detected in analogous duplexes where the “G was re-
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Fig. 6 Dynamic molecular motions can gate DNA-mediated charge transport. Two time
constants (5 and 75 ps) are observed for hole transfer from photoexcited ethidium, teth-
ered and intercalated near the end of a 14-base pair DNA duplex, to a base analog, 7-
deazaguanine, in DNA. The 5 ps time constant, which is independent of distance be-

tween 10-17 A, is due to direct hole transfer, while the 75 ps time constant corresponds
to reorientation of the ethidium before hole transfer. Adapted from [96]

placed by G (where the oxidation reaction is not favorable). We therefor as-
signed the 5 ps component as the inherent rate for direct CT between Et'
and “G. The longer, 75 ps decay was attributed to reorientational motion of
Et" within its binding site, prior to CT. This motion positions the Et" in the
correct conformation for CT. Reorientation of Et" is slow relative to the 5 ps
required for CT between Et' and “G when in CT-favorable conformation.
This assignment was supported by fluorescence anisotropy measurements
which established the 75 ps time component as the time for motion of inter-
calated Et". Also consistent with this proposal are investigations of the dy-
namics of ET between Et' and 7-deaza-2'-deoxyguanosine triphosphate
(dZTP) in solution [97]. Here the relative orientational motions within Et’-
dZTP complexes were found to be the rate determining step for ET.

Our investigations of ultrafast CT between Et" and *G suggest that DNA-
mediated CT may be gated by molecular motions within the DNA assembly,
in this case motions of Et’, the photoexcited hole donor. Conformational
gating has been observed for ET reactions through other molecular assem-
blies [98], and is certainly expected to be significant to DNA CT, given the
timescale of molecular motions within DNA. Indeed, the role of conforma-
tional gating in CT through macromolecules, including DNA, has recently
been addressed theoretically [99, 100].

Stacking dynamics and conformational gating also provide an explana-
tion for the distance dependence of the yield of CT between Et" and “G, a
dependence which was not manifested in the CT rates [96]. Dynamic mo-
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tions of the DNA bases and redox probes on the picosecond to millisecond
time scale generate a distribution of conformations within the DNA assem-
bly. Only certain conformations are expected to facilitate CT. For these fa-
vorable conformations, sufficient donor-acceptor coupling is achieved dur-
ing the lifetime of the photoexcited donor, in this case Et’, and CT occurs
with a characteristic rate. Increasing the number of intervening base pairs
between the donor and acceptor increases the number of molecules which
must be appropriately aligned for CT. Correspondingly, the probability of
forming CT-active conformations decreases. This reduces the number of dis-
crete CT events, and causes the yield of CT to decrease with increasing do-
nor-acceptor distance.

3.13
Charge Transfer Between DNA Bases

Spectroscopic investigations employing intercalating probes have uncovered
ultrafast DNA-mediated CT that is regulated by static and dynamic stacking
interactions. To further elucidate the role of the DNA bases in this chemistry,
we have been exploring systems where DNA bases act as both the redox par-
ticipants and the intervening bridge. Here charge transfer between DNA bas-
es and the influence of stacking interactions among the DNA bases can be
explicitly probed. In this effort we have exploited non-natural DNA bases, in
particular the fluorescent base analogues €A and Ap.

We have conducted a systematic study of DNA-mediated oxidation of G
and “G by either Ap or €A within 12-mer DNA duplexes over donor-acceptor
separations of 3.4 to 13.6 A [40, 101]. This investigation combined steady-
state fluorescence with nanosecond and femtosecond fluorescence and tran-
sient absorption spectroscopy to generate an accurate picture of base-base
CT reactions. While the reactivities of éA and Ap towards CT with G or *G
are quite similar in solution, striking differences were observed for the same
CT reactions within duplex DNA. Charge transfer involving Ap* is rapid
(k~10'°-10" s7') and characterized by a relatively shallow decrease in both
the yield and the rate constant with distance. Conversely, charge transfer in-
volving €A” is several orders of magnitude slower and exhibits a steep dis-
tance dependence. High-resolution NMR investigations of duplexes contain-
ing €A [85] and Ap [8] reveal important differences in the structure of these
duplexes, namely in stacking within the helix. The sterically bulky €A does
not pair with T and exists in a non-rigid conformation that is not effectively
stacked with the DNA bases. Ap is base paired and stacked in a manner
which is very similar to the native DNA bases. Here the dramatic differences
in charge transfer rate constant and efficiency can be directly correlated to
differences in DNA base stacking.

In many investigations of CT, pendant redox probes interact with both
bases of a base pair. However, studies of base-base charge transfer can differ-
entiate between discrete intra- and interstrand reactions (Fig. 7). These in-
vestigations further attest to the critical role of base stacking in DNA-medi-
ated CT. In B-DNA duplexes, stacking interactions are largely restricted to
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Fig. 7 Intra- and interstrand charge transfer in DNA are distinct. Experiments monitor-
ing charge transfer between photoexcited 2-aminopurine, a base analog, and guanine or
7-deazaguanine established that intrastrand charge transfer is faster, more efficient, and
proceeds with a different distance dependence than interstrand charge transfer. In DNA,
intra- and interstrand pathways are characterized by different base stacking interactions
and electronic coupling. Adapted from [40]

bases within the same strand [7]. This can be rationalized, qualitatively, by
the lack of significant overlap between bases on opposite strands. The rate
constants and efficiencies of base-base CT parallel this stacking arrange-
ment. Therefore, intrastrand charge transfer between Ap” and G [101] was
observed to be ~10° times faster than the analogous interstrand reaction
[40]. A kinetic penalty for interstrand charge transfer has also been ob-
served for HT between G bases [102], and between Ap radical cation and G
[103]. Due to the lack of significant interstrand stacking in B-DNA duplexes,
the interstrand reaction presumably requires charge transfer across a hydro-
gen bond of a base pair. These experiments highlight a fundamental feature
of DNA charge transfer and transport; direct coupling of reactants through
stacking is requisite for fast reaction kinetics.

A dramatic demonstration of the sensitivity of CT to stacking emerged
from our investigation of the influence of DNA directional asymmetry on
HT between DNA bases [104]. Remarkably, for reactions through the same
DNA bridge, over the same distance, and with the same driving force, HT
from Ap” to G in the 5’ to 3’ direction is more efficient and less dependent
on distance than HT from 3’ to 5. These differences in HT efficiency reflect
variations in base-base coupling within the DNA assemblies. Undoubtedly
base-base coupling is a critical parameter in DNA CT, and this base-base
coupling is strongly dependent on subtle structural nuances of the DNA
double helix.

More recently we have turned our attention to the influence of dynamic
variations in stacking on base-base CT. Here again Ap” is particularly useful
given its demonstrated charge transfer chemistry in DNA, and its ability to
report on the structure and dynamics of the DNA environment. Using spe-
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cific Ap-containing DNA duplexes and analogous DNA:RNA hybrids we
characteristically tuned the base pair dynamics within the charge transfer
bridge [105]. Fluorescence investigations correlated the distance dependence
of charge transfer yield with the conformational flexibility of the bridge; a
more shallow distance dependence was evident in duplexes with increased
base pair dynamics. These results are consistent with the notion of CT via
specific, well-coupled conformations of the redox reagents and DNA bridge.
Within a certain regime, dynamic motion of the DNA base pairs provides
access to and sampling of these conformations. Therefore, the number of
discrete charge transfer events may be larger for duplexes with increased
conformational flexibility. In such cases, the distance dependence of charge
transfer yield will fall off more gradually when compared to duplexes which
have more restricted access to these conformations.

Studies of base-base CT in B-form DNA duplexes versus A-form DNA:R-
NA hybrids also confirmed our fundamental tenet that the pathway of effi-
cient charge transfer will be the well-stacked pathway. In A-form duplexes
considerable intra- and interstrand stacking exists. Not surprisingly then, in
DNA:RNA hybrids we observed a similar distance dependence for the yields
of intra- and interstrand CT [105]. So, the distinction between intra- and in-
terstrand CT observed in B-DNA duplexes truly correlates with differences
in base stacking.

3.2
Characterization of Transient Intermediates

The spectroscopic investigations described so far have largely been based on
monitoring CT-induced quenching of photoexcited charge donors. These
methods provide limited opportunity to detect the ions, radical ions or radi-
cals that form as intermediates in charge transfer reactions. To enhance our
view of DNA-mediated CT we have sought to directly observe and character-
ize transient intermediates along the CT pathway. In this endeavor we have
exploited the flash quench scheme to generate the potent ground state
Ru(III) oxidant in situ (Fig. 3). Reaction of the intercalated Ru(III) species
with guanine or other bases in DNA has afforded us direct examination, by
transient absorption spectroscopy, of the intermediates formed upon DNA-
mediated CT. Furthermore, these studies have advanced our efforts to corre-
late CT intermediates with permanent chemical products.

The neutral guanine radical is detected immediately following nanosec-
ond laser photolysis and flash quench generation of A-[Ru(phen),(dppz)]**
intercalated within poly(dG-dC) [59]. This radical is the product of electron
transfer from guanine to the Ru(III) oxidant, followed by rapid deprotona-
tion of the resultant guanine radical cation. Deprotonation is consistent with
a pK, of ~3.7 reported for the guanine radical cation in neutral aqueous so-
lution [106]. These results are likewise consistent with the observation of the
neutral guanine radical by EPR following flash quench experiments with
poly(dG-dC) [107]. Formation of the guanine radical was found to be con-
comitant with quenching of photoexcited A-[Ru(phen),(dppz)]** by the dif-
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Fig. 8 Long range charge transport between dppz complexes of Ru(III) and an artificial
base, methyl indole, in DNA. The methyl indole is paired 0£posite cytosine and separat-
ed from the intercalating oxidant by distances up to 37 A. In all assemblies, the rate
constant for methyl indole formation was found to be coincident with the diffusion-
controlled generation of Ru(IIl) (>107 s7!), indicating that charge transport is not rate
limiting over this distance regime

fusible quencher (k,ps~2x107 s71). Therefore oxidation and deprotonation of
guanine occur in less than ~200 ns in duplex DNA. The resultant guanine
radical was observed to decay over hundreds of microseconds, resulting, ul-
timately, in the formation of permanent oxidation products as monitored by
gel electrophoresis. Significantly, this investigation provided the first obser-
vation of the guanine radical in DNA by UV-vis spectroscopy, and estab-
lished timescales for formation and deprotonation of the guanine radical
cation as well as the decay of the guanine radical leading to permanent oxi-
dative lesions.

In recent, analogous studies, we have directly observed a radical cation
intermediate localized on a DNA base analog [42, 108]. Here the flash
quench technique was employed to generate a Ru(III) oxidant intercalated
within duplex DNA containing methyl indole as a hole trap. The resultant
methyl indole radical cation was detected by both transient absorption and
EPR spectroscopies. Corresponding irreversible oxidation of the indole moi-
ety was demonstrated by biochemical assays that detected strand breaks at
the indole sites following steady-state irradiation and treatment with piperi-
dine. As for guanine, formation of the charge transfer intermediate was con-
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comitant with the initial quenching of the photoexcited Ru(II) intercalator,
>107 s7!. In fact, for the assemblies examined, containing no intervening
guanines, CT to form the methyl indole radical cation was required over a
distance of ~40 A and was not rate-limiting (Fig. 8). Moreover, the yield of
charge transfer intermediates and products is dramatically diminished by
the presence of an intervening mismatch, and sensitively modulated by the
extent of initial charge localization at the injection site [108].

These data provided the first direct measurements of rates of formation
of transient radical species over long (>20 A) molecular distances, and the
first correlations between biochemical measurements of yield of oxidative
damage and direct measurements of radical formation over this long range.
Importantly, the facility in preparing these assemblies now will permit us to
systematically vary sequence and distance in order to directly test various
mechanistic proposals for long-range CT through DNA.

33
Long-Range Oxidative Damage

In the course of our spectroscopic investigations of DNA-mediated CT, we
were naturally curious about the consequences of electron and hole migra-
tion through DNA. Given that radicals damage DNA within the cell, could
these fast, long range CT reactions be physiologically relevant? Could DNA-
mediated CT induce chemistry, in particular oxidative damage to DNA, from
a distance?

Our first biochemical experiments addressing these questions revealed
that indeed CT through DNA induces chemistry at distance [109, 110]. These
investigations probed the migration of positive charges, or holes, though
DNA. Since G has the lowest oxidation potential of the four DNA bases [39],
migrating holes are expected to be trapped at G, leading, potentially, to per-
manent oxidative damage. Furthermore, the 5'-G of 5-GG-3’ doublets has
been found to be particularly sensitive to oxidation [111]. This has been ra-
tionalized by ab initio molecular orbital calculations which predict that the
oxidation potential of 5'-GG-3’ doublets is reduced (relative to single gua-
nines) and that the HOMO lies predominantly on the 5'-G [90]. Preferential
oxidative damage at the 5'-G of 5-GG-3" doublets has therefore become a
signature of CT chemistry.

To examine the chemistry of migrating holes in DNA, we prepared DNA
assemblies containing a tethered intercalating photooxidant, [Rh(phi),
DMBJ**, spatially separated from two GG sites [109]. Upon irradiation with
365 nm light, we observed oxidative damage to both GG sites, 17 and 34 A
away from the photooxidant. Photolysis at 313 nm confirmed that the rhodi-
um complex intercalated near the terminus of the duplex where it was teth-
ered, and that no inter-assembly intercalation had occurred. Remarkably,
the yield of oxidative damage was essentially the same at both GG sites. The
damage yields were, however, modulated by changes in oxidation potential
at the guanine sites, or changes in stacking of the intercalator within the
DNA helix. Stacking of the intervening DNA bases was also found to be crit-
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Fig. 9 Long-range oxidative damage in DNA is regulated by the structure of the DNA 7-
stack. Photoexcited [Rh(phi),(bpy’)]** intercalated within B-DNA oxidizes guanine dou-
blets positioned 17 A and 40 A away with approximately equal efficiency. When a bulge
is introduced in the DNA oxidation at the distal guanine doublet is inhibited. As shown
by the NMR structure, bulges introduce local distortions in the DNA 7-stack, although
the kinking of the helical actually positions the distal guanine closer to the Rh(III) pho-
tooxidant

ical; DNA assemblies possessing base bulges between the 5'-GG-3' sites distal
and proximal to the intercalated photooxidant displayed a dramatic reduc-
tion in the distal/proximal ratio of oxidative damage [110] (Fig. 9). Un-
doubtedly this oxidative chemistry occurs by hole migration through the
DNA base stack. These seminal experiments therefore established that long
range HT leads to permanent oxidative damage at guanine, and that this
chemistry is characterized by a pronounced sensitivity to stacking with
minimal sensitivity to distance.

To systematically examine the distance dependence of long range oxida-
tive damage, we constructed a series of 28 base pair duplexes containing
guanine doublets distal and proximal to a tethered Rh(III) intercalator
[112]. With the position of the proximal GG doublet fixed, the separation be-
tween the photooxidant and the distal GG site was increased in 2 base pair
increments. Consistent with our spectroscopic measurements of CT, the
yield of oxidative damage was not significantly attenuated over a distance of
75 A. In addition, the helical phasing of the intercalator and the site of oxi-
dation (for instance stacking of the intercalator and GG doublet on the same
or opposite sides of the helix) did not appear to significantly influence the
CT yield.

Oxidative damage to guanine via long range DNA-mediated hole trans-
port is not specific to our Rh(III) intercalators. We have observed this chem-
istry using several other intercalating oxidants, include ground state Ru(III)
species [112, 113], and ethidium [114]. Indeed, the generality of long-range
guanine oxidation via DNA-mediated HT has now been established by inves-
tigations of several different laboratories using a variety of distinct oxidants
[115-119]. Importantly, we have consistently observed that the ability of the
oxidant to initiate damage at a distance is fundamentally related to its asso-
ciation with the DNA base stack. This essential feature of DNA-mediated HT
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was unambiguously demonstrated in a recent study of oxidative damage by
a family of Ru(II) complexes [120]. While intercalating Ru(II) complexes,
such as [Ru(bpy),(dppz)]**, promote significant long-range oxidation of
guanine, non-intercalating, groove binding species, such as Ru(bpy);**, are
ineffective. Moreover, for a series of Ru(II) intercalators, the yield of guanine
oxidation was found to be directly correlated to the strength of intercalative
binding. Clearly coupling of the oxidant to the DNA base pairs is requisite to
HT through the 7 stack. While this coupling can be achieved by intercala-
tion, it is sensitively modulated by the strength and nature of the interac-
tions between the oxidant and the DNA bases.

Having demonstrated, generally, long-range HT through the DNA base
stack with a shallow dependence on distance, an obvious question arises:
how far can holes migrate in DNA? In particular, can HT generate oxidative
damage over physiologically relevant distances? We tested this notion by
probing damage to GG doublets positioned up to 200 A from either a pho-
toexcited Rh(III) or a ground state Ru(IIl) intercalating oxidant [112]. Re-
markably, HT reactions yielding significant oxidative damage were observed
over these biologically important distances. Such long-range oxidative dam-
age to guanine has also been observed using anthraquinones as photooxi-
dants [121]. While long-range HT did exhibit some dependence on distance,
we found the intervening sequence and sequence dynamics to play a signifi-
cant role in the efficiency and distance dependence of oxidative damage. For
instance, the yield of oxidative damage was diminished through multiple 5'-
TA-3' steps, and an increase in the proportion of long-range damage ob-
served as the temperature was increased from 5 to 35 °C. These observations
reveal important features of very long distance DNA CT. These features coin-
cide with our picture of shorter range CT developed from spectroscopic
studies, and may be significant to DNA damage in vivo.

Once long range oxidative damage in DNA had been demonstrated, our
attention shifted towards understanding how holes migrate through DNA
over such distances. Consistently, our investigations of CT reactions indicat-
ed that stacking interactions involving the DNA bases and the redox partici-
pants would be at the center of any mechanistic description of CT in DNA.
We have performed a variety of experiments to test this notion and to en-
hance our understanding of the mechanisms of long-range guanine oxida-
tion.

Although we tend to visualize DNA in its standard B-form, DNA exhibits
incredible structural diversity [7, 122, 123]. Long range guanine oxidation
has now been shown to occur in an array of DNA structural forms including
single-strands [124], triplexes [125, 126], cross-over junctions [127, 128],
DNA:RNA hybrids [129, 130] and Z-DNA [131]. A wide range of structures
and structural dynamics can be accessed by exploiting DNA polymorphism.
We have investigated non B-form DNA to probe how the structure of bases
within DNA helices is related to charge transport function (Fig. 10).

In DNA:RNA hybrids, where intrastrand base stacking is comparable to
B-DNA, we observed efficient long range guanine oxidation when using
ethidium as an intercalating photooxidant [130]. Conversely, a Rh(III) com-



DNA-Mediated Charge Transport Chemistry and Biology 89
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Fig. 10 Charge transport is observed in a variety of nucleic acid assemblies over a wide
distance regime (3.4-200 A). Shown are examples of nucleic acid structures through
which charge transport has been examined: a B-form DNA; b DNA-RNA hybrids; ¢
cross-over junctions; and d nucleosome core particles. In all assemblies, the charge
transport chemistry is extremely sensitive to the structure of the z-stacked nucleic acid
bases

plex, that promotes guanine oxidation at a distance in B-DNA, was found to
be ineffective in DNA:RNA hybrids. Here, the weakened intercalative bind-
ing of the Rh(III) complex within the A-form DNA:RNA hybrid proved criti-
cal; poor coupling of the photooxidant with the DNA base stack reduces the
efficiency of charge injection and consequently long range chemistry. Simi-
larly, efficient long range oxidative damage in DNA triple helices was ob-
served only when the photooxidant was intercalated within the center of the
triplex [126]. Due to the distorted stacking at the 5" end of the triplex within
the duplex-triplex junction, a photooxidant tethered to the 5 end of the tri-
plex failed to oxidize distant guanines. Again, coupling of the intercalator to
the DNA base stack was found to be essential to long range HT.

Long range guanine oxidation was also observed as a result of HT through
a single cross-over junction assembled from four partially complementary
DNA strands [127]. Radical migration throughout the assembly was attribut-
ed to the flexibility of the single cross over junction. Rapid sampling of a va-
riety of conformations thereby facilitates transient base stacking in normally
disfavored arrangements. This notion was supported by experiments in dou-
ble crossover assemblies. In these assemblies, which are even more rigid
than B-DNA, radical migration occurred selectively down the base stack
bearing the intercalated photooxidant [128].

Non B-form DNA assemblies undoubtedly induce rather dramatic modifi-
cations in the structure and dynamics of the DNA bases. More subtle differ-
ences in base stacking can be achieved in B-DNA as a function of base se-
quence. We have repeatedly noted distinctions in the rates, yields and dis-
tance dependence of CT reactions as a function of DNA sequence. In a sys-
tematic investigation of the sequence dependence of long-range guanine oxi-
dation, we employed 21 base-pair DNA duplexes possessing guanine dou-
blets distal and proximal to a tethered [Rh(phi),bpy’']** photooxidant [132].
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The sequence immediately surrounding the guanine doublets was fixed,
while the length and arrangement of the intervening A/T bridge was modu-
lated. Consistent with expectations derived simply from base stacking, we
observed the most efficient long-range oxidation through adenine bridges.
The ability of attenuating A/T bridges to mediate HT was substantially lower,
while thymine bridges displayed an intermediate efficacy. Perhaps more en-
lightening, however, was the fact that the yield of damage to the distal gua-
nine doublet actually increased with the length of the intervening A/T
bridge. Furthermore, incorporation of a G/C step within the A/T bridge de-
creased the efficiency of long-range HT.

These results underscore the complex role of sequence dependent struc-
ture and dynamics in DNA-mediated CT. Certainly the observations cannot
be rationalized by models in which holes hop along guanines via superex-
change through short A/T bridges [133, 134]. Nor are the results consistent
with a “zig-zag” mechanism involving indiscriminate intra- and interstrand
migration that is not influenced by A-T base-pair orientation [133, 135].
Here, the increase in HT efficiency with increasing bridge length was at-
tributed to the formation of transient, well-coupled conformations, distinct
from canonical B-DNA. Such structures are known to arise in A-tracts, once
nucleated by a sufficient number of adenines [136]. The inclusion of the G/C
step within the otherwise A/T bridge disrupts the formation of these tran-
sient conformations. Interestingly, models based on thermally-induced hop-
ping also predict that inclusion of a G/C step in a long A/T bridge should
decrease the efficiency of HT [137]. Likewise, the particular flexibility of 5'-
TATA-3' steps [138] could certainly be related to the reduced efficiency of
HT through alternating A/T bridges.

Modulation of DNA structure and dynamics is also possible using base-
pair mismatches. Mismatches exert little influence on the global structure of
B-DNA duplexes. Locally, the extent of base stacking perturbation depends
sensitively on the nature of the mismatch [139-141]. Therefore, while a CA
mismatch introduces a significant distortion in local stacking, the well-
stacked GA mismatch is, by many criteria, barely perceptible. The dynamics
of mismatched base-pairs may also be significantly distinct from matched
Watson-Crick base pairs [9]. We exploit these features of DNA mismatches
to probe the sensitivity of DNA-mediated CT to base structure and dynam-
ics.

Both our spectroscopic investigations [64] and our biochemical assays
[113] revealed a diminution in CT efficiency in the presence of mismatches
which disrupt the DNA 7-stack. Recently we conducted a systematic investi-
gation of long range HT through DNA as a function of intervening base mis-
matches [142]. In these experiments we probed oxidative damage in 22
base-pair DNA duplexes containing mismatches between guanine doublets
distal and proximal to a [Ru(phen)(dppz)(bpy’)]** intercalator. The extent
of distal guanine oxidation was compared with the helical stability, electro-
chemical measurements of intercalator reduction on different mismatch-
containing DNA films, and the lifetimes of the mismatched base pairs deter-
mined from '"H NMR measurements of imino proton exchange rates. Signifi-
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cantly, the extent of long-range oxidative damage correlated most closely
with the base-pair lifetimes of the intervening mismatches. Furthermore,
competitive hole trapping at the mismatch site [143] did not modulate the
efficiency of HT through the mismatch. Once again base-pair dynamics are
shown to govern the efficiency of long range HT.

Investigations of guanine oxidation at a distance strongly suggest that
hole migration through well-stacked DNA is significantly faster than trap-
ping of the resultant guanine radical by oxygen and/or water. In particular,
our distal/proximal ratios of oxidative damage support a mechanism in
which equilibration of the hole is rapid on the timescale of trapping. With
such a mechanism, similar yields of oxidation are expected for all guanine
doublets on a given DNA duplex, provided the thermodynamic potentials
are approximately equal. Interestingly, our Rh(III) and Ru(II) intercalators
often yield distal/proximal damage ratios that are significantly greater than
one. Could the high cationic charge of the metallointercalator bound near
one end of the duplex attenuate the potential of the proximal guanine dou-
blet? Indeed, investigations of the influence of ionic distribution on HT sug-
gest that this may be the case [144]. Here oxidative damage was monitored
in DNA assemblies constructed of a DNA strand functionalized at the 5'-end
with [Rh(phi),bpy’]**, and a complementary strand radiolabeled with nega-
tively-charged **P at either the 5" or 3’ end. Moving the negatively-charged
label from the 5’ to the 3’-end substantially diminished the yield of oxidative
damage to the distal site. Likewise, the inclusion of negatively-charged phos-
phates at both the 5" and 3’ ends of the complementary strand resulted in an
intermediate distal/proximal damage ratio. We rationalized these results in
terms of changes in the oxidation potential at the distal and proximal gua-
nine sites induced by changes in charge at the termini of the duplex. Cer-
tainly these intriguing results illustrate the complex interplay of parameters
that influence charge migration through DNA in solution and must be con-
sidered in the development of mechanistic schemes.

The fact that the ionic environment of DNA should influence migrating
charges is not particularly surprising. Nonetheless, it was suggested that our
observations concerning the influence of ionic distribution were an artifact
of our Rh(III) intercalators, and were unrelated to mechanisms of CT
through DNA [145]. This suggestion was based on the fact that an analogous
influence of terminal charge distribution was not detected using an end-
capped anthraquinone as a photooxidant. However, based on the very low
distal/proximal ratios observed with the anthraquinone photooxidant, it is
immediately evident that such an effect should not be seen in these assem-
blies. The influence of ionic distribution we observed relies on the fact that
charge equilibration is rapid on the time-scale of charge trapping. Conse-
quently the yield of oxidative damage is governed by the thermodynamic
potentials. Rapid charge equilibration is revealed by distal/proximal ratios
which are unity, or greater. With the anthraquinone photooxidant, distal/
proximal ratios are notably less than one, indicating that the charge may not
be equilibrated and the yield ratio should not be determined by the poten-
tials at the guanine sites. Clearly, then, Rh(III) intercalators are unique in
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that they are very strongly coupled to the 7-stack thereby facilitating effec-
tive charge injection. Consequently, Rh(III) intercalators accurately monitor
mechanisms of CT through the DNA helix.

3.4
Oxidative Repair of Thymine Dimers at a Distance

While long-range oxidative damage to DNA has now been extensively inves-
tigated, the potential of DNA-mediated CT to induce other chemical reac-
tions at a distance remains largely unexplored. A particularly attractive pos-
sibility is that CT through DNA may also induce DNA repair. Thymine di-
mers are the most prevalent photochemical lesions in DNA. These cyclobu-
tane dimers form as a result of a photoinduced [242] cycloaddition between
adjacent thymines on the same polynucleotide strand. While eukaryotic cells
excise the thymine dimer, in bacteria the lesion is repaired by photolyase via
electron transfer from a reduced flavin cofactor to the cyclobutane dimer
[146]. Model studies have demonstrated that the thymine dimer can also be
repaired oxidatively (E° T<>T~2 V vs NHE) [147, 148]. Consequently, thym-
ine dimer repair is a physiologically significant reaction which can be ac-
complished by electron or hole transfer with no additional chemistry. Our
Rh(III) complexes, as powerful photooxidants (E'(Rh**?*)~2 V vs NHE)
and avid intercalators, represented excellent candidates for oxidative repair
of thymine dimers at a distance.

We first demonstrated long-range oxidative repair of thymine dimers in
16 base-pair DNA duplexes functlonahzed with an intercalating [Rh(phi),
bpy’]>* photooxidant 16 to 26 A away from the dimer lesion [149] (Fig. 11).
Using high performance liquid chromatography (HPLC) we monitored the
progressive repair of the dimer with increasing irradiation time at 400 nm.
As for long-range oxidative damage, this chemistry was largely insensitive to
distance, but readily perturbed by disruptions of the intervening z-stack.
Therefore the same DNA-mediated HT which induces long-range oxidative
damage could also promote oxidative repair at a distance.
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Fig. 11 Thymine dimer repair at a distance by DNA-mediated charge transport. Here
photoexcitation of intercalated [Rh(phi),bpy’] ]** tethered to the 3’-end of a DNA duplex
oxidizes a remote thymine dimer (>34 A away) within the helix leading to dimer repair.
The arrows mark the sites of intercalation of the phi ligand. Adapted from [149]
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In light of these observations, we were interested in examining the com-
petition between long range oxidative damage and repair, particularly given
the fact that guanine oxidation should be thermodynamically favored by
~0.7 V relative to thymine dimer repair. We evaluated the reactivities of
thymine dimers and guanine doublets within the same duplex covalently
tethered with intercalating oxidants, either [Rh(phi),bpy’]** or [Ru(phen)
(dppz)bpy’]** [150]. The Ru(IlI) oxidant did not repair the thymine dimer,
consistent with the fact that the dimer is not thermodynamically accessible.
It did, however, oxidize guanine doublets on both sides of the dimer. In
Rh(III) modified duplexes, both guanine oxidation and thymine dimer re-
pair are observed; thymine dimer repair proceeds efficiently, despite the
presence of the guanine doublets as thermodynamic traps. These results in-
dicate that it is kinetically favorable to repair the thymine dimer. The com-
petition between GG oxidation and thymine dimer repair in vitro thus ap-
pears to be associated with relative kinetic versus thermodynamic control of
these reactions. Understanding the competition between these CT reactions
in vivo will certainly shed some light on the consequences and regulation of
DNA CT chemistry in biological systems.

Oxidative repair is not a unique feature of our Rh(III) complexes. We also
demonstrated efficient long—range repair using a covalently tethered naph-
thalene diimide intercalator (E /°~1.9 V vs NHE) [151]. An intercalated
ethidium derivative was ineffective at dimer repair, consistent with the fact
that the reduction potential of Et" is significantly below the potential of the
dimer. Thymine dimer repair by a series of anthraquinone derivatives was
also evaluated [151]. Despite the fact that the excited triplets are of sufficient
potential to oxidize the thymine dimer (E**~/°~1.9 V vs NHE), the anthraqui-
none derivatives were unable to effect repair [152]. We attribute the lack of
repair by these anthraquinone derivatives to their particularly short-lived
singlet states; anthraquinone derivatives that do not rapidly interconvert to
the excited triplet state are indeed effective at thymine dimer repair [151].
These observations suggest that interaction of the dimer with the singlet
state may be essential for repair.

3.5
Charge Transport Through DNA Films

Through our spectroscopic investigations and biochemical assays we have
extensively characterized DNA-mediated CT, including long-range oxidative
damage and repair. In all cases, photoexcited probes initiate CT through the
base stack of DNA molecules in aqueous solution. In order to broaden our
perspective of the mechanism and scope of DNA CT, we exploited the ability
of DNA for self assembly on gold surfaces via alkane-thiol linkers. The resul-
tant DNA-modified surfaces represent novel media in which to investigate
DNA-mediated CT reactions; CT reactions involving ground state probes can
be interrogated electrochemically, thereby facilitating characterization of
DNA CT in still more energetic and time regimes.
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(b)

Fig. 12 DNA-mediated charge transport through DNA films. a Schematic representation
of alkane thiol-modified DNA duplexes self-assembled on gold electrodes. b As in solu-
tion, charge transport through DNA films is strongly dependent on minor perturbations
in the DNA 7n-stack. For instance, a single base mismatch switches off the current flow
from the gold electrode to a DNA intercalator bound near the top of the duplex. Conse-
quently charge transport through DNA is a sensitive reporter of DNA structure, includ-
ing single-base mismatches, and structural changes induced upon protein binding

Our DNA-modified surfaces are typically constructed of small (e.g. 15
base pair), tightly packed DNA duplexes on gold electrodes (Fig. 12). Immo-
bilization of a high density of DNA is achieved through self assembly of al-
kane-thiol functionalized duplexes in the presence of a high concentration
of magnesium ion. Our picture of the DNA-modified surfaces is derived
from extensive spectroscopic and biochemical characterization [92, 153,
154]. For instance, the surface density has been directly evaluated using *2P
radioactive labeling, while the morphology of the films has been uncovered
using atomic force microscopy (AFM). These AFM studies revealed surfaces
densely covered with a monolayer 45 A in thickness, indicating that the
DNA duplexes are oriented at an angle of ~45° relative to the gold surface.
Furthermore, in AFM studies as a function of potential, we observed that ap-
plication of a positive potential causes the DNA, if not tightly packed, to lie
down on the surface, thereby compressing the monolayer (20 A). Conversely,
application of a negative potential increases the monolayer thickness (50 A),
consistent with the DNA duplexes oriented perpendicular to the surface.

These observations were significant to our choice of reactants for probing
CT at DNA-modified surfaces. In particular, an upright orientation of the
DNA relative to the surface is required to probe DNA-mediated reactions;
otherwise a more direct reaction between an intercalating probe and the
electrode might be possible. Consequently, reactants were selected such that
a negative potential could be applied, thereby initiating reduction of an in-
tercalated redox probe distantly bound within DNA helix. Importantly, the
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resulting DNA-mediated process therefore involves electron rather than hole
transport.

In our first investigations we observed reduction of micromolar concen-
trations of the organic intercalator, methylene blue (MB), on an electrode
modified with densely packed DNA duplexes [92]. While the binding affinity
of MB to surface-bound DNA was found to be comparable to DNA in solu-
tion, the binding stoichiometry was significantly reduced, consistent with
MB accessing only sites near the top of the densely-packed DNA film. If so,
the distance between the gold surface and the MB was significant, and these
first experiments suggested long-range DNA-mediated electron transport.

To unambiguously test the influence of distance on this DNA-mediated
electron transport, we prepared a series of thiol-modified DNA duplexes
containing a single G-C step functionalized with DM [93]. DNA films con-
structed of DM-modified duplexes were shown to be structurally indistinct
from DNA films prepared with duplexes lacking the crosslinked moiety.
Rates of electron transport through the DNA films were estimated in cyclic
voltammetry experiments where the scan rate was varied. Remarkably, al-
though the position of the intercalating DM was varied by 40 A, no change
in the rate of reduction was detected; slow rates of 10> s™! were consistently
observed. Comparable rates have been reported for reduction of other re-
dox-active probes directly attached to alkane-thiol linkers [94]. These obser-
vations suggest that the rate-limiting step for reduction of DM bound to
DNA-modified surfaces is tunneling of the electron through the alkane-thiol
linker. Consequently, electron transport through the DNA helix over a dis-
tance of at least 40 A is necessarily faster. Equally 1mportant was our obser-
vation that the reduction of DM was effectively “turned-off” by the incorpo-
ration of a C-A mismatch within the DNA duplex (Fig. 12). This confirmed
that the pathway for electron transport was through the DNA base stack.
Furthermore, it illustrated that 7-stack perturbations within DNA films sen-
sitively modulate electron transport, consistent with our picture of CT
through DNA in solution. Interestingly, electron transport through DNA
films does not display the dramatic dependence on sequence observed for
DNA-mediated CT in solution [155], perhaps because the sequence-depen-
dent flexibilities of DNA are tempered by positioning within the close-
packed DNA film.

4
Applications and Biological Consequences
of DNA-Mediated Charge Transport

While CT mediated by the DNA base stack may not be completely character-
ized mechanistically, that it does occur is undeniable. This remarkable
chemistry, inherent to DNA, has opened the door to a myriad of possible ap-
plications, and provoked intriguing questions regarding biological conse-
quences.



96 Melanie A. O’Neill - Jacqueline K. Barton

4.1
DNA Charge Transport as a Probe of 7-Stacking Perturbations

The innate sensitivity of DNA-mediated CT to perturbations in the 7-stack
has prompted us to employ this chemistry as a probe of stacking structure
and dynamics. We have developed a new class of DNA-based diagnostic
tools that diagnose DNA mutations such as single base-pair mismatches and
lesions, analyze DNA-protein interactions, and probe the sequence-depen-
dent dynamics and flexibility of DNA. These applications rely on electro-
chemical probing of CT in DNA films self-assembled on gold electrodes.

Our initial investigations of CT at DNA-modified surfaces demonstrated
that a C-A mismatch effectively short-circuits the current through the DNA
duplexes. This confirmed that the pathway of CT was through the helix.
However, it also revealed that a single-base mismatch could be accurately de-
tected electrochemically. Consequently we have exploited this CT chemistry
to fabricate a device for sensitive mismatch detection [155, 156]. By amplify-
ing the sensitivity with an electrocatalytic cycle, all possible mismatches, in-
cluding purine-purine pairings (such as GA), which induce only small stack-
ing perturbations, can be detected, as can a number of naturally occurring
lesions (for instance A..:T). Mutations and lesions have also been detected
in physiologically relevant sequences, such as in the p53 gene, where muta-
tions implicated in a variety of human cancers are known to occur. Further-
more, this CT chemistry is compatible with chip-based technology; we have
developed DNA chips using gold surfaces of variable size on silicon wafers
that facilitate the detection of as few as 108 DNA molecules per electrode.

Charge transfer through DNA films has proven to be a sensitive probe of
many other types of n-stacking perturbations. For instance, with this tech-
nology we have examined the influence of nucleic acid analogs, such as
locked nucleic acids used in antisense applications, on duplex stacking
[157]. Various levels of n-stack perturbations induced by DNA-protein inter-
actions are also readily and sensitively assessed by electrochemically prob-
ing CT through DNA films [158]. Here thiol-terminated DNA duplexes func-
tionalized with a crosslinked DM are self-assembled on gold electrodes in
the absence of magnesium ion. This ensures loose packing of the DNA film
thereby allowing protein binding; back-filling with mercaptohexanol passi-
vates any gold surface which remains exposed. Electrochemical interroga-
tion of DNA-protein interactions consistently reports on the degree of 7-
stack perturbation induced by protein binding. For instance, binding of
M.Hhal, which flips a DNA base out of the 7-stack and inserts a glutamine
residue in its place, resulted in a dramatic reduction in the electrochemical
response of the DNA film. Significantly, binding of a mutant enzyme
(Q237W), which instead inserts the aromatic tryptophan moiety into the z-
stack, caused little reduction of the electrochemical signal. Binding of uracil-
DNA glycosylase (UDG), another base flipping enzyme, or TATA-binding
protein (TBP), which induces a dramatic structural distortion, similarly in-
duced a sharp attenuation of the electrochemical response.
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These studies nicely complement our investigations of DNA-protein inter-
actions based on measurements of long-range guanine oxidation in solution
(vide infra), despite the fact that here we were measuring, electrochemically,
the reduction of a bound intercalator. Furthermore, electrochemical mea-
surements of CT through DNA films represent a sensitive and facile experi-
mental technique for monitoring DNA-protein interactions and enzymatic
reactions in real time. For example, investigation of the endonuclease activi-
ty of R.Pvull on a DNA films observed a decrease in electrochemical re-
sponse as a function of incubation time with the protein; the corresponding
kinetics closely matched those determined in a gel assay of the restriction
fragments [158]. Remarkably, these valuable diagnostic tools originate from
the incredible sensitivity of DNA-mediated CT to static changes and dynam-
ic fluctuations in base stacking.

4.2
DNA Charge Transport In Vivo

Despite the wealth of experimental and theoretical investigations of CT in
DNA assemblies designed by chemists and physicists, the role of DNA CT in
biology remains to be discovered. Does long-range DNA CT occur in vivo? If
so, why, and how is it regulated? How do proteins influence and/or partici-
pate in DNA-mediated CT? We have initiated a variety of experiments to ad-
dress these fundamental questions.

An important consideration for DNA CT in the cell is the dramatically dif-
ferent environment of the DNA molecule in vivo. Unlike the naked DNA typ-
ically used in our in vitro assemblies, cellular DNA is intimately associated
with proteins, packaged into chromosomes, and stored in the cell nucleus.
Several experimental investigations demonstrate definitively that proteins
can both modulate and participate in CT reaction in DNA.

As observed in electrochemical investigations, long-range guanine oxida-
tion via DNA-mediated CT is disrupted by proteins which perturb the struc-
ture of the DNA base-pairs [159, 160]. We constructed DNA assemblies that
contained the protein binding site between two guanine doublets spatially
separated from a tethered [Rh(phi),bpy’]** photooxidant. DNA-binding pro-
teins such as M.Hhal or TBP, which disrupt DNA base stacking by base flip-
ping or dramatically kinking the DNA, respectively, decrease the yield of
guanine oxidation upon binding. A remarkable testament to the importance
of base stacking is the fact that long-range CT chemistry is restored by the
mutant M.Hhal (Q237W) protein which inserts an aromatic tryptophan res-
idue within the z-stack. Alternatively proteins such as the restriction endo-
nuclease, R.Pvull, and the transcription factor, Antennapedia homeodomain
protein (ANTP), which do not disrupt the 7-stack, but may rigidify the helix
upon binding, enhance the ability of DNA to mediate long-range CT.

These results, completely analogous to our electrochemical assays, illus-
trate how protein binding sensitively modulates long-range DNA-mediated
CT in a manner that is highly dependent on the specific DNA-protein inter-
actions involved. Consequently, we have recently applied this chemistry as a
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probe of DNA-protein interactions. For instance, we have examined the
MutY/DNA interaction [161]; MutY is a DNA repair enzyme found in
Escherichia coli. Here no disruption of DNA-mediated CT is detected upon
protein binding, suggesting that MutY does not locate its binding site by
progressive base flipping.

Having established that proteins influence DNA-mediated CT, we were cu-
rious as to how proteins might participate in CT reactions involving DNA. In
particular, can electrons and holes be transferred between DNA and pro-
teins, and can these reactions be triggered at a distance? Spectroscopic and
biochemical assays have therefore been employed to probe CT reactions in
protein/DNA assemblies. In first experiments, using the flash quench tech-
nique, we observed long distance oxidation of both tyrosine and tryptophan
when Lys-X-Lys (X=tyrosine or tryptophan) tripeptides were bound to DNA
[162, 163]. These results established direct participation of the DNA-bound
peptides in long-range CT reactions through DNA, and prompted questions
regarding the functional role of proteins in these CT reactions.

Subsequently we examined both the transient intermediates and the yields
of oxidative damage induced upon flash quench generation of an Ru(III) ox-
idant intercalated within DNA containing the M.Hhal binding site [164].
Upon irradiation of an assembly with the mutant M.Hhal (Q237W) bound
14 base-pairs away from the Ru(III) oxidant, significant oxidative damage
was detected at the guanine located 5’ to the site of tryptophan intercalation.
Importantly, no such damage was evident upon binding of the wild type en-
zyme which inserts a glutamine into the DNA base stack. In transient ab-
sorption experiments, both the guanine and tryptophan (E”*~1 V vs NHE)
radicals were detected as intermediates. Therefore, we have directly ob-
served long-range hole transport through DNA to the inserted tryptophan of
a bound protein and to the adjacent 5'-guanine yielding permanent oxida-
tive damage (Fig. 13).

Interestingly, the yield of oxidative damage decreased only slightly with
increasing distance (24-51 A) between the M.Hha I binding site and the in-
tercalated Ru(III) oxidant, while the rate constant for radical formation was
unchanged (>10° s7!), irrespective of distance. Consequently, HT through
DNA over this 50 A distance regime is not rate-limiting. This conclusion is
supported by recent investigations employing the artificial base, methyl in-
dole, directly incorporated within the DNA base stack [42, 108]. Comparable
results were observed in these studies, and the lower limit for CT through
the DNA base stack was set at 10’ s™%, coincident with diffusional quenching
to generate our Ru(III) oxidant.

Other intriguing questions relate to the possibility of electron transfer
from a protein to oxidatively damaged DNA. We have probed this possibility
by examining electron transfer from ferrocytochrome C to a guanine radical
in DNA [165]. The flash quench technique was used to generate the potent
ground state oxidant, [Ru(phen),dppz]’*, intercalated within poly(dG-dC).
Transient absorption measurements revealed rapid oxidation of guanine by
the Ru(III) intercalator, followed by slower electron transfer from the ferro-
cytochrome C to the resultant guanine radical. Equally intriguing has been
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Fig. 13 DNA-protein CT reactions. The DNA-bound protein, methyltransferase Hhal
(mutant Q237W), flips a base out of the DNA double helix and inserts a trytophan side
chain leaving the 7-stack largely unperturbed. This intercalated trytophan moiety
transfers an electron to [Ru(bpy’)(dppz)(phen)]**, generated by flash quench, over 50 A
away. Adapted from [164]

our recent observation of DNA-mediated CT to the [4Fe-4S] cluster of the
DNA repair protein MutY [166]. It has been demonstrated that binding of
this repair protein to DNA activates the cluster towards oxidation. Therefore
DNA repair via DNA-protein electron transfer has been revealed as a fasci-
nating area for future investigations.

As it became evident that proteins both modulate and participate in CT
reactions through DNA, questions arose concerning DNA CT in vivo, where
the DNA is intricately associated with proteins. In eukaryotic cells, DNA is
packaged in nucleosome core particles; ~150 base pairs of DNA are coiled
around an octamer of histone proteins to which the DNA is associated by
non-specific electrostatic interactions. Would CT proceed through DNA
within the nucleosome core particle? Although the DNA is less accessible to
damaging reagents within solution, oxidative damage through DNA-mediat-
ed CT does not require such accessibility. However, the restricted motion
and overall bending of the DNA within the nucleosome might disrupt long-
range CT.

We investigated DNA-mediated CT through nucleosome core particles
(Fig. 10) using photoexcited Rh(III) intercalators, either non-covalently
bound or covalently tethered to the 146 base-pair DNA duplexes packaged
into nucleosomes [167]. Although the histone proteins inhibited intercala-
tion of the rhodium complex within the core particle, they did not prevent
oxidative CT through the DNA over distances up to 75 A. Histone binding
did not influence the extent or pattern of oxidative damage. However, gua-
nine oxidation was not detected at more distant sites even in the absence of
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the histone proteins; it is likely the bent DNA structure used to generate
consistent nucleosome phasing interfered with CT. Significantly, then, al-
though packing of the DNA in nucleosomes may provide protection from
solution-mediated damage, it does not protect against oxidative damage via
DNA-mediated CT.

To further explore DNA-mediated CT in the physiological realm, we ex-
plored the possibility that such CT may occur within cell nuclei [168]. In
first experiments we irradiated Rh(III) intercalators which had been incu-
bated with HeLa nuclei. After isolation of the DNA and treatment with base
excision repair enzymes to reveal oxidative damage as strand breaks, the
damaged DNA was amplified the using ligation-mediated polymerase chain
reaction. Oxidative damage was observed preferentially at the 5-G of 5'-
GGG-3', 5-GG-3, and 5'-GA-3’ sites, indicative of DNA-mediated CT chem-
istry. Remarkably, oxidative damage was detected at sites that, due to protein
binding, are inaccessible to the Rh(III) intercalator. So, DNA-mediated CT
can induce base damage from a distance on transcriptionally-active DNA
within the cell nucleus. These exciting observations have propelled studies
of in vivo DNA CT to the forefront, and certainly must be considered as we
delve into cellular mechanisms for DNA damage and repair.

5
A Mechanistic View: Commonalities and Outstanding Issues

The donor-DNA assemblies presented in Table 2 have been used to probe CT
over distinct regimes of time, energetics and coupling. Is it possible to rec-
oncile these many different experiments together within one mechanistic
picture? Many different theoretical treatments have been proposed, and to
greater or lesser extents, these can be used to understand aspects of CT with-
in DNA. However, many outstanding issues remain. Some are highlighted
here.

We consider charge transport in various distance regimes. Over the short
range mechanistic descriptions have focused primarily on superexchange
with charge transfer occurring without occupation of the DNA bridge. In
these cases, however, it remains critical to establish donor acceptor energet-
ics relative to the bridge and the donor bridge coupling. Only when the ener-
gy gap is much larger than the coupling, can a superexchange description be
strictly applied. In most cases these parameters are not known with certain-
ty. At the other end of the mechanistic continuum is multistep hopping with
true occupation of bridge states. Single step CT would require effective cou-
pling throughout the base pair stack, over long molecular distances. The
probability of having no transient structural defect in the stack is vanishing-
ly small and hence very long range CT likely entails a multistep process, re-
quiring occupation of the bridge states. Here too, however, many parameters
may vary that are not known with certainty. These include the sequence-de-
pendent structure and dynamics of the DNA bridge, the rate of charge injec-
tion into the bridge, and the extent to which charge is delocalized within the
bridge. Moreover, what is the distance range over which real versus virtual



101

sut

((H)+9) snuruue) ay1 e dy Sururmuod saxajdnp uo ewep [,
SuQg ~ Tl spuo xordnp oy Jo urkery £q poieIoe} uoned [eIpes Jo
(++) (0/(H-)4)d UOITR WO} JUIJD £y NI JO PUD dY3 & dseq e se pajeiodiodur 0L1 ‘€01

ARlowsuaqus
ol Jefrus g pajoouuod urdirey yN( Jo anpnas [1sA0 y 7°¢
SuGZ-€'0 (-/0)+d Pasodxo-1uoA|os pi1u fuiditey YN (] BJO SWIB 0M] S]00UU0D 691 ‘201 L_'

AMPNLS YA N $S1pnis
earsAydoloyd jo L1o1rea € £q pazriojoetero A[RAISUIXS
[ v 01 zejus 1A Supjoels pue
su-sd (-/0)+d (1) Suured-oseq tyNQ urpia oseq e se poesodioour  So[ b1 ‘0F ‘8

14 pa1ay101 Jo saipmys [eaisAydojoyd snosowinu
Sparpnis AJOANSNRYXO W N(T Y} 1 991 JO UONoRIUI

suondnisip Sunjoels
o1 INOYUM SISBQ YN (] UDOMID] SIIR[BOIANUI LIAYUI UOGIBI-6 LN
wz O3 21q1NOY PIM YNQ JO SRUIULR-,S 01 PAIAYIA) AUAIEACD 961t

Suipuiq
VN Jo saipms [eatsAydotoyd pue YN dAISUAXD

suondnnsip jows aseq [e20] 10 [eqO|S Ou {saseq
VNQ U9949q SAB[RIIUI SIOYUI| UOQIBI-6 QXY A0
M YN JO SUILLIN-G 0} PAIdYIo) APUOIeA0d  TTT S vt T |

4

91
s AN

MAN UONN[OSII YSIY £y N(J 0T pAIR[RIINUT
xo1dwod yd (1YY Jo anonns [\skn y 7|

suondnnsip yows aseq [e20] 10 [BqO|S Ou {saseq
0T VNQ U00M1G SNBIEIINUL LU UOGIBI-6 JAQIXY)  pp| TEL “TIL .
EQS-%_ :E\Ecﬁc*m f_a<zo°6w==_=:2._mo_neu__a;_:s_@oo :w.o.n,g ltaax_._a__z

1t

(AHN sa A) .
2 [epudjog SfreR( [e1nongs FEsR. | JUepIXQ

DNA-Mediated Charge Transport Chemistry and Biology

JuepIXO Yoed YIIm J1odsuen) aSreyd Jo sainjesy pue Grodsuer) 931eyd pajerpaw-yN( 2qoid 0) pasn sjuepix( g ajqel



Melanie A. O’Neill - Jacqueline K. Barton

102

O~ r
UOTJE[BIIAUT JO JUIXA PUE Wdd ‘uondiosqe judrsuer) A90" =5V
‘suonesqnuiad yoels-aseq Y 0g 01 dn £q speorpes ueydoydAn ueydoydAn
20uanbas yim saLeA X0n N jaeIjou | yosada s,0 X ouenbos Suuemaur sy pue Iy (1}-)0 0P 1, (&) (x)(zddp)ny
npoid n-oxo-g A€0>DV
10pe[RoIOI [0y JO AOVd uoneprxo 29
Suons MO[[EYS Y 00z 01 dn x0DH s1red-0seq Z-[ UIPIM SO ueydodAn ‘K ‘DD [, (®)(zddp)ny
Jeotpel
2oudnbas Surusargur .
! ! -)D) 19939p ‘uonN[os .-
uo m:%:%%n S€-90 Y 08- ow wWIAq | ~ 2ouanbas SuruaA I UT SO " w_mvo £q M:E%a_:v A L0->0V
~ [ewirxoidjesIp xo ewixoidfesip xo
[ewrxoidjesip xonH [ewirxoid/jestp xoDhH Loz (1YY 4O Jonpoid -oxo-g 99
Suoxns A0[[eYs Y 00z 0 dnxonn sied-aseq Z-| UIYIIM SO ADVd X000/, (AdQ mydyy
uWpmwdq duanbag SuruaArduy JuRIINPIY
Hpyrads dudnbag QUYSIA  dwiday duesiq/ N NS uondafuy LD 10y 3dUdpL AuEPIXO
H
Juepixo jo uonisod T
1B ){BAIQ PUBHS SIINPUL UOLIED [BIIPRL JO UONRIOUIT -
umowun uAmowun ‘D L = aseq “xo[dnp v N urgim payesodioout 9I1 e mm..w.o LJedng
aep VL
umousun umouyun xa1dnp YN uryua pajesodioour 6L1-L11 *N-dAND
Jousosazoydsoyd ‘eyep 1 o
(44 pasodxa-1udajos :xa[dnp sded-pud uoneearou sjqujoid Yo ,,an\/\z
sd 01> «1 -/0):4 JeU) Ul UoqIed-7 AQ ¥ N JO PUd-,G 03 payuI] A[Jud[eA0o SIl *m.i_| - o) O «OV
ng-u MO
JUSWIUOIIAUD PAIOPIO-AYSIY Ul JUBPIXO PISU _0-d:0
asodoid dudsaony (D YN (- ‘wep “1L " " 0
I N,
UOTJEULIOJUOD [EIT[OYLDXA UE 0) Y o SurdIo] xodnp uryim z\/\/A
1900d a1seqe 117 01 pasodoid guawra(dwos uo v ausoddo Q
dq dsoud-1es N L ow Qo
sugl-p umouyun pooed tduogspeq areydsoyd-resns 01 poyorIe AU eA0d [ZARVA Yl AO OV

(panunuod) z 3jqeL



103

DNA-Mediated Charge Transport Chemistry and Biology

(i€ s ,5) uomdpatp 3y
uo puadep v auo ySnoip

¢ oenjeas Ajduns 1ouueo
¢aoursip Suisearour

Y £310u0 uoneAnde

ur aseanur asodoid

Ajaanoadsal ‘aseq
Suiuea UL U0 pue

uondiosqe

JURISURI) JO/PUR 20U0S 0N
Aq paroyiuowr A19A001 21B7S
pUNOI3 pUE ‘d1erpauULIUT

10 “Jajsuen) a[oy Joquieu Y T < ¢ sondwi 1o3y3iau Jsareou 10y 2ouanbas Buuoaleiul LD JO UOTEIO) DUIPLIOE (€T1=0)
1S91BIU 10 SIURISUOD dIRL ‘ag e[ A[snojewoue 1-S,01-501 7,01 =3 Jo ays uonoafur ursn ou  pajroxaojoyd Jo Sunpuanb U5/,0v
pojdnos-uojordaq 01
pUNOJ 1) 10 MO[S SWSTURY U Y T0FSL0~d
Sez-31z puensior 10y _uzﬁm:cu aer gy (s9seqSumoaurg-) s
20UDPIAS OU 1S3TPLIq |, STIdA Jo 2duapuadap adUEKIP 01> =401 ~ oqydeu AO~DV

v ySnory) wataigje atow ([

Suors

[enuauodxa ‘sadpriq |, 10§

RUBSIP P
Aj[enuauodxo ~ sasea10ap
PIRIA “sa3pLiq |, 10§

158U 8 0 <

(y 0T ~) saseq Surudalour
9010} .S ,01<Y

2ouanbas SurusAw Ul 10
3)1s uorpafur Ieau so ou

A0V d 4q swnpoid

UONEPIXO JO UODIIRP (H)D/ Q.-.N,.-.—<
cuondiosqe uaisuen
£q sjeatpet (H-)o pue

(H-)dy jo uonselep U\+.Q<

1D PUBIS IO Uey) Joisey 1.0

Vv SurusAIul
1ad 3 urasearoap

SAYS )N TNy

uondiosqe
JuLISURD AQ palojiuouwt

puensenur (sagpuq I Uey v apmyrudewr Jo JpIo (y w.ewv.mv soseq -1 0} 1D ‘Idjui] auaqus jo uolue [BOIpeI AUSqIIS AY1I'0~DV
ySnomy Iisey 1.0 puersenur Fuons -5 0T X801 XT=1 sied-oseq ¢-1 UM sry 30 "y ur oSueyp 99/9/:8
uondiosqe
wdarey o jo wie I 10y ) Y L0°9°0 ~ ¢ ueisuod (Y LI-t"¢~) sired-oseq JUSISURT) UT PP
ur s1 0 yPym uo Jurpuadap 9l D) Jo souapuadop 17V ButudAIaul - douanbas Surusaaur ur 1o uorue [es1pes auaqns AVI0~DV
) Ul SUONELIBA [[RWS J0uelSIp [ERUAUOdXD 10} S 01-,,00=3 A)1s uonpalur Jeau sny ou Suryouanb aduaosaonyy /518
JJsuer) A319us 10]
deposo enoads ou .
$3552001d PUBDSIANUL SNSIOA ! _ ASO ~DV
-e.ul 10} IR IP pue 2ousnbas siswuadxa aws-Apeals uonn|os ul J1OP Pim o /ey
SuruoAIIUI YIIM AJ[eonewRIp pue cuzcww_ﬂuw_: dy Jo Surgouanb uodn z*
Krea ppI£ 1D Jo soudpuadop ury pi ~o1 dn parsasqo [e21pE (H-)D JO uona0op
uesip pue LU Y pIo1£ pue JueISuUod douanbas 2010 Suiaup
el 1) Jo soudpuadap Suruaam 10 15 1D YIM S3)e[aL0d ATO~DHV
Buons doue)sip [enuauodxd 15600701 =23 uonpa(uI Ul $Z 10 SO ou ‘Furgouanb sousosalonyy 9/:dv
sayRewsiu SurueAIul Y L1-01 wompq siawadxd as-Apears Kysues) AF10Ud 10§
pue souonbas Fupjuey 7 pim 123 3o doudpuadop ou PUE PIA[OSAU-WI) depaso [endads ou
Area ppa1k 1.0 jo souapuadap (€0-70=4 ury (g ~01 dn paasesqo 2010§ SulALp
QOUEKIP pue AUdDILD Y 2-9 uam1dq pRIk 1D 2ouanbas uruaasajur 1o LD ynm saje[aniod ATO ~DV
Suons 30 9ouapuadap mojeys S 0rxT=2 au1s uonaful Uy sZ ou Suiyouanb sousosasonyy PR

(ponunuod)  3jqey



Melanie A. O’Neill - Jacqueline K. Barton

104

ojopur [Ayjow = A,
“Modsuer) 931eyd pajeIpIw-yN( 990.d 0} pasn sjuepixo o uondLIdSIP PI[IEIOP AIOW B 10J 1X) SIY} UL SMIIADL IOYJO IS ISBI[dq
Adq =£ ‘uoyd = xp

SOUDIBWIST SUIIDAINUT
ysnoiy [ paystunuip
:podsuern aSreyd

1S uorfur Jedu
panmbaor are [enuojod

wisIueydoaw ul agueyo
asodoxd moyreys £19a
‘Soseq SUIULAIUI 9[-
Suons ‘saseq SuruoAIUT
€-0 :11odsuen) a3reyo

(Y ¢ ~) sired-oseq
Sutuaaioiur 9] o) dn
X0oDnD) 110dsue) d31eyd

(ugsuod oyer urdden
‘soner pjoIk woy) sy

douonbas Suruoaioyul
y3noiy) pueous

uoned [eoIpel 1esns Jo
uonINPAIo Jonpord
SE P3J0319p 13Y)d [OUd

JOMO[ (IM SIseq JO O €50 ~¢d ‘enuouodxd  SuruoAldul ¢-( 10] (S 0] uonoafu jo sned-aseq " (€T1=1)
‘Suons :uondafur o3meyd ruopdafur a8reys  -.01 = 3 :uondafur a3xeyd MI] B UIpIM SO 40Vd X0H0H o/, Jedng
LD 1oy parmbax
S0 SuluaAIR)IUI pue . UEPIXO -
ais uonddfur punote n woy sited 9seq £ HO 2ouonbas FurudAIIUI onpoid xoHn 0 se
JO JUAWABURLIE oads Jeunxoad pue sued-aseq y3noxyy pue dyis pajpalap auojozepru (£7°1 =)
X e € DD [BSIP 10} 9'] -8°0 (soseq Sutudatour /) uonoafur jo saed-aseq
Juoxs ~ [eunxo.ad/[gsip xonHn) Y #7001 dn pourwexo MIJ B UIIM SO A0V d X0DD "9/0-dIND
X0D0) [BSIP SAB[NPOLL IS
uonoafur agreyd weau 2ouanbas uondiosqe Judisue
N . 9ouanbas JuruaAraul £q paA1sqo uotue o
312&9 uo m:_n:u,mov §0- ysnoy) pue ays Jed1pe. suoumbeiyjue A 60 .v ov
60°0 ~ [ewrxoid/eIsip xonnH S0°0-S°0 ~ uonoofur jo sied-aseq (€7=1)
Suons Jewxoid/[ersip xonn Y 002 ~01 dn X000 MY B LI A S 40V d X0DD 010V

(panunuod) z 3jqel



DNA-Mediated Charge Transport Chemistry and Biology 105

occupation of the DNA bridge is favored? This distance regime clearly also
varies with donor, acceptor, and intervening bridge characteristics.

51
Charge Transfers Over a Short Range

Consider first hole transfer over relative short distances (<~20 A), as probed
between DNA bases (Ap*, St Ap radical cation), between photoexcited in-
tercalators and DNA bases (Et’, Ac”), and between a terminally-bound pho-
tooxidant and bases within a DNA hairpin (St"). Significantly, the measured
rate constants for nearest-neighbor hole transfer (D-A distance ~3.4 A) with
low driving force are consistently 10''-10'? s™!. Rate constants for bridge-
mediated hole transfer through one intervening base-pair (D-A distance
~6.8 A) are generally between 10'°-10'! s! (Ap’, St’). A rate constant of
107-10® s7! has been measured for hole transfer between guanines and an
acridine photooxidant through an intervening A-T base-pair [171-174]. This
somewhat anomalous behavior has been attributed to an increase in activa-
tion energy with distance [171]. The slow rate, may also, however, reflect
poor coupling owing to a structural distortion within the assembly.

Slower bridge-mediated hole transfer has also been observed using pho-
toionized Ap as the oxidant [103, 170]. Here two distinct hole transfer kinet-
ics are observed; a fast reaction (>107 s7!) attributed to direct oxidation of G
by the Ap radical cation, and a slow reaction (10° s7!) attributed to proton-
coupled hole transfer between the deprotonated Ap radical cation and G. As
the rate constant for the fast reaction is beyond the experimental time reso-
lution, it may indeed be as fast as 10'°-10'" s7!. Several key factors likely
contribute to the apparently slow bridge-mediated hole transfer in these as-
semblies. First, the slower component monitors only hole transfer reactions
which are slower than ~3x107 s7!, the rate constant for oxidant formation,
in this case for deprotonation of the Ap radical cation. Second, the base be-
tween Ap and G is a T; experiments in the same system at longer separations
have found intervening As to mediate hole transfer with rate constants ~10°-
times larger [103]. Third, the distinctly different mechanism, namely pro-
ton-coupled hole transfer, may proceed with slower kinetics than direct hole
transfer. Fourth, as Ap is placed at the duplex terminus, fraying of the du-
plex ends may reduce coupling between the oxidant and the DNA bases. Fi-
nally, the slow process is predicted to be essentially thermoneutral. Similarly
slow rate constants of 10% s™! have been measured for hole transfer between
two guanine bases separated by a single A-T base pair [102].

The rate constants for these relatively short range hole transfer reactions
generally decrease exponentially with distance. Yet, characterizing these
DNA-mediated reactions with the parameter j is a simplification and is cer-
tainly inappropriate in cases where the Frank-Condon factor varies with dis-
tance (such as has been observed for the acridine photooxidant). Keeping
these limitations in mind, however, 3-values for DNA-mediated hole transfer
of ~0.6-0.7 A~! have been suggested using several different oxidant-DNA as-
semblies (Ap’, St', Ap radical cation).
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A distinctly different distance dependence has, however, been observed
using Et" as an oxidant for hole transfer reactions with *G [41, 96]. Here the
rate constant for hole transfer, 2x10'! s7!, is independent of distance be-
tween 10-17 A. The yield of hole transfer falls off gradually over this dis-
tance regime. This behavior has been described in terms of hole transfer
only for active conformations whose formation is gated by the molecular
motions of the oxidant and/or DNA bases. Hole transfer within these opti-
mally aligned D-B-A conformations exhibits a characteristically fast rate
constant irrespective of distance, while the yield of hole transfer decreases
with distance due to the reduced probability of achieving active conforma-
tions. The shallow distance dependence for this reaction was attributed to
transport within the hopping regime. With photoexcitation of the donor,
thermal occupation of bridging states is feasible.

Several factors may contribute to the fact that this behavior has been de-
tected in Et-DNA, but not other oxidant-DNA assemblies. The fact that Et*
bears a positive charge, while photoexcited stilbene, aminopurine, and the
aminopurine radical, are neutral hole donors, may be a significant distinc-
tion, particularly in regulation of the reorganization energy. More important
may be the interaction of Et with the DNA 7z-stack; Et is intimately coupled
with the DNA bases; however it also exhibits significant and rapid molecular
motions (7~75 ps). The early result of efficient photoinduced quenching in
the assembly containing metallointercalators as both donor and acceptor
may represent another still better coupled example [95]. Indeed the combi-
nation of strong coupling with flexibility may be crucial for achieving con-
formations optimally active for hole transfer reactions. Assemblies with ter-
minal oxidants including photoexcited stilbene and the aminopurine radical
may lack sufficient flexibility, or sufficient stacking, respectively, for effective
coupling with bridge states, thereby permitting transfer only through tun-
neling. Interestingly, in the case of CT involving photoexcited ethenoadenine
and guanine, rates of CT are found to be remarkably slow (107 s7!) with a
steep distance dependence, and this has been attributed to very poor stack-
ing of the base analogue [40]. It is also noteworthy in this context that for
the stilbene hairpin assemblies, no hypochromism is observed in the stil-
bene chromophore, an indication of the absence of significant electronic
overlap with neighboring DNA bases.

5.2
Long Range Charge Transport Through Multistep Hopping

Consider now longer-range hole transport reactions. Propagation of the hole
over longer distances is usually achieved by a multistep process that involves
occupation of the intervening DNA bridge. These long-range oxidations
have been initiated by metallointercalators (Rh(phi)z(bpy’)“*, Ru(dppz)
(phen)(bpy’)**), end-capped anthraquinones (AQ’), a cyanobenzonphe-
none-modified uridine (CNBP-U"), and a DNA-sugar radical cation (sugar
radical cation). In cases where the potentials are known (Rh(phi),(bpy’)**",
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Ru(dppz)(phen)(bpy’)**, AQ"), and probably in the other cases as well, the
oxidant lies energetically above the DNA bridge.

In all cases, the distance dependence of DNA-mediated hole transport has
been seen to be relatively shallow. In the only case where the rate constant
for a long-range reaction has been measured directly by following formation
of the radical intermediate with transient absorption spectroscopy
(Ru(dppz)(phen)(bpy’)**), no distance-dependence was detected (k>107 s™*
up to 50 A) [42, 108, 164]. But in this distance regime, generally, rates of CT
have not been measured directly. Instead, the distance dependence in the
yield of hole transport is typically evaluated from ratios of guanine oxida-
tion at sites distal and proximal to the oxidant (d/p ratios). When consider-
ing hole traps of approximately equal potential, a d/p ratio of 1 indicates
that the migrating hole equilibrates over the DNA duplex faster than it is
trapped. Ratios that are greater than 1 suggest that the potential of the distal
trap is deeper than the proximal trap, or that the rates of trapping are some-
how different at the two sites. Ratios that are less than 1 indicate that the
hole migration depends more strongly on distance, and complete equilibra-
tion does not occur. CT transport, rather than trapping is rate limiting.

But if these reactions all involve a multistep hopping scheme through the
bridge, one might expect thermal relaxation at the first bridge state, after
which point results should be equivalent irrespective of the oxidant.
Nonetheless distinct variations are observed among different DNA
assemblies. The metallointercalators (Rh(phi),(bpy’ )**" and Ru(dppz)(phen)
(bpy’)**), consistently exhibit d/p ratios of ~1, or greater, over distances of
40-80 A, indicative of rapid hole equilibration and a shallow distance de-
pendence over these distances. Migration of the hole to longer distances (up
to 200 A) proceeds without a significant diminution in yield. Similarly, d/p
ratios observed for HT initiated by a photoexcited cyanobenzophenone-
modified uridine suggest no significant distance-dependence, although in
this case the distance range does not extend beyond 24 A. Moreover, the HT
reaction is much more sensitive to the specific base-pair configuration of
the injection site, perhaps a consequence of reduced coupling between the
photooxidant and the DNA base stack. Conversely, HT initiated by an end-
capped anthraquinone photooxidant exhibits a significantly steeper distance
dependence; d/p ratios are typically 0.5-0.05. Certainly these data suggest
that charge equilibration over the DNA duplex is not achieved following
charge injection by the photoexcited anthraquinone. Here, the steeper dis-
tance dependence in the HT yield may be in part a consequence of the an-
thraquinone end-capped structure.

The extent of back electron transfer (BET) between the reduced oxidant
and the guanine radical cation (radical) must also be considered when com-
paring the yields and distance dependence of oxidative damage induced by
different photooxidants . We have recently obtained experimental evidence
demonstrating the definitive role of BET. Using transient absorption spec-
troscopy we observed directly charge transfar between photoexited thionine
(Th") and guanine [175], consistent with the highly favorable driving force
for this reaction, and the previously reported quenching of intercalated Th”
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by G on the femtosecond time scale [176]. Yet, Th” fails to permanently oxi-
dize guanine in duplex DNA. These observations indicate that trapping of
the guanine radical cation (radical) is slow on the time scale of DNA-mediat-
ed CT; fast BET eliminates net CT chemistry. Indeed, by accelerating the rate
of the guanine trapping using N*-cyclopropylguanine, it is possible to per-
manently trap holes transferred from Th’, as well as Ap* which also does not
permanently damage guanine in DNA [177]. Clearly, then the yield of oxida-
tive damage need not reflect the rate constants for CT through DNA, and the
rate of BET can modulate the extent and distribution of oxidative damage.
Owing to differences between rhodium intercalators and anthraquinone in
efficiencies of oxidative damage and in distal/proximal damage ratios, it was
also suggested that results with the rhodium metallointercalcators might be
artifactual, perhaps owing to aggregation [145, 178]. In our laboratory, un-
der conditions used for oxidative damage experiments, we have examined
and found no evidence for aggregation of assemblies containing tethered in-
tercalators [179]. We have also directly compared efficiencies of photooxida-
tion between capped anthraquinone and tethered rhodium and found them
to be within the same order of magnitude. Importantly, we also examined
photooxidation by theses tethered oxidants using the fast N*-cyclopropyl-
guanine trap. From this study [179], the discrepancies in damage yields and
ratios among photooxidants can be understood based upon differing rates
of BET among photooxidants. These results underscore the importance of
distinguishing between rates and net yields of photooxidation in analyzing
long range charge transport chemistry. Indeed, mechanistic descriptions of
DNA-mediated CT and the resulting long range oxidative damage must in-
clude back electron transfer as a parameter.

Also difficult to reconcile, if there is thermal relaxation within the bridge
on the timescale of the transport, is the ability to repair thymine dimers in
DNA from a distant site oxidatively. While the oxidation potential of the
thymine dimer dimer is not known, the oxidation potential of thymine is
considered to be >1.8 eV, significantly above guanine (~1.2 eV). Yet efficient
long-range thymine dimer repair has now been seen with several different
photooxidants, all of which bind tightly to DNA by intercalation [149-151].
Does intercalation provide the requisite coupling for effective hole injection
and rapid transport? Furthermore, the lack of competition seen between
thymine dimer repair and oxidation of intervening guanine doublets argues
that repair of the thymine dimer is faster than trapping at guanine sites
[150]. Here, too, different rates of BET for different reduced oxidants may be
a critical issue.

5.3
Electrochemistry: Is there Occupation of Bridge States?

In studies of photochemically induced CT, the energy of the donor and ac-
ceptor orbitals are close or higher in energy than the bridge states, and oc-
cupation of the bridge is understandable. In contrast, our electrochemical
measurements employ redox active intercalators with reduction potentials
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(E”~—0.4-0.6 V vs NHE) which are significantly below the DNA bridge (for
example, thymine E%=~—1.1 V vs NHE) [180]. Thermal access to the DNA
bridge is improbable in these cases. It is noteworthy, however, that since the
overall rate of electron transport is slow (10? s!), improbable thermal access
may be feasible. In any case, electron transport over distances of 50-100 A
has been observed [93, 181], and it appears that what is rate-limiting is in-
stead tunneling through the significantly shorter (15 A) o-bonded linker.

What mechanistic schemes can be invoked to rationalize electron trans-
port through these DNA films? The rigidity imposed on the DNA duplexes
within the tightly-packed films may provide some insight. For instance, this
rigidity may facilitate the formation of well-coupled domains of 7-stacked
arrays. Alternatively, it has been proposed that electron transport through
DNA films may be understood in terms of cooperativity effects among
neighboring DNA duplexes and their surrounding ionic environment [182].
Electrochemical polarization of a well-ordered array of DNA duplexes is ex-
pected to be especially facile due to the mobility of positively-charged coun-
terions associated with the negatively-charged phosphate backbones. As a
consequence of this longitudinal polarizability, the DNA films are character-
ized by particularly large dielectric constants along the helical axis. Since, in
semiconductors, the mean free path of an electron is inversely proportional
to the dielectric constant, the polarized film is predicted to be highly con-
ductive along the helical axis. In this context, disruption of electron trans-
port by stacking perturbations such as mismatches can be rationalized in
terms of defects within the polarized film.

5.4
Stacking Dynamics Control Charge Transport

Irrespective of the assembly examined, the importance of base stacking has
emerged as the common denominator in all of our studies of DNA-mediated
CT. Our results indicate that DNA CT can be rapid but only with effective
coupling of donor and acceptor with the bridge, and effective coupling
throughout the bridge due to aromatic 7-stacking. Base stacking interactions
are requisite for DNA-mediated CT, and variations in stacking can lead to
significant variations in CT rates and efficiencies. Base stacking involves
non-covalent interactions including solvation, electrostatic and dispersive
forces; it is the dispersion interactions that are intimately related to the over-
lap area of the stacked bases. Stacking interactions facilitate electronic cou-
pling among the DNA bases, and, correspondingly, CT through the DNA he-
lix. What governs the strength of these interactions within DNA? The effec-
tive electronic coupling is determined by the individual coupling matrix ele-
ments between nearest neighbor bases, and between the donor and the
bridge. However, it is the dynamic motions of the DNA bases, occurring on
the picosecond to millisecond time scale, that ultimately define the magni-
tude and time dependence of this electronic coupling.

The significance of dynamic variations in stacking has been revealed by
many of our investigations of DNA-mediated CT. The yield of long-range
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guanine oxidation through mismatched DNA was found to correlate most
closely with dynamic motions at the mismatch site [142]. Conformational
fluctuations of the DNA bases have likewise been shown to modulate the
yield of CT, between two intercalators [64], between an intercalator and a
DNA base [112], and between two DNA bases [105]. In time-resolved mea-
surements of CT between Et" and [Rh(phi),bpy’]**, it was the yield, rather
than the rate constant, which decreased with increasing donor-acceptor dis-
tance [64]. Studies of DNA-mediated CT between Et" and %G, including mea-
surements of CT dynamics with picosecond time resolution, likewise ob—
served rate constants which were largely insensitive to distance (up to 17 A
examined), while the yields diminished with increasing donor-acceptor sep-
aration [41, 96]. Furthermore, two components were detected in the decay of
Et’, a fast component (5 ps) corresponding to direct CT with %G, and a slow
component (75 ps) corresponding to motion of Et" at its intercalation site.
We have also now seen a remarkable variation in quenching of Ap” as a func-
tion of temperature [183, 184]. CT over a longer distance (at least 30 A) is
made possible with increasing temperature, as if the higher temperatures al-
low greater dynamical access to conformations favorable for CT. Hole pro-
pogation out to longer distance was also evident with increasing temperature
in our studies of long-range oxidative DNA damage [112]. In all cases, how-
ever, once temperatures are reached where the unstacking of the duplex oc-
currs, CT is lost.

These observations, and others made in the course of our investigations,
can be interpreted in terms of a model where the conformational dynamics
of DNA regulate CT [184]. In this model, only certain, well-coupled, confor-
mations are active towards CT. Rapid CT with a shallow distance dependence
occurs within these optimal conformations; other conformations do not
achieve appropriate coupling in sufficient time (such as the excited state life-
time of the donor) and do not undergo CT, or exhibit slower CT dynamics
corresponding to the timescale for rate-limiting reorganizational motions.
In this way it is possible for such motions to act as a gate for CT reactions in
DNA. The yield of CT is correlated with the probability of a CT event; that is,
the probability that a CT-active conformation is achieved. This probability
generally decreases with increasing donor-acceptor distance, as the number
of bases that must be appropriately aligned increases.

How do we envision these CT-active conformations? Certainly they will
correspond to arrangements in which the effective electronic coupling is
maximized. Indeed, these active conformations may represent domains of
transient charge delocalization. Importantly, the size and character of such
domains will be defined by sequence-dependent structure and dynamics.
While it is unlikely that a domain will extend over distances of 200 A, even
transiently, migration of charges over long molecular distances can be de-
scribed as motion between these domains. Here the dynamic flexibility of
the DNA bases propagates the charge, facilitating transport between these
delocalized domains.

This model provides a framework for reconciling many of the different
experiments carried out to probe DNA CT. Models that describe DNA CT
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simply in terms of donor, acceptor, and bridge energetics and distances are
insufficient to account for the many variations we have seen. DNA CT also
depends sensitively upon the extensive couplings within the base pair stack,
and these are defined by the sequence-dependent structure and dynamics of
DNA. Indeed, DNA CT chemistry may provide a sensitive means to monitor
and describe these sequence-dependent dynamical motions.

6
Conclusions

The analogy drawn between 7-stacked solids and duplex DNA has provided
a useful starting point for experiments to probe and understand DNA-medi-
ated CT. As with the 7-stacked solids, the DNA base pair array can provide
an effective medium for long range CT. Mechanistically, however, the differ-
ences between DNA and these solid state materials may be even more impor-
tant to consider. Duplex DNA, as a molecular 7-stacked structure, undergoes
dynamical motion in solution. The time-dependent and sequence-dependent
structures that arise serve to modulate and gate CT. Indeed in probing DNA
CT as a function of sequence and sequence-dependent structure, we may
better understand mechanistically how CT proceeds and how DNA CT may
be utilized.

DNA CT also permits chemistry at a distance. Oxidative DNA damage and
thymine dimer repair can proceed in a DNA-mediated reaction initiated
from a remote site. These reactions too are sensitive to intervening DNA dy-
namical structure, and such structures can serve to modulate DNA CT chem-
istry. The sensitivity of DNA CT to base pair stacking also provides the basis
for the design of new DNA diagnostics, tools to detect mutations in DNA
and to probe protein-DNA interactions.

But is DNA CT chemistry also exploited within the cell? Has nature de-
vised schemes to protect the genome from oxidative damage from a dis-
tance? Has nature also exploited CT chemistry in detecting damage from a
distance, or more generally, in devising strategies for long range DNA-medi-
ated signaling? These are challenges for the future, but surely the DNA dou-
ble helix will provide still more surprises and rich chemistry to discover.
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Abstract Hole transfer in DNA has attracted much interest, since the hole causes oxidative
damage in vivo which leads to mutation. Furthermore, the occurrence of long-range hole
transfer in DNA suggests a potential application of DNA as a building block for biosensors
and bioelectronic devices. DNA is an attractive molecule to connect two points selected ac-
cording to the information of DNA carried as the base sequence. In addition, DNA can also
be used to construct highly-ordered structures in nanoscale devices. Therefore hole transfer
in DNA and factors controlling its rates have been extensively studied.

For an understanding of the kinetics of hole transfer in DNA, time-resolved spectroscop-
ic measurements are required. However, there are few reports that provide direct evidence
for the formation and decay of the radical cation intermediate. In this chapter, we used a
pulse radiolysis technique to investigate the hole transfer process in DNA. Pulse radiolysis
provides a unique system for the observation of charge transfer processes over 1 us, includ-
ing the multi-step hole transfer process. For direct observation of the radical cation species
during the hole transfer process in DNA, we synthesized ODNGs site-specifically conjugated
with special probe molecules, of which the radical cation has a distinct absorption peak
with a large molar extinction coefficient. Using this pulse radiolytic study of synthetic
ODNs, the kinetics of the hole transfer in DNA were investigated.
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Abbreviations

ODN Oligodeoxynucleotide

G Guanine

A Adenine

C Cytosine

T Thymine

0xG 7,8-Dihydro-8-oxo-deoxyguanine
Py Pyrene

Ptz Phenothiazine

2AP 2-Amionpurine

- Radical cation

NHE Normal hydrogen electrode
Tm Melting temperature

1

Introduction

1.1

Hole Transfer in DNA

One-electron oxidation of DNA leads to formation of the radical cation of
guanine (G*), the nucleobase with the lowest oxidation potential
(G:1.47>A:1.94>C:2.1~T:2.1, V vs NHE in CH3CN) [1]. It is well established
that a hole migrates through DNA by hopping between Gs. Indeed, the oc-
currence of multi-step long-range hole transfer over a distance of 200 A has
been demonstrated by Giese [2, 3], Schuster [4, 5], and Barton [6]. Long-
range hole transfer was evidenced by strand cleavage analysis using photo-
chemical reactions on DNA assemblies containing tethered photooxidant.
After the generation of G near the photooxidant, the hole migrated over a
long range through DNA by multi-step hopping between Gs, and oxidative
strand scission occurs far away from the initial oxidation site. The hole
transfer in DNA and the factors controlling the rates have been extensively
studied since the hole may cause oxidative damage in vivo, which leads to
mutation and strand scission [7, 8].

On the other hand, if the hole flow in DNA could be artificially controlled
to deposit at the desired site in DNA, it may enable site-selective oxidation
and strand scission of DNA, which is desirable from a therapeutical stand-
point. Furthermore, understanding DNA-mediated hole transfer is expected
to lead to an additional application in the development of biosensors and
bioelectronic devices [9]. Therefore, the regulation of the transfer rate and
direction of the hole generated in DNA is of interest from the perspective of
using DNA as a building block for electronic devices.
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1.2
Pulse Radiolysis Measurements of Hole Transfer Rate

Time-resolved spectroscopic measurements are needed to clarify the kinet-
ics of the hole transfer in DNA; photochemical methods have usually been
used to study this charge transfer process. During initial studies of the
charge transfer dynamics in DNA, the electron transfer rate in DNA was
been measured by luminescence quenching experiments [10-14]. A fluores-
cent chromophore was conjugated at the defined site of oligodeoxynu-
cleotide (ODN) as a photooxidant, and the rates of the electron transfer from
the nearby G were measured by time-resolved fluorescence spectroscopy.
Electron transfer rates in the time range 10°-10'% s™! have been reported to
be dependent upon the distance between the electron donor and acceptor,
nature of fluorescent chromophores, and the free energy of the electron
transfer process in each system. After the photo-initiated charge separation
process, the hole transfer may occur from the generated G* to the second
hole acceptor, such as G, GG, or an artificial base with lower oxidation po-
tential than that of G [2, 15, 16]. Lewis et al have successfully determined the
single-step hole transfer rate constants from G™* to GG as 5x10” s™! by mon-
itoring the decay of the stilbenedicarboxamide radical anion [17]. For the
multi-step hole transfer in DNA to occur using the photochemical method,
the radical anion of the electron acceptor which accompanies the generation
of G™ should be consumed to avoid charge recombination diminishing G*.
This can be achieved, for example, by the reaction of radical anion of a pho-
tosensitizer with molecular oxygen. The concentration of molecular oxygen
in water is approximately 0.2 mM at room temperature. Since the diffusion-
controlled rate constant in water at room temperature is approximately
7x10° M~! 571, the upper limit of the rate of this reaction is 10° s™!. Hence,
the charge recombination process is usually much more efficient, and the
quantum yield of hole injection is often very low. Therefore photo-induced
electron transfer is not suited for the measurement of hole transfer rate in
DNA slower than 10° s™!, and hole transfer including the multi-step hole
transfer process following the fast charge recombination between the radical
anion of the photosensitizer and G™. For the measurement of hole transfer
rate slower than 10° s7', it is essential to generate the radical cation (hole)
selectively in DNA, without the generation of radical anion. For this pur-
pose, pulse radiolysis serves as a suitable method.

Pulse radiolysis has been widely used as a convenient method to measure
the charge transfer rate in various intra- and intermolecular systems [18-
20]. Pulse radiolysis and laser photochemical techniques are truly comple-
mentary and great progress in understanding the charge transfer process
has come from the application of both techniques. Pulse radiolysis has a
particular advantage with the production of radical ions, since the desired
radical ion is usually the only species that absorbs light in the visible and
near-infrared regions. Electron pulses with a high energy can be used to gen-
erate as much as 10 uM of the radical ions of the solute molecules. There-
fore, pulse radiolysis has been widely used to determine the spectroscopic
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properties of the radical ions of various molecules [21-33]. The absorption
properties of radical ion species of nucleobases were also determined using
pulse radiolysis by Steenken et al [34-38]. Since the charge can be irre-
versibly generated in the medium of interest and is free from charge recom-
bination, pulse radiolysis provides a unique system for the observation of
charge transfer processes over 1 ys.

Pulse radiolysis of dilute aqueous solutions of DNA mainly causes ioniza-
tion of the most abundant molecules, water, producing hydrated electrons
(eaq ), hydroxyl radicals (OH), and hydrogen atoms ('H) as the primary re-
active species, with G-values of 2.6, 2.7, and 0.6, respectively [39], where the
G-value defines the number of entities formed as a result of expenditure of
radiation energy of 100 eV. Using an 8 ns electron pulse from a 28-MeV lin-
ear accelerator (LINAC) at SANKEN, Osaka University, these reactive species
are generated at a concentration of 10 uM. In the presence of 10 mM S,04%"
and 100 mM ¢t-BuOH, e,q~ reacts with S$,05%" to give the strong one-electron
oxidant SO4~, whereas the undesired ‘OH is scavenged from solution by the
hydrogen-abstraction reaction from #-BuOH, to give a relatively stable radi-
cal 'CH,(CH3;)COH [34] (Scheme 1). Otherwise, under N,O-saturated

(CH,),COH

o
H,0 W' H, e, *OH *CH,(CH,),COH

$,04% H,O
SO,*

8O,- + DNA —— S0O,> + DNA™

o
H,0 W He, e, *OH

H,0 + N,O + e, —> N, + OH-+ <OH
T +«OH —>  TIOH*

TIOH* + DNA — TI* + DNA™* + OH-

Scheme 1 Generation of oxidants SO, ~ and TIOH" during pulse radiolysis

(22 mM) conditions, the oxidant TIOH" is produced by the reaction of TI*
with ‘OH, formed during irradiation of aqueous solution containing 1 mM
T1,S0, [40]. In this case, e, reacts with N,O to produce ‘OH. Since these
oxidants are powerful enough to oxidize all four DNA bases (SO4™:
Ey,x=2.5~3.1 V vs NHE in H,0, TIOH": E,x=2.2 V vs NHE in H,0), random
oxidation of the whole DNA strand is expected. These oxidants are used in
the next chapter to generate a hole in DNA.
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13
Synthesis of Probe-Conjugated ODN

Even after a hole is successfully generated in DNA at a high concentration,
observation of the hole transfer by monitoring the transient absorption of
G* is difficult due to the low extinction coefficient of G* [35] (less than
3000 M~! cm™! over 350 nm). Furthermore, it is hard to define the site of G+
since DNA consists of only four bases, resulting in many Gs within a modest
length of ODN. For the observation of the radical cation generated in DNA,
we synthesized ODNss site-specifically conjugated with probe molecules. The
radical cation of probe molecules is required to have a distinct absorption
peak with a large molar extinction coefficient, and also needs to be relatively
chemically inert: that is to have long lifetime in aqueous solution.

According to these requirements, we selected pyrene (Py) and phenothia-
zine (Ptz) [41] as the probe molecules in DNA. Radical cations of Py and Ptz
(Py* and Ptz*) have strong absorption peaks in the visible region
(Amax=470 nm and 520 nm, &,,,~2X10* and 9x10° M~! cm™!, respectively).
Site-specifically Py- and Ptz-conjugated ODNs were synthesized by the auto-
mated solid-phase phosphoramidite method according to the reported pro-
cedure. In section 2.1, 5'-Py- or 5'-Ptz-conjugated ODNs were synthesized
[42-44] in order to observe the multi-step hole transfer from G generated
in DNA to Py or Ptz (Scheme 2) [45, 46]. In section 2.2, 5'-PyODNs contain-

Chapter 2 Multi-Step
Hole Transfer

Chapter 3 Single-Step N
Hole Transfer Py ﬁ oxG ><

Chapter 4 Hole Transfer
from
Py** to Ptz

Scheme 2 Hole transfer processes described in this study

ing 7,8-dihydro-8-oxo-deoxyguanine (0xG) were used to investigate the sin-
gle-step hole transfer from Py™ to 0xG [45]. In chapter 3, ODNs doubly con-
jugated with Py and Ptz were synthesized. Ptz was covalently bonded at the
5'-end, while Py was linked to the ribose 2'-site by the amide bond [47]. De-
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\
i O HN_ CH, (CH2)2-0
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W ¢

5'-Py PyU 5'-Ptz

Fig. 1 Chemical structures of pyrene conjugated at the 5'-end (5'-Py) and the 2’ sugar
position of uridine (PyU), and phenothiazine conjugated at the 5'-end of ODN (5'-Ptz)

pendences of the sequence and distance between Py and Ptz on the hole
transfer from Py ™ to Ptz were investigated. The chemical structures of ODN
conjugated with Py and Ptz and sequence of ODN used in this study are
shown in Fig. 1.

2
Direct Observation of Hole Transfer in DNA

2.1
Multi-Step Processes

2.1.1
Multi-Step Process in Pyrene-Conjugated ODN

For the observation of the hole transfer from the hole generated in DNA to
the site-specifically conjugated probe molecule, we synthesized ODNs conju-
gated with Py at the 5’-end [42]. Introduction of Py at a terminal site caused
an increase in Ty, for PyODNI1 (T,,=39.1 °C) compared to unmodified ODN1
(Ty=34.2 °C). This stabilization was attributed to end-capping with 7-elec-
tron overlap between the Py and bases [48]. Since the oxidation potential of
Py [49] (E,x=1.40 V vs NHE in CH;CN) is lower than that of G, the hole
transfer from G™ generated in DNA to the Py moiety is expected to occur.
The efficient amount of radical cation of Py-conjugated ODN was generated
from one-electron oxidation during pulse radiolysis in the presence of
K,S,0s, and the hole transfer in DNA was monitored by the time-resolved
transient absorption of Py™* (Scheme 3) [45].

Distance dependence of the hole transfer process from the G-region (5'-
GTGTGTG-3') to the Py moiety was studied via pulse radiolysis of 5'-Py-
conjugated ODNs with a different number of intervening A-T base pairs be-
tween the G-region and Py moiety (PyODN#n (n=1~5)) (Scheme 3). Transient
absorption with a maximum peak at 470 nm assigned to Py™ was observed
after the electron pulse during the pulse radiolysis (Fig. 2). This initial for-



Hole Transfer in DNA by Monitoring the Transient Absorption of Radical Cations 123

mation of Py* depended linearly on the concentration of PyODNn in the
range of 0.05~0.2 mM, demonstrating that the formation of Py* in the time
scale of 2 us resulted from the direct diffusional collision between SO~ and

e CH,),COH
H,0 W He e, -, “OH (CHg)s *CH,(CH,),COH
8,047 H,0
S0,
patha SO, 5-Py-(A),CACACAC(A)s.,,

Py_o'jy Q_ODN 3’-(T)nGTGTGTG(T)6_n
kh

. PyODNn (n = 1~5)
Py*-G-ODN <«—%—  Py-G**-~ODN
path b

Scheme 3 Mechanistic scheme for generation of oxidizing reagent SO, ~ during pulse ra-
diolysis, hole generation and transfer in Py-conjugated ODN. Sequences of 5'-Py-conju-
gated ODN PyODNn (n=1-5)

the Py moiety (Scheme 3, path a). This gave the bimolecular reaction rate
constant of the reaction of SO,~ with the Py moiety and ODN-region,
kpy.opn=4x10° M~" s7". In contrast, the rate constant of the reaction of SO4~
with unmodified ODN was determined to be kopy=3x10° M~! s7. The simi-

0.3 y i MM
10 us 5 ~
)
1 ) //
500 ns /
02 200 o 1 2
a / Time / pus
) 100
0.1 |-
)
0 -
1 1 L 1 n 1 L 1
400 450 500 550 600

Wavelength / nm

Fig. 2 Transient absorption spectra of PYODNI observed several times after the electron
pulse. The inset shows the time profile of the transient absorption peak of Py™ at
470 nm, which corresponds to the direct oxidation of Py with SO, ~ (Scheme 3, path a)
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Fig. 3 Formation and decay of the transient absorption of Py monitored at 470 nm.
Time profiles for a PyODNn (n=1~5), b PyODNn (n=1~4) after subtraction of the time
profile of PyODNS5. The transient at 470 nm mainly from Py from PyODNn decayed by
two processes. The decay process with a time range of 100 us and the longer component
with a decay time >1 ms were observed

lar values of kpy.opn and kopy demonstrate that the competitive oxidation of
the Py moiety and ODN results in the formation of Py and G, respectively.
In all PyODNn (n=1~5), transient absorption assigned to Py'* occurred by a
single-exponential process with the same rate (kops=8%10° s7!) in a time
range of 2 us.

After completion of this diffusional process within a few us, in other
words after the consumption of SO,~ and formation of Py™ or G'*, interest-
ingly, a larger amount of Py™ was formed for PyODN#n with a shorter dis-
tance separation between the G-region and Py moiety in the time scale of
100 us (Fig. 3a). This secondary formation of Py™ was attributed to the hole
transfer from G to Py in DNA (Scheme 3, path b). Since the hole transfer
from the G-region to the Py moiety is considered to be much slower for Py-
ODNS5 compared to the PyODN#n (n=1~4), in the case of PyODN5 Py ™ was
formed only from the initial collision process; the time profile of Py™ at
470 nm for PyODN5 was subtracted from those for PyODN#n (n=1~4). This
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In Ky

8 1 1 L Il
8 12 16
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Fig. 4 Distance dependence of hole transfer in DNA. Shown is a semi-log plot of ky
against the distance between Py and G- reglons (7). Values of r were calculated assuming
an average distance of 3.4 A between base pairs

gave the time profiles of the formation of Py* from the hole transfer in
DNA, and revealed the hole transfer in DNA over a period of 100 us
(Scheme 3, path b) (Fig. 3b). All calculated spectra were fitted by a single ex-
ponential function, and this gave the rate constant of the hole transfer (k)
of 11x10% 7x10% 2x10% and 0.8x10* s™! for PyODN#n (n=1, 2, 3, and 4, re-
spectively). The hole transfer rate slightly decreased as the distance between
the Py moiety and G-region (r) increased.

The rate constant for a single-step charge transfer process (k) usually
follows an exponential dependence on the donor-acceptor distance
r(kq=AeP"). When the natural logarithms of the hole transfer rate Inky; were
plotted against r, a linear relatlonshlp was observed (Fig. 4). >From the
slope of the plot, a value of 0.3 A~! was obtained for the distance dependence
of the hole transfer rate constant. The value of 0.3 A~! is significantly smaller
compared to the reported f values for the photo-induced single-step elec-
tron transfer process (f values between 0.6 to 1.4 have been reported for the
smgle step electron transfer in DNA [12, 13, 50]). The smaller value of
0.3 A~! can be explained in that ky; in the present study includes the multi-
step hole transfer processes between Gs in the G-region. Likewise, the weak
distance dependency has been reported for hole transfer with a multi-step
process by Schuster et al (0.02 A~1) [4]. Since similar results were also ob-
served when the concentration of DNA was decreased by half, the observed
results are definitely accounted for by intramolecular hole transfer processes
in DNA.

Deprotonation of G, which is considered to be fast (>10° s™!), was sug-
gested as the cause of the termination of the hole transfer in DNA. In con-
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trast, the occurrence of the hole transfer in DNA over a period of 100 us was
demonstrated here. Therefore it is plausible to assume that proton transfer
to hydrogen bonding complementary cytosine, rather than to surrounding
water, is favored in DNA. That is, the proton stays in the G* and cytosine
base pair, and the hole transfer processes between Gs are coupled with the
proton transfer reactions [51]. Our results suggest that G™*, or a deprotonat-
ed G radical and protonated cytosine base-pair G(-H"):C(+H™*)" [35, 52—
56], can be present in DNA for more than 100 us, and that this long lifetime
is the origin of the long-range hole transfer observed in DNA.

2.2
Multi-Step Process in Phenothiazine-Conjugated ODN

In order to investigate the thermodynamic driving force (AG) dependence
of the hole transfer in DNA, pulse radiolysis of Ptz-ODN was examined. The
oxidation potential of Ptz (E,x=0.76 V vs NHE in CH3;CN) [43, 44] is lower
than that of Py, so AG for the hole transfer is much less for the hole transfer
from G to Ptz (ca. —0.1 eV) compared to that of G* to Ptz (ca. —0.7 eV).
Similarly to Py*, Ptz has a distinct absorption peak with a large molar ex-
tinction coefficient as described above. 5'-Ptz-conjugated ODNs (PtzODNn)
were synthesized by the automated solid-phase phosphoramidite method as
reported [43, 44]. Introduction of Ptz at a terminal site caused an increase in
Ty for PtzODNn (n=1, 3, 5) (T,=36.7, 36.4, 35.7 °C) as compared to unmod-
ified ODNn (T,,=35.5, 35.5, 35.4 °C, respectively). Since similar UV-spectra
were observed for all PtzODNn (n=1, 3, 5), it was suggested that all
PtzODNn take an end-capping structure with 7-electron overlap between
the Ptz and bases [48].

e T
H,0 "W H. e, OH — TIOH*

N,O + H,0
N, + OH-
“OH

I+

5-Ptz-(A),CACACAC(A),.,
path a TIOH* 3-(T),GTGTGTG(T)g.,

Ptz—ODV \\Ptz-ODN PtzODNn (n = 1~5)
Kt

Ptz*~-ODN *+— — Ptz-ODN**
path b

Scheme 4 Mechanistic scheme for generation of oxidizing reagent TIOH* during pulse
radiolysis, hole generation and transfer in Ptz-conjugated ODN. Sequences of 5'-Ptz-
conjugated ODN PtzODNn (n=1-5)
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Fig. 5 Transient absorption spectra of PtzODN1 obtained at 1 us, 5 us, and 50 us during

pulse radiolysis of N,O-saturated aqueous solution containing 0.2 mM PtzODNI (strand
conc.), 20 mM pH 7.0 Na phosphate buffer, and 1 mM T1,SO,

Since one-electron oxidation of the Ptz moiety occurs with simple addi-
tion of K,S,0g, T1,SO4 was used as an oxidant source instead of K,S,0z in
this study [40]. The oxidizing reagent TIOH" was generated during pulse ra-
diolysis of an N,0O-saturated aqueous solution of Ptz-ODN. The distance de-
pendence of the hole transfer was investigated systematically by changing
the number of A-T base pairs separating the Ptz and G-region, as has been
done for Py-conjugated ODNs (Scheme 4).

Transient absorption with a peak at 410 nm, assigned to TIOH*, was ob-
served after the electron pulse during the pulse radiolysis (Fig. 5). Together
with the decay of TIOHY, transient absorption with a maximum peak at
520 nm assigned to Ptz* was observed. In the case of PtzODN1, the observed
formation rate of Ptz* and decay rate of TIOH* were almost the same
(Fig. 6a). Therefore, the hole transfer from G™ to Ptz in DNA is faster than
the diffusional process for PtzODN1 (ky>kobs=1.4X10° s71).

After completion of the diffusional process within 20 us - that is after the
consumption of TIOH" and formation of Ptz* (Scheme 4, path a) or G* -
secondary formation of Ptz* was observed for PtzODN3 over a time scale of
100 ps (Fig. 6b). This secondary formation of Ptz* was attributed to the hole
transfer from G* to Ptz in DNA (Scheme 4, path b). The time profile of
PtzODN3 was fitted by double exponentials. The faster component was as-
signed to the direct oxidation of Ptz by path a, while the slower component
was assigned to the hole transfer process by path b. This gave the rate con-
stant of the hole transfer kp=2x10* s~ for PtzODN3, which is similar to the
hole transfer rate from a hole generated in DNA to Py for PYODN3 as men-
tioned above. No secondary formation was observed for PtzODNS5, which
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Fig.6 a Time profiles of transient absorption monitored at 520 and 380 nm for
PtzODN1 b Formation of the transient absorption of Ptz* observed at 520 nm for
PtzODNI1, PtzODN3, and PtzODN5

shows that the hole transfer for this ODN proceeds much more slowly. As a
consequence, the yield of Ptz* was the lowest for PtzODN5 [45].

Therefore even though the driving force is much less for the hole transfer
from G* to Ptz compared to that from G™ to Py, similar kinetics were ob-
tained. This is consistent with the assumption that the hole transfer from G™*
to Py or Ptz includes a multi-step process between Gs in the G-region: that
is, the hole transfer from G* to Py or Ptz is not a rate determining step for
the observed hole transfer.
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23
Single-Step Process

In order to observe the single-step hole transfer from Py™ to inside the
DNA, pulse radiolysis of Py-conjugated ODNs with one 0xG substituted for
G as a hole trap was performed (Scheme 5; Fig. 7). In this case, the oxidation

e CH,),COH
H,0 —~W\> He, e, “OH Chay

8,05 H,0
50,2

*CH,(CH;),COH

5'-Py-(A),CACACAC(A)s.,

SO
Py-oxG- O‘Ey w‘oxe -ODN 3-(T)oxGTGTGTG(T)g.,

PyODNoxn (n = 1~5)
Py*+-0xG-ODN _m’ Py-oxG*+-ODN

Scheme 5 Mechanistic scheme for generation of oxidizing reagent SO,~ during pulse ra-
diolysis, hole generation and transfer in Py-conjugated ODN containing oxG. Sequences
of 5'-Py-conjugated ODN containing 0xG PyODNoxn (n=1-5)

potential of 0xG (Ex=1.09 V vs NHE in CH;CN) [57] is lower than that of
Py, so hole transfer from Py* generated by the diffusional collision reaction
with SO4~ to 0xG was expected to occur. When the nearest G to the Py moi-
ety was replaced with oxG (PyODNoxl), the formation of Py* was sup-
pressed. No secondary formation of Py™* was observed for PyODNoxn
(n=2~5), which again confirms the hole transfer from the G-region to Py for
the PyODN#n (n=1~4).

=N whHOo S

0 50 100 150
Time / ps

Fig. 7 Formation and decay of the transient absorption of Py* monitored at 470 nm for
PyODNoxn (n=1~5)
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Fig. 8 Distance dependence of hole transfer in DNA. Shown is the semi-log plot of k_p;
against the distance between pyrene and 0xG (r). Values of r were calculated assuming
an average distance of 3.4 A between base pairs

Since the decays of Py* of PyODNoxn (n=2~4) were the sum of the hole
transfer from Py™ to oxG and the decay of Py™* with rate constants of k_,
and Kdecay respectively, k_y, was found to be 15x10% 3x10% and 0.2x10* s,
for PyODNoxn (n=2, 3, and 4, respectively). The rate constant of k_p; de-
creased upon the increase of the distance between the Py and 0xG. The lin-
ear plots of Ink_p, vs r gave a slope, 3=0.6 A~! (Fig. 8), which is equal to the
value of 8 for the photo-induced single-step electron transfer reported by
Lewis et al and Zewail et al [12, 50]. It should be emphasized that the dis-
tance dependence of the single-step hole transfer process in DNA as a
m-stacking system is found to be consistent with those for the single-step
electron transfer (Scheme 6).

Photo-Induced Electron Transfer Hole Transfer

LUMO — — _1._' _1.— —_ S
e B f" =
HOMO%% 'l{-\H- _H_'l_ -‘—'H' +1.+'

o— + o+ o+
Sens=Ge==  Sens*e G == Sens= G = Py = oxG = Py= oxG =

Scheme 6 Photo-induced electron transfer and hole transfer in DNA
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24
Comparison with Photochemical Methods

Our results will now be compared with those based on transient absorption
measurements during laser flash photolysis. Photochemical methods can
also be used to generate a hole selectively in DNA. Using an intense 308 nm
XeCl excimer laser, Shafirovich et al generated a radical cation of 2-amion-
purine (2AP™) in DNA [54, 56, 58, 59] during resonant two photon ioniza-
tion. They measured the rate of the hole transfer from 2AP™* to 0xG to be
4x10* and 3x10% s7! in the case of two and four intervening A-T base pairs,
respectively [54]. These values are similar to the rate of the hole transfer
from Py™ to oxG as mentioned above. Barton et al generated a hole in DNA
by the oxidative flash quenching method using a dipyridophenazine com-
plex of ruthenium as a tethered oxidant [60]. They monitored the formation
of the 4-methylindole radical cation (M) which is positioned 17-37 A away
from the ruthenium complex. The rate of formation of the M* is >107 571,
which is much faster than Lewis’ [17], Shafirovich’s [54] or our results [45].

An advantage of the photochemical method is that a hole can be site-
specifically generated in DNA within a short period of time. Since the quan-
tum yield of the hole injection process is very low (usually lower than
0.001), the majority of photons absorbed by the chromophore are related to
other photochemical phenomena. From this point of view, pulse radiolysis
has an advantage, since radical cations can be generated in high yield in
DNA. Absorption intensities of the radical cations observed in our studies
are at least one order higher than those observed in the photochemical
methods. However, disadvantages inherent to the pulse radiolysis are the re-
quirement of high concentrations of DNA, and the limitation of the mea-
surement to the time scale of >1 us, because of the collisional process for
the generation of a hole in DNA.

3
DNA as a Scaffold for Hole Transfer Between Two Organic Molecules:
Hole Transfer from Pyrene™ to Phenothiazine in DNA

Duplex DNA forming a one-dimensional 7-stacked array can be used to con-
struct highly-ordered structures in nanoscale devices [61-63]. Evidence of
long-range hole transfer over a distance of 200 A suggests that DNA may be
used as nanowires for long range charge transportation [9]. However, DNA
is inherently unstable upon oxidation [7, 8, 34], so DNA itself cannot be a
good conductive material. However, there are organic molecules whose radi-
cal cations are stable in water. Therefore, for the construction of DNA wires,
it may be better to use DNA as a scaffold for arranging such organic mole-
cules.

In sections 2.1 and 2.2, Py and Ptz were demonstrated to be useful as hole
carrying molecules for DNA. With this in mind, we now describe the pulse
radiolysis of ODN doubly conjugated with Py and Ptz, carried out in order
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to investigate the possibility of modulation of the hole transfer rate and di-
rection by means of introducing several organic molecules into DNA. Moni-
toring the transient absorption of Py™* and Ptz™*, we measured the depen-
dency of the hole transfer rate on the distance and sequence in DNA.

Planar Py and Ptz are expected to stack well among nucleobases, and so
were used as the probe molecules to measure the hole transfer rate. The oxi-
dation potentials of Py and Ptz were lower than those of the four nucleobas-
es. We examined the sequence and distance dependences of the hole transfer
rate by monitoring the decay and formation of the transient absorption of
Py* and Ptz™" during pulse radiolysis of ODN conjugated with Py and Ptz
(PtzPy-(n) (n=1~5)).

The introduction of Py at the 2’ sugar position of uridine and Ptz at the
5'-end of ODN caused an increase in Ty,. The T, for PtzPy-1 is 39.4 °C,
which is 6.9 °C higher than that of unmodified ODN (32.5 °C). Similarly, the
introduction of Ptz or Py into ODN showed increases in T, for Ptz-1
(1.2 °C) and for Py-1 (6.6 °C) compared with unmodified ODN, suggesting
that Py intercalated into ODN duplex at the 3’-side, and the 5'-linked-Ptz as-
sociated with the 5'-terminus by end-capping [5]. The structures of ODNs
conjugated with Py and Ptz were examined by circular dichroism (CD) spec-
tral measurements. The CD spectra of ODNs in 20 mM phosphate buffer
were characteristic of the B-form.

Oxidizing reagent TIOH" was generated by pulse radiolysis and direct oxi-
dation of ODN by TIOH" was completed within 20 us [46] (Scheme 7, path a).

+

o
H,0 "W He, e, «OH — TIOH*

&cz +H,0
N, + OH-

-OH

J T

path a TIOH*

Ptz-ODN-Py / \Ptz-ODN-Py
k t

h
Ptz**-ODN-Py «——— Ptz-ODN-Py**
path b

Scheme 7 Mechanistic scheme for generation of oxidizing reagent TIOH" during pulse
radiolysis, hole generation and transfer in Ptz- and Py-conjugated ODN Ptz-ODN-Py

The pulse radiolysis of ODN conjugated with Py and Ptz showed a transient
absorption spectrum with a peak at 470 or 520 nm, assigned to Py™* or Ptz™"
respectively (Fig. 9). The formation rates of Py and Ptz* obtained for Py-1
and Ptz-1 were almost identical to that of the decay of TIOH* and no second-
ary formation was observed. These results indicate that a hole migrates from
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Fig. 9 Transient absorption spectra observed at 5 and 100 us after the electron pulse dur-
ing pulse radiolyses of a Py-4 and b Ptz-4 in N,O-saturated aqueous solution containing
0.2 mM ODN (strand conc.), 20 mM Na phosphate buffer (pH 7.0), and 2 mM T1,50,4

the G-region to the Py or Ptz moiety within the diffusional process. Consider-
ing lower oxidation potentials of Py and Ptz compared to that of G, a hole gen-
erated in ODN migrates from G to Py or Ptz, and it is expected that this pro-
cess occurred within several us according to our previous reports [45, 46, 64].
Therefore, contribution of the hole transfer from the G-region was almost ig-
nored in the examined time region (>10 us). As a result, a hole is trapped on
the Py- and Ptz-sites after the consumption of oxidant TIOH".

Transient absorption spectra changes and time profiles observed during
pulse radiolysis of PtzPy-n are shown in Fig. 10. When Ptz was separated

012 @: PtzPy-1 Time 015 . 520nm
100 ps " ~-
§ 0.08 5 a 0'10_. 470 nm
0.04 3 0.05}/
¢ : PtzPy-1
0.00¢ . . 0.00 M )
0.12 b: PtzPy-3 Time 0.15} 520 nm
100 ps f
§ 0.08 l l 5 § 0.104" 470 nm
0.04] 0.05}/
0.00; o.oop 9D
400 450 500 550 600 0 20 40 60 80 100
Wavelength / nm Time / us

Fig. 10 Transient absorption spectra observed at 5 and 100 us after the electron pulse
during pulse radiolyses of a PtzPy-1 and b PtzPy-3. Also shown are time profiles of the
transient absorption of Py and Ptz observed at 470 and 520 nm for ¢ PtzPy-1 and d
PtzPy-3, respectively
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from Py by three A-T base pairs (PtzPy-1), no formation of Py™ was ob-
served (Fig. 10a). From the time profiles of Ptz for Ptz-1 and Py for Py-1,
the rate constants of the oxidation reaction with TIOH" were determined to
be approximately 10° s7!, indicating that competitive oxidation of the Ptz
and Py-moieties occurred. Therefore, the hole transfer from Py™ to Ptz oc-
curs faster than the diffusional oxidation of ODN by TIOH" at the rate con-
stant of kop=10° s7! for PtzPy-1.

On the other hand, when the distance between Py and Ptz was longer
(PtzPy-3) with five A-T base pairs, the formation and decay of Py™ were ob-
served in the time range of 0-100 us after an electron pulse. At 100 us only
Ptz* was observed (Fig. 10b). This result indicates that a hole migrates from
Py™* to Ptz within 100 us. >From the time profiles of absorption peaks at
470 nm for Py* and 520 nm for Ptz'*, secondary formation of Ptz was also
observed concomitant with the decay of Py™ for PtzPy-3, while no secondary
formation of Ptz* was observed for PtzPy-1 due to the rapid hole transfer
(Fig. 10c,d). The rate constant of the hole transfer from Py to Ptz was de-
termined to be 2.0x10* s™! for PtzPy-3 from the decay of Py™.

These results demonstrate that the hole transfer rate decreases with the
increase of the distance between Py and Ptz (Scheme 7, path b). When Ptz
and Py were separately conjugated to different ODNs, both Py* and Ptz™*
were observed at 100 us after the electron pulse during pulse radiolysis of
the mixture of 0.2 mM each of Py- and Ptz-conjugated ODNSs: in other words
no interstrand hole transfer occurred. Therefore, the observed results are ac-
counted for by intramolecular processes.

In section 2.2, we reported that the rate constants of the hole transfer
from Py to oxG were 3x10* s™! for Py-TTT-0xG and smaller than 1x10° s™*
for Py-TTTTT-0xG [45]. Compared with the rate constants for Py-oxG-
ODNs, the hole transfer rates for PtzPy-1 and PtzPy-3 were much faster.
This result is probably explained by the difference of AG. The energy gap
(AE) between the oxidation of Py and oxG is 0.31 eV, whereas AE between
the oxidation of Py and Ptz is 0.64 eV. Namely, the lower oxidation potential
of Ptz is considered to be responsible for the increase in the hole transfer
rate.

The dynamics of electron transfer processes in which an electron acceptor
and electron donor are separated by a bridge molecule are known to depend
not only on the distance but also on the nature of the bridge. So, in order to
elucidate the effect of the bridge bases on the hole transfer rate, ODN con-
taining G in the bridged base pairs between Py and Ptz was examined. Mon-
itoring the decay of the transient absorption of Py™ for PtzPy-n (n=3~5) in
which Ptz and Py are separated by three to five base pairs, the hole transfer
accelerated slightly with increasing number of G (Table 1). Therefore, the
hole transfer rate between two organic molecules conjugated to DNA de-
pends upon the sequence of DNA. This result demonstrates that the hole
transfer process from Py™ to Ptz is mediated by G between Py and Ptz, indi-
cating increases of the electronic coupling for the superexchange interaction.
Similar results have been reported by Saito et al. using strand cleavage anal-
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Table 1 Sequences of ODN conjugated with Ptz and Py (PtzPy-n), and the rate Constant of
the hole transfer from Py to Ptz for PtzPy-n

ODN Sequence kn (10%s71)

PtzPy-1 5Ptz-AAA- A-CGCGATA >10
TTT-PyU-GCGCTAT®

PtzPy-2 5Ptz-ACA- A-CGCGATA >10
TGT-PyU-GCGCTAT®

PtzPy-3 5Ptz-AAAAA- A-CGCGA 2.0
TTTTT-PyU-GCGCT

PtzPy-4 5Ptz-AACAA- A-CGCGA 2.6
TTGTT-PyU-GCGCT®

PtzPy-5 5Ptz-ACACA- A-CGCGA 3.3

TGTGT-PyU-GCGCT”

2 Obtained from the decay of the transient absorption of Py'* at 470 nm

ysis [65]. However, the contribution of G as a stepping stone for the hole
transfer may also be considered.

So, to summarize, the hole transfer rate between Py and Ptz was deter-
mined using the transient absorption measurements of Py* and Ptz™, and
we have shown that the hole transfer rate from Py* to Ptz depends on the
distance and sequence between Ptz and Py. In other words, the hole transfer
rate in DNA is modulated by designing the sequence of DNA and conjugated
molecules. It is suggested that DNA may be utilized as a molecular wire by
introducing several organic molecules at the appropriate site in DNA.

4
Conclusion

Investigations of the kinetics of hole transfer in DNA by means of pulse ra-
diolysis of synthetic ODNs have provided details about the hole transfer pro-
cess, especially over 1 us, including the multi-step hole transfer process.
Based on the investigation of the kinetics of hole transfer in DNA, develop-
ment of the DNA nanoelectronic devices is now expected. An active applica-
tion of the hole transfer process is also desirable from a therapeutical point
of view, since hole transfer may play a role in improvement of quantum yield
and selectivity of DNA scission during photodynamic therapy. The kinetics
of the hole transfer process is now being revealed, although there is still
much research to be performed in this area. The kinetics of adenine hopping
is another area of interest that should be explored in the future.
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Introduction

DNA is a chemical whose function in living cells is to store the instructions
needed to maintain life. Errors introduced into those instructions generally
have deleterious consequences, so there is great evolutionary pressure to
prevent or correct them. At the molecular level, a reaction that changes the
structure of DNA damages the instructions and introduces errors. Several
reactions cause structural changes in DNA; among the most important is
one-electron oxidation [1]. Oxidation of DNA can result from normal cellu-
lar metabolism, from exposure to ionizing radiation, or from interaction
with light [2-5].

When DNA is oxidized, it loses an electron and a radical cation (“hole”)
is generated. Overwhelming evidence shows that these radical cations reside
primarily on the aromatic bases that form the central core of duplex DNA.
Radical cations in DNA are short-lived species that are consumed by reac-
tion with H,O to produce structurally modified (damaged) bases [6]. It is
now widely accepted that the base initially oxidized is not necessarily the
base that is eventually damaged by reaction of the radical cation with H,O
[7-9]. The radical cation migrates through the DNA duplex until it is eventu-
ally consumed by a reaction. Clearly, it is essential to understand the mecha-
nism for long-distance migration of radical cations in DNA because that
process controls the site of oxidative damage. Our findings on that topic are
described in this chapter.

2
Anthraquinones as One-Electron Oxidants of DNA

Redox reactions follow well-established thermodynamic and kinetic princi-
ples. Generally, a one-electron oxidation reaction is spontaneous and rapid
when its driving force (—AGg) is greater than about 5 kcal/mol (0.2 eV) and
the electron donor and acceptor are at a near contact distance. Electronically
excited states formed by optical excitation are often powerful oxidants. In
this case, the Weller equation provides a convenient means to estimate AGe;
based on the energy of the excited state (AE"), the oxidation potential (E,y)
of the electron donor (a DNA base in the present case), the reduction poten-
tial of the electron acceptor (E,eq), and certain electrostatic work terms [10].
Numerous organic and metallorganic compounds have been found whose



The Mechanism of Long-Distance Radical Cation Transport in Duplex DNA: lon-Gated Hoppings 141

excited state meets the energetic requirement for oxidation of DNA. We have
focused our attention on anthraquinone derivatives.

Anthraquinones are nearly perfect sensitizers for the one-electron oxida-
tion of DNA. They absorb light in the near-UV spectral region (350 nm)
where DNA is essentially transparent. This permits excitation of the quinone
without the simultaneous absorption of light by DNA, which would confuse
chemical and mechanistic analyses. Absorption of a photon by an anthraqui-
none molecule initially generates a singlet excited state; however, intersys-
tem crossing is rapid and a triplet state of the anthraquinone is normally
formed within a few picoseconds of excitation, see Fig. 1 [11]. Application of
the Weller equation indicates that both the singlet and the triplet excited
states of anthraquinones are capable of the exothermic one-electron oxida-
tion of any of the four DNA bases to form the anthraquinone radical anion
(AQ™) and a base radical cation (BY).

Oxidation reactions that originate with the singlet excited state of the an-
thraquinone (AQ'!) generate a contact radical ion pair in an overall singlet

AQ*I AQ*S
—>|||||||||||||||5. |||||||||||||||
AQ™ Electroanransfer 1 AQ™ EIECtroanransfer 3
e LTI el LT
Fast Electron szl
AQ Back Transfer Slow/ AQ N
LU :-||||||||||||||
Starting Material
(No Net Reaction) Hole
AQ AQ Hop
|||||||&&|||||| LT L
G* = 8-Ox0G

Fig. 1 Schematic mechanism for the long-distance oxidation of DNA. Irradiation of the
anthraquinone (AQ) and intersystem crossing (ISC) forms the triplet excited state
(AQ™), which is the species that accepts an electron from a DNA base (B) and leads to
products. Electron transfer to the singlet excited state of the anthraquinone (AQ"!) leads
only to back electron transfer. The anthraquinone radical anion (AQ™) formed in the
electron transfer reaction is consumed by reaction with oxygen, which is reduced to su-
peroxide. This process leaves a base radical cation (B*, a “hole”) in the DNA with no
partner for annihilation, which provides time for it to hop through the DNA until it is
trapped by water (usually at a GG step) to form a product, 7,8-dihydro-8-oxoguanine
(8-0x0G)
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spin state that can undergo rapid back electron transfer to regenerate the
starting materials. Our findings indicate that this unproductive charge anni-
hilation route dominates reactions that originate from AQ™ [11].

On the other hand, oxidation of a DNA base by a triplet state of the an-
thraquinone (AQ™) generates a contact ion pair in an overall triplet state,
and back electron transfer from this species to form ground states is prohib-
ited by spin conservation rules. Consequently, the lifetime of the triplet radi-
cal ion pair is long enough to permit the bimolecular reaction of AQ™ with
0, to form superoxide (O,") and regenerate the anthraquinone.

Therefore, the sequence of reactions illustrated in Fig. 1 catalytically (the
anthraquinone is regenerated) “injects” a radical cation into a DNA oligonu-
cleotide that does not simultaneously contain a radical anion. As a result,
the lifetime of this radical cation is determined by its relatively slow bimo-
lecular reaction with H,O (or some other diffusible reagent such as O,7)
and not by a rapid intramolecular charge annihilation reaction. This pro-
vides sufficient time for the long distance migration of the radical cation in
DNA to occur.

We have examined several anthraquinone derivatives as sensitizers for ox-
idation of DNA. The most useful compounds for analysis of the mechanism
for long distance radical cation migration are those that are covalently
linked to the DNA either at a 5'-end of one strand (AQ-DNA) [12] or to the
3’-oxygen of a ribose (UAQ-DNA) [13], as shown in Fig. 2. Molecular model-
ing, chemical quenching studies, and spectroscopic analyses indicate that
the end-linked AQ derivative is associated with the DNA by end-capping of
the final base pair, as shown in Fig. 3. End-capping allows the relatively effi-
cient oxidation of the DNA by the quinone at a known initial site without
disruption of the base stacking that results from an intercalated sensitizer.
Examination of the reactions of end-capped AQ show that the efficiency of

0 0
5'-End
NH(CH,)0P0 B
so- I ‘ w
0
O—>3"-En¢
5'—Fnd Q
o L

)
3"-End

o
Fig. 2 Structures of the anthraquinone-linked sensitizers. AQ is covalently attached to
the 5'-end of one strand. UAQ can be placed at any position, and the attached anthraqui-
none intercalates in duplex DNA at the 3'-side of its linked nucleotide
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Fig. 3 Model of an end-capped anthraquinone that is covalently linked to a 5'-terminus
of duplex DNA by the tether shown in Figure 2

charge injection depends on the sequence of bases near the AQ. Maximum
efficiency is observed when there is no G/C base pair within the three base
pairs closest to the AQ [14]. The sequence effect on charge injection efficien-
cy is attributed to more rapid migration of the base radical cation away from
the quinone radical anion when there is no nearby guanine, which acts as a
shallow trap.

The anthraquinone group of the UAQ sensitizer is intercalated on the
3'-side of its linkage site [15]. Use of UAQ permits assessment of the direc-
tionality of long-range radical cation migration. Both AQ and UAQ enable
the selective and efficient introduction of a radical cation in duplex DNA,
whose lifetime is controlled by its relatively slow bimolecular reaction pri-
marily with H,0.

3
Interpretation of Radical Cation Reaction Patterns in Duplex DNA

Irradiation of an AQ-linked duplex DNA oligomer leads to selective reaction
at certain base pair sequences. This reaction is detected as strand cleavage,
after treatment of the irradiated sample with piperidine, by polyacrylamide
gel electrophoresis (PAGE) on DNA oligomers that contain a **P radiolabel.
This behavior is indicative of chemical reaction (damage) at a DNA bases
rather than at a deoxyribose sugar, in which case strand cleavage generally
does not require treatment with piperidine [5]. It is typically found by us
and by others (using a variety of oxidants) that reaction of the radical cation
usually occurs primarily at the 5'-G of GG [16, 17] steps (or at the central
and 5'-G of GGG) and less frequently at the G of a 3’-AG-5" sequence. This
selectivity of reaction has been attributed to stabilization of the radical cat-
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ion at GG or AG sites due to delocalization of the charge [18]. However, sta-
bilization by GG steps does not generate a “deep trap” from which the radi-
cal cation cannot escape, since reaction is routinely observed at GG steps
that are near to the AQ sensitizer (proximal) and at those further away (dis-
tal) so that the radical cation must pass through the proximal GG step to
cause reaction at the distal site [12, 19].

Analysis of the relative efficiency of strand cleavage of duplex DNA pro-
vides useful information on the relative rates of charge transport, that per-
mits analysis of the mechanism for radical cation migration. These experi-
ments must be carried out under conditions of low conversion (“single hit”)
so that each DNA oligomer, on average, reacts once or not at all. Under these
conditions, the competition between the rate of reaction of the radical cation
with H,0 and its migration is revealed by the statistical pattern of the cleav-
age results. This is illustrated by considering two limiting examples.

In the first case, we presume that the rate of reaction of H,O with the rad-
ical cation is much faster than the rate of its migration. In this case, reaction
will be observed only at the GG step closest to the covalently linked AQ; the
radical cation never reaches distal GG steps.

In the second limiting case, the rate of reaction with H,O is presumed to
be much slower than the rate of radical cation migration and independent of
the specific base pair sequence surrounding the GG step. Under these cir-
cumstances, each GG step will be equally reactive, and just as much strand
cleavage will be observed at the GG step farthest from the AQ as at the one
closest to it.

In the intermediate circumstance where the rate of reaction with H,O and
the rate of radical cation migration are comparable, then the amount of reac-
tion detected is somehow related to the distance from the AQ to the GG step.

Therefore, analysis of the efficiency and pattern of strand cleavage pro-
vides information on the relative rate of radical cation migration through
different DNA sequences. This is powerful information for analysis of the
charge migration mechanism.

4
The Base Sequence and Distance Dependence of Radical Cation Migration

The pattern and efficiencies of strand cleavage at GG steps in duplex DNA
reflect the ability of a radical cation to migrate from its initial position
through a sequence of base pairs. In an illustrative example, we consider the
photochemistry of AQ-DNA(1), which is shown in Fig. 4. AQ-DNA(1) is a
20-mer that contains an AQ group linked to the 5'-end of one strand and has
two GG steps in the complementary strand. The proximal GG step is eight
base pairs, ca. 27 A, from the 5'-end linked to the AQ, and the distal GG step
is 13 base pairs (ca. 44 A) away. The complementary strand is labeled with
32P at its 5'-terminus (indicated by a * in Fig. 4).

Measurement of the melting temperature (Tp,) and the circular dichroism
(CD) spectrum of AQ-DNA(1) shows that it is a duplex at room temperature
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AQIS“"C TTTTTCCTTTCCTTAATTT-3
3G A A A A A GG A A A GyGRA AT T A A AxS
0
27 A T T
4. .......... (.) ............... .>
44 A >

AQ-DNA(1)

5'-GCG TGG TAC CAC GGC ACC TT TAQAT TTC CAC GGC ACC ATGG TGCG-3'
3'-CGC ACC ATG GTG CCG TGG AA ATATA AAGGTG CCG TGG TACC ACGC-5'
A A A

8-0x0G 8-O%0G 8-0x0G

UAQ-DNA(2)

Fig. 4 Schematic representation of long-distance radical cation migration in DNA. In
AQ-DNA(1), irradiation of the anthraquinone group linked at the 5'-terminus leads to
reaction at GG steps that are 27 A and 44 A from the site of charge injection. The
amount of reaction observed at each guanine is represented approximately by the length
of the solid arrow. In UAQ-DNA(2), irradiation of the anthraquinone leads to reaction at
each of the eight GG steps. However, replacement of a G by 7,8-dihydro-8-oxoguanine
(8-0x0G) introduces a deep trap that inhibits reaction at guanines on the same side of
the DNA as the trap

in 10 mM sodium phosphate buffer solution at pH 7, which are the standard
conditions we use for the irradiation experiments. Irradiation of a 2.5 uM
solution of duplex AQ-DNA(1) at 350 nm under the standard conditions fol-
lowed by treatment of the irradiated sample with piperidine and analysis by
PAGE and autoradiography (the standard analytical protocol) shows that
strand cleavage occurs at both of the GG steps [12]. Control experiments
confirm that this is an intramolecular reaction and is not due to the genera-
tion of a diffusible species such as singlet oxygen (10,).

The relative amount of strand cleavage at each site of AQ-DNA(1) is indi-
cated by the length of the solid vertical arrow shown in Fig. 4. As is often
observed, the 5'-G of the GG steps react more often than do the 3’-G. In the
case of AQ-DNA(1), the relative reactivity is ca. 1:3, but this ratio depends
upon the specific base pair sequence surrounding a GG step, which may be
an indication of radical cation delocalization to bases adjacent to the GG se-
quence. It is worth pointing out again that these reactions are carried out
under single-hit conditions where the relative strand cleavage efficiency seen
at various locations of AQ-DNA(1) reflect the statistical probability that the
radical cation will be trapped by H,O at that site.

The results from irradiation of AQ-DNA(1) show conclusively that a radi-
cal cation introduced at one site, G; at the 3’-terminus of the complementary
strand in this case, can migrate through duplex DNA and cause reaction at
remote sites. To migrate from its point of injection at G; to where it reacts at
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GGg, the radical cation must traverse five A/T base pairs. Electrochemical
measurements in solution have shown that the purine bases (A and G) have
considerably lower E,y than the pyrimidines (C and T), with the E, of G es-
timated to be about 0.25 V below that of A [20]. It is not very likely that the
Eox of bases in DNA will be the same as they are in solution, but it is general-
ly assumed that the order of E, will remain the same. Consequently, the rad-
ical cation at G; of AQ-DNA(1) must traverse a “bridge” of five A bases to
reach GGg. The process whereby the radical cation crosses such bridges has
been a major point of debate in consideration of long distance radical cation
migration mechanisms in DNA; this issue will be discussed fully below.

In AQ-DNA(1), GGs and GG;; are separated by a bridge of three A bases.
If GGg were a deep trap for the radical cation, then no reaction would be ob-
served at GGys. If the (A); bridge separating GGg and GGy presented a sig-
nificant barrier to charge migration, then the amount of strand cleavage at
GG;; would be significantly less than at GGg. The experiment reveals that
the amounts of reaction at GGg and GGj; are the same within experimental
error, which shows that GG steps are not deep traps and the rate of radical
cation migration through an (A); bridge is much faster than the reaction of
the radical cation with H,O at either of the two GG steps in this oligomer.
More recently, Giese and coworkers have shown radical cation migration
through an (A);, bridge [21].

A deep radical cation trap can be introduced into duplex DNA. The E of
7,8-dihydro-8-oxoguanine (8-Ox0G) is ca. 0.5 V below that of G [22]. Irradi-
ation of an AQ-DNA(1) analog in which an 8-OxoG was substituted for Gg
essentially stops observable strand cleavage at G;, Gy, and G;3 [12]. In a re-
lated series of experiments, irradiation of UAQ-DNA(2), see Fig. 4, under the
standard conditions gives strand cleavage at each of the eight GG steps of
both strands. But substitution of an 8-OxoG for either of the three guanines
on either side of the UAQ, as shown in Fig. 4, results in the reduction of the
efficiency of strand cleavage at each G in both strands on the same side of
the UAQ as the 8-OxoG [13]. This finding shows that a deep trap will inhibit
charge migration both in the strand containing it and in the complementary
strand, which demonstrates that the radical cation can cross from one strand
of duplex DNA to its complement.

We examined long-distance charge transport in AQ-DNA(3), see Fig. 5, to
obtain additional information on how base sequence affects the efficiency of
radical cation migration [23]. There are four GG steps in AQ-DNA(3) that
are positioned 10, 28, 46, and 55 base pairs from the site of charge injection
at G;. Significantly, there is no regularity of the sequence of bases between
any of these GG steps. Irradiation of AQ-DNA(3) under the standard condi-
tions gives detectable strand cleavage at each of the GG steps. The relative
amount of strand cleavage at each GG step is indicated by the vertical arrows
and is plotted as a semi-log plot against distance in Fig. 5. Remarkably, the
radical cation introduced at G; migrates nearly 200 A through “mixed se-
quence” DNA to cause reaction at Gss. Surprisingly, the semilog plot in
Fig. 5 reveals an apparent linear relationship between the amount of reaction
and the distance between the GG step and the site of charge injection, with
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AQ-DNA(3)

3'- ATG CAC CGA AAA GCCAGT GAC GTA ATC AATTTC CTT ACA CGC GAC TGG TTC C TTGGT TTC AQ-5'
53'*TAC GTG::GCT TTTCG,,G TCA CTGCAT TAG TTAAAG,;GAA TGTGCG CTG ACC AAG,,GAACCA AAG,-Y'
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Fig. 5 Schematic representation of long distance radical cation migration in DNA. In
AQ-DNA(3), irradiation of the anthraquinone group linked at the 5'-terminus leads to
reaction at GG steps that are 10, 28, 46 and 55 base pairs from the charge injection site.
The solid arrows indicate approximately the amount of reaction observed at each GG
step. The plot shows the natural log of the normalized amount of reaction as a function
of distance from the AQ. The results appear to give a linear distance dependence

an exponential distance dependence of ca. —0.02 A7}, a value that has also
been observed with other sequences and with other sensitizers [24]. A linear
dependence is unexpected because it requires that the radical cation migrate
from base-to-base through both pyrimidine and purine bases or from
strand-to-strand with a similar rate constant, independent of the specific or-
der of bases it encounters. There are two reasonable explanations for this
observation: either the linear dependence is an artifact; or some process is
operating that causes averaging of differences in base E,y that gives a dis-
tance dependence which appears to be independent of base sequence.

AQ-DNA(4), see Fig. 6, is related to AQ-DNA(1) - both have a series of
GG steps separated by a number of A bases. However, in AQ-DNA(4), there
are four GG steps and they are on the AQ-linked strand, which contains only
purines and carries the radiolabel at its 3’-terminus. We have shown that the
outcome of oxidative reactions of duplex DNA is unaffected by moving the
label from one strand to its complement [25]. Irradiation of AQ-DNA(4) un-
der the standard conditions gives the expected outcome. The amount of
strand cleavage detected at GG4 and GGg is nearly the same, the (A)s se-
quence that separates GGg from GGz presents only a modest barrier to the
migration of the radical cation: the cleavage efficiency at GG;s and GGy,
which are approximately equal, is about 40% of the amount detected at GG4
and GGg [26].

The results obtained from irradiation of AQ-DNA(5) are startling in their
contrast. This duplex also contains four GG steps, but the (Ag) bridge of
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AQ-DNA
4 5S’AQ-AAGGs;A A GGsAAARN A AAAGG3AA G G AA A A*-3
3-TTCCTTCCTTT@Q@TTTTC CTTC CTT T T -5

5 5’AQ-AAGGsA A GGsAAARN A AAAGG3AA G G AA A A*-3
3-TTCCTTCCTTTENT TTTC CTT C CTT T T -5

6 SAQ-AAATGCCGGTAC C|ICTA GGC C GTA G -3
TTTACGG, CCATGG\GAT C CGGy C AT C* -5

7 SAQ-AAATGCCGGTAC CE\CTA GGCC GTA G -3
TTTACGG, CCATGGiGAT C CGGy C AT C* -5

Fig. 6 Structures of AQ-linked DNA oligomers used to assess the effect of converting an
A/T base pair to a T/A base pair

AQ-DNA(4) is replaced by an (A;)(T)(A4) sequence. In other words, one
A/T base pair of AQ-DNA(4) becomes a T/A base pair in AQ-DNA(5). This
simple structural change has a profound effect on the efficiency of radical
cation transport across the eight-base-pair bridge. As was observed for
AQ-DNA(4), GG4 and GGg of AQ-DNA(5) are approximately equally reactive,
but the amount of strand cleavage detected at GG;3 and GG,, is reduced by
ca. 95% compared with that of GG, and GGg. This is surprising because
AQ-DNA(3) has 13 T bases between Gy and Gss but gives the linear distance
relationship that is shown in Fig. 5. Clearly, there is no general principle that
requires such a linear distance dependence that is totally independent of
base sequence.

In contrast to the overwhelming affect of conversion of an A/T base pair
in AQ-DNA(4) to a T/A base pair in AQ-DNA(5) on radical cation transport,
the identical change in AQ-DNA(6) and AQ-DNA(7) has no measurable ef-
fect on the amount of strand cleavage observed at GG; or GG, [27]. It is ap-
parent from consideration of these results that the effect of a change in base
sequence must be considered in the context of the surrounding base pairs
and not in isolation.

We probed the effect of base sequence on long-distance radical cation mi-
gration using a series of duplexes that have a regularly repeating structure of
base pairs, see Fig. 7. AQ-DNA(8) can be recognized as containing an AAGG
sequence that repeats six times (AAGG)s. The “last” four base pairs of this
duplex are (A/T),, which reduces misalignment of the duplex by slippage. Ir-
radiation of AQ-DNA(8) under the standard conditions gives an essentially
equal amount of strand cleavage at each of its six GG steps. This is precisely
what is to be expected if the rate of radical cation migration is much faster
than the rate of its trapping by reaction with H,O.

A semi-log plot of the distance dependence of strand cleavage efficiency,
see Fig. 8, gives a linear relationship with a slope experimentally indistin-
guishable from zero. DNA has occasionally been characterized as a “molecu-
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AQ-DNA
8 SAQ-AAGG,; A AGGsA A GG;AA G GigA A GGAAGGy A A A A*-3'
3.TTCCTTCCTTCCTTC CTTCCTTCC TTTT-§

9 S’AQ-ATGGs A TGGsA T GGAT G Gi6A T GGxATGGy A T A T*-3'
3- TACCTACCTACCTAC CTACCTACC TAT A-5§

10 SAQ-ATAGGs ATAGGHA TAGG;s ATA GGyyATAT* -3
TATCCTATCCTATCC TATCCTATA -5

11 [SAQ-ATTA GGGATTAGGRAT T A GG3A T TAGGy AT A T*-3'
TAATCCTAATCCTAA TCCTAATCC TAT A-5

Fig. 7 Structures of AQ-linked DNA oligomers containing a regularly repeating sequence
of base pairs that were used to assess the effect of base sequence effects on long-distance
radical cation migration

lar wire” [28]; a phrase that lacks a precise definition. The behavior of
AQ-DNA(8) is the most “wire-like” that has been reported, but this does not
qualify it as a molecular wire. This point will be addressed more extensively
below.

It is especially informative to compare the behavior of AQ-DNA(9) with
that of AQ-DNA(4) and AQ-DNA(8). AQ-DNA(9) contains the repeating se-
quence (ATGG)g, which can be thought of as being formed from AQ-DNA(8)
by converting the A/T base pair preceding each GG step to a T/A base pair.
Recall that one such change converted AQ-DNA(4) to AQ-DNA(5) and re-
sulted in the introduction of a high barrier to radical cation migration across
the (A3)(T)(A4) bridge that this change created. In contrast, radical cation
migration through the five T/A base pairs between GG; and GG, of

0
V\AQ-DNA(S)

~ -1}
o~ AQ-DNA(9)
g L
o~ /V
o -2r ‘\‘\AQ-DNA(lo)
- AQ-DNA(11)

-3 L

0 20 40 60 80

Distance (Angstroms)

Fig. 8 Semi-log plots of the distance dependence of reaction for DNA(8-11). There is an
apparent linear relationship in each case, but the slopes differ according to the specific
sequence of DNA bases
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AQ-DNA(9) is hardly affected. The slope of the line shown in Fig. 8 for
AQ-DNA(9) is —0.008 A™!, which shows that the five T/A base pairs com-
bined result in only a ca. 50% reduction in radical cation transport efficiency
from GG, to GG,y, whereas the single T/A base pair of AQ-DNA(5) causes a
95% reduction in the efficiency of radical cation migration from GGs to
GGys. It is a similar case for AQ-DNA(10) and AQ-DNA(11), where one and
two T/A base pairs are interposed between GG steps, respectively, with only
a modest affect on radical cation migration from GG to GG. These observa-
tions show that the effect of base sequence on radical cation migration can-
not be analyzed by considering the base pairs in isolation; base-to-base
charge interaction evidently plays a key role.

5
Mechanisms of Long-Distance Charge Transport in Duplex DNA

The experiments described above, and those carried out in other laborato-
ries, leave no doubt that a radical cation introduced at one location in DNA
can migrate to and cause reaction at a remote location. The mechanism of
this long-distance process has been enthusiastically debated and three broad
possibilities have emerged:

a. A coherent, rapid single-step transport from donor to acceptor through a
bridge of well-stacked DNA bases. In this mechanism DNA is said to behave
like a “molecular wire” where the orbitals of the stacked DNA bases form a
“r-way” for radical cation migration [29, 30].

b. An incoherent random-walk, multi-step hopping between initial and final
states, where hops between sequential guanines (called “hole resting sites”)
are mediated by superexchange across intervening A/T and T/A base se-
quences [31-34].

c. A polaron-like hopping process where local energy-lowering dynamical
structural distortions generate a self-trapped state of finite extent that is
transported from one location to another by thermal (phonon) activation
[7, 23, 35-37].

In order to consider and differentiate between these three mechanismes, it
is necessary to understand the structure and dynamics of DNA in solution.

6
Coherent Long-Distance Radical Cation Transport

DNA is a helical polyanion built by the union of two linear polymeric
strands that are composed of sugars (deoxyribose) linked by phosphates.
Each sugar contains an aromatic base (G,C,A, or T) bound to C-1' of the
sugar. The two strands are normally complementary so that when they com-
bine to form the duplex, each base on one strand forms Watson-Crick hy-
drogen bonds with its counterpart (G with C and A with T) on the opposite
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strand. At normal physiological pH (ca. 7.4), the phosphates of the backbone
polymer are fully ionized, so there must be a counterion (Na*) for each
phosphate. In fact, duplex DNA is unstable in solutions of low ionic strength
because of Coulombic repulsion of the phosphate anions that is normally
screened by the counterions [38].

High-resolution X-ray crystallography of DNA reveals exquisite details
about its structure. In B-form DNA, the medium most commonly used for
the study of long-distance radical cation transport in solution, the average
distance from one base pair to the next is 3.4 A, and each base pair is rotated
around the long axis of the helix by about 36° with respect to its adjacent
base pairs [39]. The regular order of stacked bases revealed by this structure
led naturally to the suggestion that DNA was able to support long-distance
electron transport [40]. This exciting possibility was revived and supported
by measurements of apparent rapid photoinduced charge transfer over more
than 40 A between metallointercalators tethered to opposing 5'-termini of a
15 base pair DNA duplex [29, 30].

However, careful kinetic measurements on related systems showed the in-
validity of wire-type behavior [41]. Furthermore, Sen and coworkers [42] re-
cently showed that the appearance of rapid, long-distance charge transfer
for metallointercalators may be an artifact caused by the formation of aggre-
gates. Currently, there are no data that clearly support the existence of a co-
herent transfer process in DNA over a distance greater than one or two base
pairs [43, 44].

The crystallographic structure of DNA is not a good model for considera-
tion of the possibility that it behaves like a “molecular wire” in solution be-
cause this structure does not reveal the extent of instantaneous disorder in-
herent in this assembly. DNA is a dynamic molecule with motions of its con-
stituent atoms, corresponding counterions and solvating water molecules
that occur on time scales that range from femtoseconds to milliseconds or
more. This is revealed clearly by consideration of careful molecular dynam-
ics simulations [45]. It is apparent from analysis of these simulations that
duplex DNA in solution has the standard B-form structure on average, but
at any instant, over long distances (more than three or four base pairs) the
DNA is somewhat disordered. Disorder cannot be tolerated in a coherent,
single-step charge transfer process because it greatly reduces the electronic
interaction that couples one base pair to the next [46]. Consequently, DNA
in solution cannot be a molecular wire and this mechanistic possibility must

be discarded.

7
Hopping Models: Hole-Resting-Site
and Phonon-Assisted Polaron Transport

It is now clearly demonstrated that a radical cation introduced at one loca-
tion in duplex DNA can migrate 200 A or more and result in reaction at a
remote GG step. Consideration of the dynamical nature of DNA in solution
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led to the suggestion that this long-distance migration was the result of a
radical cation hopping process [47]. In this view, the radical cation is
trapped in a shallow minimum localized on a single base, or delocalized over
several bases, and some process causes it to move from one location to the
next until it is finally trapped irreversibly by reaction with H,O.

In one variant of the charge-hopping mechanism, called the hole-resting-
site model, the radical cation is localized on individual guanines and tunnels
through bridges composed of A/T and T/A bases from strand-to-strand until
it is trapped. Although this was considered to be a general process when it
was first suggested, now it is viewed to be valid only for bridges containing
three or fewer base pairs [34].

In a second possibility, the polaron-like hopping model, a structural dis-
tortion of the DNA stabilizes and delocalizes the radical cation over several
bases. Migration of the charge occurs by thermal motions of the DNA and
its environment when bases are added to or removed from the polaron [23].

The key differences between these representations is that in the hole-rest-
ing-site model, the radical cation is localized and confined to guanines, and
migrates by tunneling through orbitals of the bridging A/T bases without
ever residing on the bridge: the radical cation exists only virtually on the
bridge. In the polaron-like hopping representation, the radical cation resides
briefly as a real, measurable physical entity on the bridging bases and its
hopping occurs by thermal activation.

The hole-resting-site and polaron-like hopping models can be distin-
guished by the distance and sequence behavior of radical cation migration.
Analysis of the hole-resting-site model leads to the prediction that the effi-
ciency of radical cation migration will drop ca. ten-fold for each A/T base
pair that separates the G resting sites [33].

This possibility was explored experimentally by investigating the reac-
tions of the DNA oligomers shown in Fig. 9 [19]. In AQ-DNA(12), the oligo-
mer contains a series of six GG steps that are separated by TT sequences. In
AQ-DNA(13) through AQ-DNA(15), the GG steps in related oligomers are
separated by TTT, TTTT, and TTTTT sequences, respectively. Irradiation of

AO-DNA

12 5'-¥*GG7CC GG6TT GGsCC GG4TT GGsCC GG2TT GG1CCAAAA-3'
3'-CC7GG CCes AA CCsGG CC1AA CC3GG CC2 AA CC1GGTTTT-AQ-5'

13 5'-¥*GG7CC GG6TTT GGsCC GG4TTT GGsCC GG2TTT GG1CCAAAA-3'
3'-CC7GG CCs AAA CCsGG CC4AAA CC3GG CC2 AAA CC1GGTTTT-AQ-5'

14 5'-¥*GG7CC GG6TTTT GGsCC GG4TTTT GG3CC GG2TTTT GG1CCAAAA-3'
3'-CC7GG CCs AAAA CCsGG CC4AAAA CC3GG CC2 AAAA CCiGGTTTT-AQ-5'

15 5'-¥*GG7CC GG6TTTTT GGsCC GG4TTTTT GGsCC GG2TTTTT GG1CCAAAA-3'
3'-CC7GG CCs AAAAA CCsGG CC4AAAAA CC3GG CC2AAAAA CCiGGTTTT-AQS'

Fig. 9 Structures of AQ-linked DNA oligomers used to assess the effect of (T), sequences
between GG steps
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these assemblies under standard conditions, and examination of the effect of
sequence on strand cleavage yields at the GG steps gives in each case a semi-
log plot, with a linear distance dependence having a slope within experimen-
tal error of —0.02 A~!. This value corresponds to only a ca. 10% reduction in
radical cation transport efficiency for each intervening T base, which is in-
consistent with the prediction of the hole resting site model. These experi-
mental results, in part, led to the current view that tunneling from G to G
cannot compete with other processes if the guanines are separated by more
than three base pairs [34].

Support for the hole-resting-site model is built on the assumption that
the radical cation migrates through a lattice of base pairs frozen in the stan-
dard B-form structure of DNA. However, in solution at room temperature at
any given instant, only very short segments of the oligomer have their bases
at precisely the B-form locations. Moreover, the magnitude of the electronic
coupling interaction between adjacent bases is very strongly dependent on
the details of the instantaneous structure [46]. Consequently, the factoriza-
tion of the radical cation transport rate into an electronic coupling term and
one due to nuclear vibrational motion (a Franck-Condon factor), employed
for quantitative interpretation of the hole-resting-site model, does not apply
to long distance migration of radical cations in DNA in solution.

However, such a process might operate over short distances where radical
cation migration is forced to occur on a short time scale by a rapid back
electron transfer reaction [43]. In such a circumstance, tunneling from G to
G may occur in those DNA molecules from among the entire ensemble of
molecules that happen to have structures permitting strong electronic cou-
pling between relevant base pairs at the instant the radical cation is created.
The dynamical structure of DNA in solution guarantees that such an ar-
rangement can extend for no more than a very few base pairs, and perhaps
occurs only when the DNA is constrained in a relatively rigid structure such
as a hairpin [43]. On this basis, the hole-resting-site model cannot be the en-
tire explanation for the observation of radical cation migration of 200 A or
more in duplex DNA.

The phonon-assisted polaron-like hopping model is unique because it is
built upon an understanding of the dynamical nature of DNA in solution.
The fundamental assumption of this model is that the introduction of a base
radical cation into DNA will be accompanied by a consequent structural
change that lowers the energy for the system.

A base radical cation is a highly electron-deficient species: it will be stabi-
lized and the energy of the system will be reduced by changes in the average
orientations of nearby bases, counterions and solvent molecules that provide
additional electron density to the radical cation. This process, of course, will
delocalize the radical cation and cause a local distortion of the DNA struc-
ture so that, on average, it is no longer in the standard B-form. This distor-
tion may not extend over very many base pairs because the stabilization
gained by delocalization must be balanced by the energy required to distort
the average DNA structure. In this view, radical cations in DNA are self-
trapped species that are delocalized over several base pairs contained within
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Fig. 10 Two schematic representations of a polaron-like species in DNA. In the top draw-
ing, the base pairs of DNA are represented by the horizontal lines; the sugar diphos-
phate backbone is represented by the vertical lines. The polaronic distortion is enclosed
in the box and extends over some number of base pairs. This is shown schematically by
drawing the base-pair lines closer together. In the lower figure, a specific potential po-
laron is identified, AAGGAA, and the radical cation is presented as being delocalized
over this sequence. Movement of the polaron from one AAGGAA sequence to the next
requires thermal activation

a distorted local structure, which is the definition of a small polaron [48]. In
fact, a base radical cation in DNA is more precisely referred to as a “po-
laron-like” species, because for most DNA oligomers the sequence of base
pairs does not follow any particular repeating rule that would allow the clas-
sical polaron behavior that is observed in one-dimensional conducting poly-
mers, for example [49].

Figure 10 shows schematic representations of possible polaron-like spe-
cies in DNA. In the upper part of the Figure, the DNA bases are represented
as a series of vertical lines (dashed for the purines and solid for the pyrim-
idines) distributed between horizontal lines that represent the sugar-diphos-
phate backbone. The box within this representation portrays the distortion
of the polaron by placing the base pairs closer together in this region. This
distortion of the DNA structure from its normal B-form average results in
the delocalization of the radical cation (probably unevenly) among the bases
included in the distortion. The polaron-like distortion is considered to hop
through the DNA duplex, a process that may either increase or reduce the
number of base pairs in the polaron; the size of the hopping step will be con-
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trolled by the sequence of bases that make up the polaron and by those sur-
rounding it.

The polaron-hopping model accommodates the experimental data ob-
tained from long-distance radical cation migration experiments. For exam-
ple, the apparent linear relationship between the log of the cleavage efficien-
cy and distance observed for AQ-DNA(3), shown in Fig. 5, can be explained
qualitatively by supposing that polaron-hopping permits two kinds of aver-
aging that tend to reduce the effect of specific base sequence on radical cat-
ion migration efficiency. The observed linear relationship implies that the
barrier for each hopping step the polaron takes is of approximately the same
height, independent of specific base sequence. The height of the barrier is
the difference between the energy of a polaron and the transition state that
separates one polaron from the next.

The stabilization of the radical cation by forming a polaron is a trade-off
between its delocalization and the energy required to distort the DNA struc-
ture. The former lowers the kinetic energy of the intrinsically quantum me-
chanical migrating radical cation, and the latter will be determined by fac-
tors that are independent of specific base sequence, such as the force con-
stants of bonds in the sugar diphosphate backbone.

For example, if a strand of DNA is composed of sequential adenines or
guanines (A, or G,), comparable stabilization of the polaron would likely in-
volve fewer bases than in a segment having a mixed sequence of purines and
pyrimidines. However, the relative energies of the two polarons could be av-
eraged to a similar value even though they extend over a different number of
bases having different sequences. The energy of the transition state that sep-
arates two polarons may also become less dependent on specific base se-
quence by averaging. There is no requirement that the number of bases in a
hop from one location to the next be constant. If the hopping length is
somehow dependent upon the identity of the bases separating the polarons,
the energy of the transition state may depend less on the base sequence.
Thus, the energy of the polaron is averaged over several bases and the ener-
gy of the transition state is averaged by different hopping lengths. The pos-
tulation that polaron formation accounts for the observed linear distance de-
pendence of AQ-DNA(3) and similar experiments is qualitative. Polaron for-
mation can be placed on a firmer footing by consideration of the experi-
ments with AQ-DNA(4) through AQ-DNA(11).

8
Base Sequence Effects on Radical Cation Migration in DNA -
A Collective Phenomenon

The linear distance dependence seen for AQ-DNA(3) is not observed to be
universally independent of specific DNA base sequence. This is clearly re-
vealed by examination of AQ-DNA(4) and AQ-DNA(5). Plots of the distance
dependence of strand cleavage at the GG steps in these oligomers are shown
in Fig. 11. Both show “stepped” rather than linear behavior, and the size of
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Fig. 11 Semi-log plots of the distance dependence of the reactivity of AQ-DNA(4) and
AQ-DNA(5). These oligomers show “stepped” rather than linear behavior. The size of
the step is strongly dependent on the details of the structure

the step is dramatically dependent on the base sequence. In both of these as-
semblies, the amount of strand cleavage at G, and Gg is approximately equal,
but amount of strand cleavage at G;g and Gy, is reduced (the step), and the
size of the step for AQ-DNA(4) is much less than it is for AQ-DNA(5). Clear-
ly, averaging by polaron formation is not sufficient to give a linear distance
dependence for these two sequences.

Further insight into polaron formation and sequence averaging comes from
consideration of AQ-DNA(8), Fig. 7, which shows a linear distance dependence
with a slope close to zero, Fig. 8. A slope of zero means that every GG step
regardless of its distance from the AQ (the site of charge injection) reacts with
the same efficiency. The kinetic model presented above reveals that this behav-
ior is expected when the rate of radical cation migration is much faster than
the rate of its irreversible trapping with H,O. Since the rate of the trapping re-
action is considered to be constant, a slope of zero suggests that the barriers to
migration of the radical cation are significantly reduced in AQ-DNA(8) com-
pared with AQ-DNA(3), which, for example, has a slope of —0.02 AL Figure 10
presents an explanation for this behavior based on the arbitrary assignment of
the polaron in AQ-DNA(8) to the AAGGAA sequence.

In this formulation, the polaron is specially stabilized by the AAGGAA se-
quence, and identical polarons are separated by an AA sequence, which is
presumed to present a relatively low-energy transition state that is easily
overcome by thermal activation. This proposal is shown graphically in
Fig. 12 where a potential energy surface for hopping of the {AAGGAA} po-
laron over an [AA] barrier (AGs?) is qualitatively sketched. AQ-DNA(5) also
has the AAGGAA sequence of bases and we similarly assign a specially stabi-
lized polaron in this case. However, unlike AQ-DNA(8), the transition state
between the polaron in AQ-DNA(5) centered on GGg and the one centered
on GG contains an ATA sequence, which in this case appears to present a
nearly insurmountable barrier to radical cation migration (AGs7).

Having an ATA sequence between assigned polarons does not always cre-
ate a high barrier for radical cation migration. In AQ-DNA(10), we assign
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Fig. 12 A reaction coordinate diagram illustrating the emergence of sequence effects in
long distance charge transport in duplex DNA. The curve representing DNA(8) shows
the radical cation delocalized and stabilized in polarons; identified arbitrarily here as
AAGGAA sequences in the AAGGAAGGAA segments surrounding the ATA sequence.
This delocalization of the radical cation stabilizes it and results in a high barrier (AG75)
at the ATA sequence; trapping of the radical cation by water occurs much faster than
this barrier can be crossed. For DNA(8), the same AAGGAA polaron is identified and
there are no thymines that create a high barrier for hopping from one polaron to the
next, which occurs faster than trapping by water. The curve that represents DNA(9)
shows an intermediate case where the polaron is assumed to be the GGA sequence,
which is less delocalized and therefore higher in energy than AAGGAA. Consequently,
the barrier introduced by the ATA sequence (AG%y) is lower than for DNA(5) and the
rate of crossing this barrier is comparable with reaction of the radical cation with water

the polaron to the {AGGA} sequence, because it is bracketed by T bases. Fur-
ther, we presume that the {fAAGGAA} polaron, being more delocalized, has a
lower relative energy than the {AGGA} polaron. Consequently, the barrier to
charge migration for the {AGGA} polaron when it encounters an [ATA] tran-
sition state (AGy”)is lower than when the {AAGGAA} polaron encounters
the same transition state sequence. This proposal is also illustrated in
Fig. 12.

The primary conclusion that follows from the effect of base sequence on
the efficiency of radical cation migration through duplex DNA is that base
pairs cannot be considered in isolation. For example, the effect of placing a
T in a sequence of purines depends critically on the nature and number of
purines. In this regard, the effect of base sequence on radical cation trans-
port emerges from examination of collective properties of the DNA. This is a
clear indication that the charge is delocalized over several base pairs, a con-
clusion that is supported by extensive quantum calculations.
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9
lon-Gated Charge Transport

To consider the electronic structure of oxidized DNA properly, calculations
must take account of the usual covalent bonds of the double helix as well as
important ionic, hydrogen bonding, dispersion, and multipolar electrostatic
interactions with its environment. The results of quantum-mechanical calcula-
tions of the duplex d(5'-G;A,G3G4-3')-d(3'-C5TC;Cs-5), that include neutral-
izing Na* counterions and a hydration shell, show delocalization of the radical
cation over this structure [35]. This oligomer was selected because it contains
the principal components considered in studies of charge transport in DNA: a
G (radical cation donor) a bridge (A) and a radical cation acceptor (GG). The
quantum calculations were performed on nuclear configurations selected from
classical molecular dynamics (MD) simulations and distinguished from each
other by the locations of the Na* ions and water molecules.

The MD simulations reveal rapid fluctuations in the positions of the
atoms that compose the DNA, the associated Na* ions, and the water mole-
cules. As expected, Na* ions are often located near the negatively charged
phosphate groups of the backbone and near the relatively electronegative
atoms (N-7 of G and A, for example) of the bases [45, 50].

Results obtained from the quantum calculations for configurations of the
native and ionized duplex with the Na* ions near the phosphate groups are
shown in Fig. 13. The highest occupied molecular orbital of the native DNA
is, as expected, found to be on the G3G4 step. However, surprisingly, the rad-
ical cation is delocalized over this sequence with major density on G; and
on the G;G, step, and with a small amount of charge on A,. The vertical ion-
ization potential calculated for the d(5'-G;A,G3G4-3')-d(3'-CsTsC;Cs-5") du-
plex with this configuration of Na* ions and solvating water molecules is
5.22 eV.

Fig. 13 Results from the quantum calculations on the duplex sequence 5'-GAGG-3'. In a,
the sodium ions and their solvating water molecules are located at positions near the
phosphate anions of the DNA backbone. In b, one sodium ion is moved from near a
phosphate anion to N-7 of a guanine, which molecular dynamics calculations show to
be a preferred site. The “balloons” represent the hole density on the GAGG sequences
with the two different sodium ion orientations. The radical cation clearly changes its av-
erage location with movement of the sodium ion
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Significantly, changing the position of only one Na* ion from near the
phosphate group linking Gs; and G4 to a favored position near N-7 of Gy re-
duces the radical cation density at the G3Gy4 step, and raises the vertical ion-
ization potential of the duplex to 5.46 eV. Even more revealing is the reloca-
tion of the Na* ion found at the phosphate group linking A, and G; to N-7
of G;. In this case, movement of the single Na* ion causes the radical cation
to localize on the G3G4 step and the calculated vertical ionization potential
of the duplex to increase to 5.69 eV. It is important to note that the magni-
tude of the fluctuation in vertical ionization potential caused by the reloca-
tion of just one Na* ion (and its accompanying water molecules) is greater
than the measured difference in ionization potential between a G (the hole
donor) and an A (the “bridge”). These findings indicate that thermal fluctu-
ations of Na* ions allows the system to access a configuration in which the
energy of the “bridge state” is below the energy of the hole donor.

These calculations show that a radical cation in DNA is delocalized and
that its motion through the duplex is controlled, at least in part, by the mo-
tions of the Na* ions by a process we describe as ion-gated charge transport.
In the ion-gated transport model, a radical cation (which may extend over
several DNA bases) hops from one location to another by transitions be-
tween (quantum mechanical) states that are governed by the dynamically
evolving local configurations of the Na* ions and water molecules. This con-
cept is represented pictorially in Fig. 14 where the energy of the radical cat-

Fig. 14 Schematic representation of the ion-gated radical cation transfer postulate. A
radical cation at the “donor site”, identified as an isolated G, migrates to the “acceptor
site”, a GG step, through a bridge composed of contiguous A bases. The energy of the
bridge is modulated by movements of the sodium ions and their accompanying water
molecules. When the energy of the bridge comes close to the energy of the hole on the
donor, the hole hops onto the bridge. Further motions result in additional energy
changes that can cause the hole to migrate from the bridge to the acceptor. Of course,
motions of the sodium ions can also modulate the energies of the hole donor and accep-
tor, but since only relative energies are relevant, these two possibilities are operationally
equivalent
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ion donor (G) and the radical cation acceptor (GG) are above or below the
energy of the A bridge, which itself depends on the Na* ion configuration.
In this model, there is no radical cation tunneling from G to GG through the
A, and the rate determining step for the radical cation to hop is controlled
by the global structure of the DNA and its environment.

In some conformations of the atoms that compose the DNA, the Na* ions,
and the water molecules, the energy of the system with radical cation density
on the bridging A is below that of configurations where the radical cation is
localized on the G or GG, and it is under these conditions that the radical
cation hops to the A where it resides briefly. At some nuclear configurations
of the system, the energy of the radical cation on the GG step is below its
energy on the bridging A or the donor G. These configurations are more
likely to occur than those that stabilize the radical cation on the A or G; and
consequently, the radical cation remains on the GG step for a longer time,
which permits it to be trapped occasionally by H,O.

10
Conclusions

Oxidation of DNA (loss of an electron) generates a radical cation that can
migrate long distances to remote guanines in G, steps where it is trapped by
H,O0. Irradiation of anthraquinone-linked DNA oligomers is an efficient and
effective method for introducing a radical cation into duplex DNA. The
mechanism of long-distance radical cation migration is hopping. Of the two
models currently being considered, ion-gated hopping of polaron-like dis-
tortions seems to be the most general.
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1
Introduction

DNA-mediated charge transport has been a hot topic in chemistry for the
last decade. Studies of DNA-mediated guanine radical cation (hole) trans-
port are often focused on the efficiency of the transport between two gua-
nines separated by a large distance, through the z-stack of DNA base pairs
[1-14]. The efficiency of the hole transport could be easily determined if
one knew the distance between the hole donor and acceptor, the relative
number of holes that reach the acceptor, and the time required for the trans-
port.

© Springer-Verlag Berlin Heidelberg 2004
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The hole transport can be divided into three phases: hole injection, hole
transport, and hole trapping (the sites of hole injection and trapping are
used for determining the distance of hole transport). A GG doublet having a
lower ionization potential than that of a single isolated guanine has been
conventionally used for the hole trapping device [15-17].

In contrast, hole injection into the DNA 7-stack is not as straighforward
as a hole trapping process. In order to inject a hole site-selectively, a variety
of oxidizing agents such as Rh(III) intercalator [8-9], anthraquinone deriva-
tive [10], glycosyl radical [11, 12], and stilbene [13] are incorporated into
DNA at predetermined sites. Since the chemical properties of these oxidizing
agents and the mode of incorporation into DNA vary, the chemistry of hole
injection is diverse, and it is this diversity between experimental systems
that has made the direct comparison of the results in different laboratories
more difficult and caused much controversy about the mechanism of DNA
mediated charge transport. We have developed a novel electron-accepting
nucleoside containing a p-cyanobenzophenone substituted uridine (d“N5*U)
[1-7, 18]. Photoirradiation of oligomers containing d“N®?U in the CX/AG
and GTX/AAC (X=d“NBPU) sequences effectively produces the hole at the G
in the sequence (Fig. 1).

With the site-selective hole injection and the hole trapping device estab-
lished, the efficiency of the hole transport between the hole donor and accep-
tor, especially with respect to the distance and sequence dependence, were
examined. Our experiments showed that hole transport between two gua-
nines was extremely inefficient when the intervening sequence consisted of
more than 5 A-T base pairs [1]. Hole injection into the DNA 7-stack using
photoexcited d°N®?U was accompanied by the formation of d°N®*U anion
radical. Therefore, hole transport would always compete with the back elec-
tron transfer (BET). To minimize the effect of BET, we opted for hole trans-
port between G triplets, that are still lower in oxidation potential than G dou-
blet. With this experimental system, we researched the effect of the bridging
sequence between two G triplets on the efficiency of hole transport [2].

In a real biological system, DNA is mostly surrounded by many proteins.
Protein binding to DNA involves a number of hydrogen bonds and electro-
static contacts between two biopolymers, and induces not only structural de-
viation from the typical B-form structure, but also electronic perturbation
of the n-stacked array of base pairs. We tackled the electronic effects of pro-
tein binding on the efficiency of hole transport by using a restriction en-

AG=—GG z GG
N
XC=—CC CcC

X = CNBF’U, 7= CDG, PhG

Fig. 1 An image of DNA-mediated charge transport. X and Z are a modified nucleotide
bases
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zyme, BamH I, that binds to DNA by hydrogen bonding between guanidium
and the G in the 5’ side of the recognition sequence of GGATCC. BamH I
binding effectively terminates hole transport beyond the binding site [5].

The G doublet and triplet effectively functions as a thermodynamic sink in
DNA-mediated hole transport. However, the rate determining step of hole trap-
ping at guanine clusters and the rate of hole trapping are not well understood.
Furthermore, hole transfer between the donor and acceptor should compete
with the hole trapping reaction; the relative rate of hole trapping versus the
hole transfer rate determines the overall efficiency for the hole transfer.

Therefore, two modified guanines have been designed to trap the hole
much faster than the GG doublet does. One modified guanine contains a cy-
clopropyl group on the amino group at the C-2 position [4]. The cyclopropyl
group was expected to undergo rapid ring opening upon formation of the
radical cation. The other guanine involves a phenyl group on its amino
group [6]. In the phG-containing oligomers, the hole was annihilated with-
out causing irreversible degradation of not only phG but also the “conjugate
guanines” to the modified base.

2
Site-Selective Hole Injection by Cyanobenzophenone Substituted Uridine

2.1
Hole Injection in the d(C™BPU)/d(AG) Sequence [1]

We have developed ODNSs that contain a strong electron accepting chromo-
phore at predetermined sites without perturbing the base stack in B-form
duplex by incorporating cyanobenzophenone substituted 2'-deoxyuridine
(d“NBPU) [18]. The photoreactions of a series of oligomer duplexes contain-
ing both d°NB?U and GG hole trap which were separated by various inter-
vening base sequences were examined. Photoreactions were carried out with
a variety of duplexes consisting of d“N®PU-containing 22-mer ODNs and
their complementary strands. The GG step was incorporated into GGTTGA
(ODN 1), GGTTGTA (ODN 3), AGTTGG (ODN 5), and ATGTTGG (ODN 7)
sequences, where A (shown in italic) forms a Watson-Crick base pair with
d®NBPU (Table 1). Photocleavage sites of ODNs 1, 3, 5, and 7 are summarized
in Fig. 2. For clarity, the sites of strand cleavage were shown by the number
of bases separated from the A-“NBPU base pair with plus (toward 5’ side) and
minus (toward 3’ side) signs.

The cleavage efficiency was obtained from relative band intensity versus
the sum of total DNA band intensities. Remarkable strand cleavage was ob-
served only for ODN 5 at the G of the position —4. Highly selective cleavage
occurred at the 5" G of the GG step, suggesting that the G cleavage proceeded
via G*. The efficiency of 5’ G oxidation of GG steps was sensitive to the posi-
tion of the single G (shown in underlined bold face) proximal to the d“N®*U.
The cleavage efficiency decreased ca. one tenth when the single G moved one
base pair away from position —1 (ODN 5) to position —2 (ODN 7). Only weak
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Table 1 d°NB?U- and GG-containing oligomers?

1: 5'-ATACTAACATTGGTTGATAACT-3'
[ 2: 3'-TATGATTGTAACCAACXATTGA-5'
3: 5'-ATACTACATTGGTTGTATAACT-3'
4: 3'-TATGATGTAACCAACAXATTGA-5'
5: 5'-ACTAATATTAGTTGGTTATGAT-3'
6: 3'-TGATTATAAXCAACCAATACTA-5'
7: 5'-ACTATATTATGTTGGTTATGAT-3'
8: 3'-TGATATAAXACAACCAATACTA-5'
9: 5'-ATTTATAGTAGGTAGGTATTT-3'
10 : 3' -TAAATAXCATCCATCCATAAA-5"
[ 11: 5'-ATTTATAGTACCTAGGTATTT-3"'
12: 3' -TAAATAXCATGGATCCATAAA-5"
13: 5'-ATTTATAGTGTGTAGGTATTT-3"'
14 : 3' -TAAATAXCACACATCCATAAA-5"
15: 5'-ATTTATAGTATATAGGTATTT-3"
16 : 3' -TAAATAXCATATATCCATAAA-5"

2 X represents d°NBPU. The A-X base pair and the
GG sites are shown in bold face and red.

5 3
~ 20
&
o 5
¥s 10 ODN
= .2 /
L= - i _ 13
[S I} i b -
77 i _“'\. ‘57
ODN1l: T 6 G T T G 4 T A A C T
ODN3: G G T T G T A T A A C T
ODNS: A A T A T T 4 G T T G G T
ODN7. T A T A T T A4 T G T T G G
position +6 +5 +4 43 +2 41 0 -1 2 3 4 -5 -6

Fig. 2 Photocleavage of GG-containing oligomers complementary to the corresponding
d°NBPU-containing strands. d“NBPU was located opposite to the A at position 0 (shown
in red). Partial sequences of ODNs are shown and the sites of strand cleavage are under-
lined. Single Gs proximal to the d“NBPU-A base pair are shown in bold face. Efficiencies
at the major cleavage sites were 18.5% (at position —4, ODN 5), 1.9% (at position +5,
ODN 1), and 1.5% (at position —5, ODN 7)
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cleavage was observed for ODNs 1 and 3 containing the single G at positions
+1 and +2, respectively. In a control experiment, photoirradiation of a duplex
possessing d(ATTGG)/d(CCAA®NBPU) sequence containing no such proximal
single G resulted in no cleavage of the GG step, indicating that direct single
electron transfer (SET) to the photoexcited d“NBPU from Gs that are more
than three bases away from the A-“NBPU base pair is unfeasible. Since the in-
tervening 5'TT3’ sequence between the single G and the remote GG sites was
the same for ODNs 5 and 7, the cleavage intensity at 5’ G of the GG step di-
rectly reflects the apparent efficiency of G* formation in both systems (posi-
tion —1 and —2). These data showed that guanine radical cation (hole) is in-
jected site selectively at the G in the sequence of C*NBPU/AG by SET from G
to photoexcited d*¥*PU in the complementary strand. The hole generated mi-
grates to distal GG sites via hole transport (HT) and is eventually trapped by
oxygen or water to give piperidine labile sites (Scheme 1).

strand cleavage by ‘

hot piperidine treatment
5'-A-G—T—T—G-G-3' 5'-A-G—T—T—-G-G-3
3'-X-C-A—A-C-C-5' 3-X-C-A—A-C-C-5'

e | 3120m T

NBET
—AFG—T—T-G-G— —A-G—T—T-G-G—
—X-C-A-A-C-C— ggT W —X-C-A-A-C-C—

—A-GZT—T-G-G—
X = dCNBPy —X=—C-A—A-C-C—

Scheme 1

Having established that the hole is site-selectively injected at the single G
in the core d(C®NBPU)/d(AG) sequence, we examined the distance and se-
quence dependency of hole migration through the duplex DNA. Oligomer du-
plexes used for this purpose contained the core d(C°NB*U)/d(AG) sequence
and a GG hole trap which was seven base pairs apart from the initially gener-
ated G* center. The intervening base sequences were designed so as to have
two GG steps in the same strand (ODNs 9/10) or one in an opposite strand
(ODNs 11/12). Other sequences consisted of two single Gs instead of one GG
step (ODNs 13/14) or only AT base pairs (ODNs 15/16). Strand cleavage of
ODN 9 occurred selectively at 5 G of both proximal and distal GG steps
(GG), and (GG)g, respectively (Fig. 3, lane 4). The relative band intensity
[GG]4/[GG], was 0.84 in an average of seven separate experiments. Cleavage
at (GG)q of duplex 11/12, where (GG),, was in the opposite strand (ODN 12),
was roughly two-fold more efficient than that observed for duplex 9/10 pos-
sessing two GG steps and the G*" center in the same strand (lane 5 vs lane 4).

In a separate experiment, we confirmed the cleavage at 5’ G of the GG step
in opposite strand ODN 12. The presence of G in the intervening sequence
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13 15
[y |

3 g3 @
A A A A
T T 1 T
G &G G
G c G G
A A A A
T TT T
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G cT T
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T TT T
G GG G
(@l [Al[A @
5 5 5 5

Fig. 3 Autoradiograms of the denaturing sequencing gel for photoreactions of duplexes
9/10, 11/12, 13/14, and 15/16. Lanes 1-4, ODN 9; lane 5, ODN 11; lane 6, ODN 13;
lanes 7 and 8, ODN 15; ODNs in lanes 3-7 were photoirradiated; all ODNs except in
lane 3 were heated with piperidine; lanes 1 and 8, Maxam-Gilbert G+A sequencing reac-
tions for ODNs 9 and 15, respectively. Partial base sequences of oligomers were shown
on the side. d“NBPU was located opposite to the A (shown with a box)

Table 2 d*¥*?U- and GG-containing oligomers®

17 : 5'-ATTAATGTTATTGGTTAATTAATA-3"
18 : 3' -TAATTACAAXAACCAATTAATTAT-5"

19: 5' -ATTAATGTTAGTGGTTAATTAATA-3"
20: 3' —TAATTACAAXCACCAATTAATTAT-5"
21: 5' -ATTAATGTTAGTTGGTTAATTAAT-3 '
22: 3' -TAATTACAAXCAACCAATTAATTA-5'
23: 5' -ATTAATGTTAGTTTGGTTAATTAA-3
24 : 3' —TAATTACAAXCAAACCAATTAATT-5"'

25: 5'-ATTAATGTTAGTTTTGGTTAATTA-3
26: 3' —TAATTACAAXCAAAACCAATTAAT-5'

27 : 5'-ATTAATGTTAGTTTTTGGTTAATT-3
28 : 3' ~TAATTACAAXCAAAAACCAATTAA-S'

a X represents dA“NBPU. The A-X base pair and the
GG sites are shown in bold face and red.
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was found to be essential for hole migration over 24 A by comparing the
cleavage at the GG step of ODN 13 (lane 6) with that of ODN 15 (lane 7).
Therefore, the intervening 5 TGTGTA3’ sequence in ODN 13 is able to medi-
ate hole migration, whereas the 5" TATATA3’ sequence in ODN 15 does not.
Despite the formation of G* next to the A-°NPPU base pair in the photoirra-
diation of ODNs 15/16, only very weak cleavage was observed at this G. This
suggests that the initialll}r formed G*" may be rapidly quenched by back elec-
tron transfer from d“¥B¥U radical anion prior to the degradation of G*" lead-
ing to piperidine sensitive product.

In a another experiment, we confirmed that the hole migration from the
G* to the remote GG step through four intervening AT base pairs is ex-
tremely difficult (Table 2 and Fig. 4). These observations are consistent with

T G

o G

A

T T

T (3

G T At

G T

T T l

! xx
x[#] [A]

N T

- T

G G

g 5

Fig. 4 An autoradiogram investigating the distance dependency of hole migration using
ODNs 17-28. The 2P 5'-end labeled ODNs were hybridized to their complementary
strands (5 pM, strand concentration) in 10 mM sodium cacodylate at pH 7.0. Hybridiza-
tion was achieved by heating the sample at 90 °C for 5 min and slowly cooling to room
temperature. The 3P 5’-end labeled ODN duplexes were irradiated at 312 nm for 90 min
with transilluminator at 0 °C. After piperidine treatment, the samples were suspended
in denaturing loading buffer and electrophoresed through a denaturing 15% polyacryla-
mide/7 M urea gel. Lanes 1 and 8, Maxam-Gilbert sequencing reactions of ODNs 17 and
27, respectively; lane 2, ODN 17 containing no initial hole site; lane 3, ODN 19, lane 4,
ODN 21; lane 5, ODN 23; lane 6, ODN 25; lane 7, ODN 27. Distances between the initial
G+ center and the 5’ G of the GG step (Ar) were ca. 7, 10, 14, 17, and 20 A for ODNs 19,
21, 23, 25, and 27, respectively
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results reported by Giese and co-workers that (i) long range CT in duplex
DNA proceeds via a successive hole hopping process between G bases and
(ii) the efficiency of each charge-transfer process rapidly decreases as the
number of AT base pairs separating individual G bases increases.

3
Modulation of DNA-Mediated Hole Transport Efficiency
Between Two G Triplets

3.1
The Effect of Intervening Sequence Between Two G Triplets [2]

The basis of the hopping mechanism is that a guanine radical cation (G™)
cannot oxidize adenine (A) due to the higher ionization potential (IP) of A
compared with that of G, but can oxidize another G. We reported that i) the
IP of G is highly dependent on the flanking sequences and ii) stacked Gs like
a G doublet (GG) and triplet (GGG), possessing much lower IPs than that of
isolated G, can serve as an effective hole trap. As a consequence, when a hole
donor is a radical cation of G triplet (GGG)™¥, an isolated G cannot be a hole
acceptor due to the large free energy required for the process, but may act
as a bridged base lowering the IP of the bridge between two G triplets. It is
actually predicted by electron transfer theory that lowering the IP of a
bridge increases the electronic coupling for the superexchange interaction
between donor and acceptor [19-22]. In order to gain a deeper understand-
ing of the effect of IP of bridged bases on HT efficiency, we examined HT
between two G triplets separated by a bridge of TTBTT containing a bridged
base (B) of A, 7-deazaA (*A), G, or 7-deazaG (*G). We herein report for the
first time that the efficiency of DNA-mediated HT markedly increases with
decreasing IP of the bridged base. Furthermore, G was shown to be an ex-
tremely efficient trap in HT through the DNA 7-stack.

The modulation of HT efficiency by changing the IP of a bridged base was
investigated on a 29-mer duplex containing a probe sequence of 5'-A;G,T
GTGgs GGT TBT TG4G G-3' with a bridged base (B) of A (ODN 30), “A (ODN
31), G (ODN 33), or “G (ODN 34) (Table 3). Upon photoirradiation of the
duplex, the hole was site-selectively generated at G, by a single electron
transfer to a photoexcited cyanobenzophenone-substituted 2'-deoxyuridine
(d°NBPU) opposite A, in the complementary strand (ODNs 29 and 32), and
then irreversibly migrated to a proximal G triplet (G¢GG). A distal G triplet
(G14GG) is separated from a proximal G triplet by five base pairs via TTBTT
with a bridged base B in the middle.

The calculated IPs of GGG, A, *A, G, and *G at B3LYP/6-31G(d) were 4.17,
5.66, 5.25, 4.93, and 4.55 eV, respectively. Free energy changes (AG) for HT
from (GGG)*TTBTTGGG to GGGTTB*TTGGG were estimated from the to-
tal energy change (AE) obtained from the following equation:

(GGG) " +B— G(GGG)+B* +AE
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Table 3 d°™B?U and GG-containing oligomers®

29:3'-M-XC ACAC CCAA TAAC CC-V-5'
30: 5' -N-AG,TGTGEGGTT ATTG14GG-W-3"'
31:5' -N-AG,TGTG¢GGTT2ATTG14GG-W-3 "
32:3'-M-XC ACAC CCAA CAAC CC-V-5'
33: 5' -N-AG,TGTGEGGTT GTTG14GG-W-3"'
34: 5' -N-AG,TGTG¢GGTT2GTTG14GG-W-3 '

aX represents dA“NBPU. X, G,, two G triplets, and
bridged bases are shown in bold face. M = TAAATA,
N = ATTTAT, V= AATAATA, W =TTATTAT

AG values (eV) were —1.76, —1.36, —0.98, and —0.56 for A, *A, G, and *G,
respectively. A schematic illustration of the energy diagram for HT from
G,™ to G14GG is shown in Fig. 5.

5/-32p_End-labeled oligomers 30, 31, 33, and 34 were annealed with their
complementary strands. Duplexes 29/30, 29/31, 32/33, and 32/34 were pho-
toirradiated at 312 nm for 1 h. G oxidation sites were determined by densi-
tometric assay of the cleavage bands after hot piperidine treatment. As not-
ed in our previous report [1], the G oxidation increases linearly with irradi-
ation time. Normalized intensities of the cleavage bands are graphically
shown in Fig. 6. G oxidation of ODN 30 having adenine as a bridged base
occurred selectively at G and G; in a proximal G triplet. Cleavage intensi-
ties decreased in the order middle G (G;)>5'G (Ge), indicating a typical
one electron oxidation at the TGGGT sequence [23]. Band intensity at
G14GG relative to that at GsGG (Ig14/Igs) Was only 0.05, confirming previous
observations that HT through five AT base pairs proceeds with extremely
low efficiency. In sharp contrast, cleavage at Gi4 was observed for ODNs 31

(GeGG)™ 87 (G14GG)™

Fig. 5 Schematic illustration of energy diagram for HT from G, to (G;4GG)™* via puta-
tive B* with estimates of free energy change (AG, eV). The numbers in parentheses are
the difference of IPs (eV) between GGG and B
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Fig. 6 Graphical illustration of normalized intensities of cleavage bands at G6, G7, B,
G14, and G15 for oligomers 30, 31, 33, and 34. Data represents average of three data sets.
Intensities are normalized so that the strongest cleavage is 1.00. Igj4/Igs for ODNs 30,
31, and 33 were 0.05, 0.42, and 0.59, respectively

and 33 containing “A and G as a bridged base, respectively. Ig14/Igs was 0.42
for ODN 31 (B="A) and increased to 0.59 for ODN 33 (B=G). The trajectory
of HT dramatically changed when “G was incorporated into the bridge be-
tween two G triplets. Intensive cleavage of ODN 34 occurred selectively
at “G but not at all at the G4 triplet. HPLC analysis of the nucleoside mix-
ture of photoirradiated duplex d(GTCCACXATC)/d(GATAGT*G GAC) after
heating with piperidine showed a complete disappearance of *G, whereas
more than 80% of X (d“NB*U) was recovered unchanged together with al-
most quantitative recovery of A, C, G, and T. This indicates that *G is actu-
ally oxidized and decomposed to a piperidine labile site under the photoir-
radiation conditions. Furthermore, the cleavage at Gs of ODN 34 was signif-
icantly suppressed compared with those of ODNs 30, 31, and 33, indicating
that “G not only terminates HT but also effectively drags a hole into its own
site.

Our experiments described here clearly show that i) HT through a bridge
of five AT base pairs proceeds with extremely low efficiency, ii) HT is effec-
tively mediated when the bridge contains “A or G, iii) cleavage intensities at
the proximal G triplet are much higher than those at the distal G triplet, iv)
HT efficiency significantly increases by lowering the IP of the bridged base,
and v) HT is terminated at the site of “G. Stronger cleavage at the proximal
Gg triplet than at the distal G4 triplet observed for ODNs 30, 31, and 33 in-
dicates that the rate (ky.p) for trapping of (GGG)™ with oxygen, eventually
giving piperidine labile products (Ps and Py4), exceeds the rate (kyr) for HT
(Scheme 2). Assuming a very weak directional preference of HT between two
G triplets, the rate for HT relative to hole trapping for ODNs 30, 31, and 33

kyt
Gyt —— (G¢GG)™* (G14GG)™*
ktrap klrap
Ps (Ige) P4 (g14)

Scheme 2
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would be estimated by the I;4/Igs value. Lowering the IP of a bridged base
by 0.32 eV (from “A to G) increased Ig;4/Igs 1.4-fold. These results clearly
show that HT efficiency is sensitively modulated by IPs of the bridged base,
suggesting that HT between two G triplets with bridges of TTATT and
TTGTT proceeds via a superexchange mechanism. Lowering the IP of the
bridged base increased the electronic coupling for the superexchange inter-
action between the two G triplets. In addition to the AG term, the reorgani-
zation energy (1) of a bridged base radical cation would also affect electronic
coupling. A large increase of the HT efficiency by replacing A with “A may
suggest extra effects of decreased A for “A™*. Further lowering the IP at the
bridged base, by replacing G with *G, resulted in HT from (GGG)™* actually
inducing oxidation of the bridged base, “*G. Our calculations show that *G is
not a better thermodynamic sink for HT than G triplet, suggesting that the
selective cleavage of ODN 34 at “G is most likely due to a kinetic factor, for
example the trapping rate of “G™* leading to a piperidine labile site would
be significantly higher than that for (GGG)™*. These results show that the
efficiency of HT through DNA 7-stack is highly sequence dependent. Our
results were also interpreted by a thermally induced hopping mechanism
[24].

3.2
Suppression of DNA-Mediated Charge Transport by BamH | Binding [5]

Guanine radical cation produced by one electron oxidation of DNA is not lo-
calized at the initially oxidized guanine site, but migrates over long distances
through the n-stacked array of base pairs. This quite striking property of
DNA has been thoroughly studied using oligomer duplexes containing vari-
ous types of electron acceptors, showing DNA mediates charge transport in
a highly sequence-dependent manner. As the number of observations of
DNA-mediated charge transport using oligomer duplexes increases, funda-
mental questions regarding the likelihood of charge transport in genomic
DNA, and its biological consequences, arise as the next issues to be studied.
Chromosomal DNA in eukaryotes is stored in the nucleus as a form of chro-
matin with DNA bound to positively charged histone octamers. The X-ray
structure of the nucleosome core particle shows that the structure of the
DNA bound to histone deviates from the ideal superhelix geometry [25].
Distortion of the DNA structure changes the degree of base stacking. It has
been shown that disruption of the DNA 7-stack induced by protein binding
decreases the charge transport efficiency [26, 27]. Besides the structural al-
teration, the protein binding has significant effects on the electronic state
of DNA. In particular, the distribution of the electron density on nucleotide
bases is modified by the hydrogen bonding of charged groups to nucleotide
bases. However, the electronic effects of protein binding on the efficiency
of charge transport through a DNA 7z-stack remain to be clarified. We
reveal that binding of endonuclease BamH I to its recognition sequence
5-GGATCC-3/, involving hydrogen bonding of a positively charged guanidi-
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Fig. 7 Hydrogen bonding contacts between BamH I and G-C base pairs in the recogni-
tion sequence of 5'-GGATCC-3/, taken from the X-ray structure of BamH I-DNA com-
plex reported by Luger et al. [25], and the effect of hydrogen bonding on the electrostat-
ic potential. The protein-DNA interactions involving 5 and 3’ side G-C base pairs are
colored in yellow and blue, respectively. The N-7 and O-6 atoms of 5’ side G are directly
hydrogen-bonded to a guanidium group of Argl55 that is also bound to Glul61l. The
0-6 of 3’ side G is bound to Asnl16. For clarity, a hydrogen bonding network involving
a 5’ side G-C base pair is shown with a dotted line

um group to guanine, effectively suppresses the oxidation of the sequence
and the charge transport through the binding site.

BamH 1 is a restriction endonuclease that binds as a dimer to the palin-
dromic sequence 5'-GGATCC-3’, and hydrolyses the phosphodiester linkage
between the two guanines in the presence of Mg** [28]. The X-ray structure
of the BamH I-DNA complex shows that direct hydrogen bonding involved
in the protein-DNA contacts are condensed in a major-groove face of two
G-C base pairs (Fig. 7) [25]. The protein-bound DNA retains a standard B-
form-like conformation without significant bends and distortions of the
base stack. In contrast, the electronic state of the protein-bound DNA seems
significantly different from the free-state. Direct hydrogen bonding of a pos-
itively charged guanidium group of Argl55 of BamH I to both N-7 and 0-6
of the 5’ guanine of the 5-GGATCC-3' binding motif should make the elec-
tron density of the guanine in the complex lower than in the free-state DNA.
Electrostatic potentials of free guanine and guanine-Argl55-Glul61 triad in
the BamH I-DNA complex were calculated at the level of B3LYP/6-31G(d).
Geometries of the molecules were obtained from the coordinates of the
X-ray structure of the BamH I-DNA complex deposited in the protein data
bank, and used for the calculations without any change. The electrostatic po-
tentials were mapped on the surface of a total electron density (0.002 elec-
trons/au’) of each molecule. The electrostatic potential mapped on the sur-
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Table 4 Sequences of oligomer duplexes containing a BamH I recognition sequence
(GGATCC)

8 113 1617 21
35:5'-ATT TAT AGT AGT GAT GGA TCC ATA TTA T-3'

36: 3'-TAA ATA XCA TCA CTA CCT AGG TAT AAT A-5'
98

8 113 16 21 242526
37:5'-ATT TAT AGT AGT GAT GGA TCC ATG GGA TTA T-3'

38:3'-TAA ATA XCA TCA CTA CCT AGG TAC CCT AAT A-5'

a X represents d“NBPU,

face of total electron density in fact shows that guanine in the complex is
much more electron deficient than free guanine. Negative electrostatic po-
tential that appeared at the region of N-7 and O-6 of the free guanine disap-
peared in the guanine-guanidium-carboxylate triad. We anticipated that
such guanines with the decreased electron density become less easily oxi-
dized due to the increase of the ionization potential, when compared with
normal guanine, and no longer function as a stepping stone in the charge
transport via guanine hopping.

To address the electronic effects of protein binding on the efficiency of
charge transport through the DNA 7-stack, we used oligomer duplexes 35/36
and 37/38, which both include a BamH I binding site in the middle of the
sequence (Table 4). Oligomers 36 and 38 contain p-cyanobenzophenone sub-
stituted uridine (d“NBPU) as an electron-accepting nucleotide base that initi-
ates one electron oxidation of a neighbouring guanine (Gg in ODNs 35 and
37) upon irradiation at 312 nm. Stacked guanine sites of GG and GGG have
lower oxidation potential compared to a single guanine, and are frequently
used as internal hole traps. Therefore, a radical cation produced at Gg can
migrate through the 7-stack down to G14G;7 in ODN 35 and to GgGy in ODN
36, which both directly contact a guanidium group in Argl55 of the
BamH I-DNA complex.

We first examined the binding of BamH I to duplex 35/36, and its effect
on the oxidation of Gi4G;7 at the binding site. Optimum conditions for the
complete complex formation between BamH I and duplex 35/36 were deter-
mined by electrophoretic mobility shift assay. The BamH I-DNA complex in-
creased as the concentration of the protein increased. At a BamH I concen-
tration of 1.2 U/pL, duplex 35/36 (<2 nM) was completely transformed into
the complex. These conditions (BamH I, 1.2 U/uL; duplex, <2 nM) that en-
sure a complete complex formation were used for all of the BamH I binding
experiments described below. The effect of BamH I binding on the oxidation
of the 5 GG in the recognition sequence was examined as a function of
BamH 1 concentration. In the absence of the protein, distinct and strong
cleavage was observed at Gy4, with additional weak cleavages at G;3 and Gy.
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It is well established in one electron oxidation of DNA that: i) a GG site is
more strongly oxidized than a GA site, and ii) oxidation of a GG site is selec-
tive for the 5’ guanine. These observations ensure that G cleavage of ODN
35 proceeds by one electron oxidation. By increasing the concentration of
BamH 1, the band intensity at G;¢ decreased and eventually faded away in
the presence of 1.2 U/uL of the protein. Intensity of the cleavage band at Gy
increased as the fraction of BamH 1-35/36 complex increased. Complete dis-
appearance of the Gjs band demonstrated that G;¢G;; was insulated from
one electron oxidation upon complex formation. In marked contrast to G,
the band intensity at G;; in a GA site increased with protein concentration.
These opposing results regarding the efficiency of the oxidation of G;¢ and
G5 suggest that the G;3A site of duplex 35/36 becomes the most easily oxi-
dized site in the BamH I bound duplex, because of the insulation of G;5G;7
by the guanidium group.

Since BamH 1 binds as a dimer to the palindromic sequence of
5-GGATCC-3/, two GG sites in the sequence should be equally insulated
from one electron oxidation. In the absence of the protein, both Gy4G;7 in
ODN 35 (Fig. 8a, lane 2) and GgGy in ODN 2 (Fig. 8b, lane 2) showed similar
oxidization patterns under the irradiation conditions. In contrast, cleavage
bands at both GG sites completely disappeared in the presence of BamH I
(1.2 U/pL) (lane 3 in Fig. 8a,b). Simultaneous suppression of oxidation at
both GG sites shows that insulation of both GG sites from one electron oxi-
dation is due to the binding of BamH I to the recognition sequence.

As we had established that BamH I binding suppressed one electron oxi-
dation of GG in the recognition sequence, we then investigated charge trans-
port through the site of BamH I binding. Since a hole injecting Gg and a hole
trapping G,4G,5Gy¢ in duplex 37/38 are located on opposite sides of the
BamH 1 binding site, hole migration from Gg to the G-triplet must proceed
through the site of BamH I binding. In the absence of the protein, the gua-
nine radical cation produced at Gg in the duplex 37/38 migrates down to
G,4G,5Gy6 through the G14G;7ATCC sequence. Strong cleavage bands are ob-
served at Gy and Gys in the G-triplet, in addition to the cleavage at G4 of
the GG site. Only a faint band was observed at G;; in the GA site. In the pres-
ence of BamH I, band intensity at the G-triplet decreased with the concomi-
tant disappearance of the band at Gy Densitometric analysis showed that
oxidation of the G triplet in the protein bound duplex was suppressed more
than 3.7-fold (Fig. 9). However, accurate analysis was not feasible due to very
weak cleavages at the G triplet in the complex. In spite of the presence of the
hole trapping G-triplet, the predominant site for one electron oxidation in
the protein bound duplex is the Gj3A site, suggesting a considerable de-
crease in the efficiency of the charge transport from G;3 to G,4. These results
clearly show that BamH I binding to DNA not only suppressed the one elec-
tron oxidation of GG in the recognition sequence, but also lowered the
charge transport through the site of the protein binding. This remarkable ef-
fect of BamH I binding on DNA mediated charge transport is most ascrib-
able to electronic insulation of the guanine in the binding site by direct con-
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Fig. 8 Autoradiograms of a denaturing polyacrylamide gel for photooxidation of duplex
35/36 in the presence of BamH 1. ODNs 35 (a) and 36 (b) were separately 5'-**P-end la-
beled and hybridized to a non-labeled complementary strand. Lane 1, Maxam-Gilbert
G+A sequencing reactions; lane 2, in the absence of BamH I; lanes 3-5, BamH 1. ODNs
in lanes 2-4 were irradiated at 312 nm. All samples except in lane 2 were heated with
piperidine. The BamH I site and d“¥BPU (X) are shown in bold face. For clarity, the au-
toradiogram for ODN 36 is shown upside-down

tact of the positively charged guanidium group of the protein via hydrogen
bonding.

The electrostatic contacts between positively charged amino acid residues
and negatively charged DNA are extremely important for protein-DNA inter-
actions. Non-specific electrostatic contacts of proteins are mostly to the
phosphate anion of DNA backbone, but sequence-specific protein bindings
involve direct or water-mediated hydrogen bonding of charged groups to
nucleotide bases. Contact via hydrogen bonding of a guanidium group in ar-
ginine to guanine is one of the most commonly observed protein-DNA inter-
actions and is indispensable for the sequence recognition. Our results de-
scribed here show that direct contact of a guanidium group to guanine dra-
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Fig. 9 Illustrations of the charge transport in duplex 37/38, a in the absence and b in the
presence of BamH 1. Horizontal arrows and the numbers shown on the site of guanine
oxidation indicate the band intensity relative to that of G24 in the protein bound duplex

matically decreased the susceptibility of the guanine for one electron oxida-
tion, and lowered the efficiency for charge transport through the guanine.

4
Site-Selective Hole Trapping by Modified Guanines

4.1
Termination of DNA Mediated Hole Transport at N>-Cyclopropyldeoxyguanosine [4]

Due to lower ionization potentials of GG and GGG than single G, these
stacked G sites function as a thermodynamic sink of holes eventually produc-
ing piperidine labile sites. In principle, hole migration from hole donor to ac-
ceptor competes with hole trapping by water and/or oxygen. Therefore, over-
all efficiency of hole transfer is primarily determined by the rates of hole mi-
gration and hole trapping. When the rate of hole trapping is much slower
than hole migration rate, equilibration of hole between donor and acceptor
can be achieved [29]. While the rate of hole migration can be attenuated by
changing the potential energy gap between hole donor and acceptor [30], the
modulation of hole transport efficiency by changing the rate of hole trapping
has never been demonstrated. We demonstrated a novel hole-trapping nucle-
oside N2-cyclopropyl-2'-deoxyguanosine (d°’G), which possesses a cyclo-
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propyl group on N? as a radical-trapping device. One electron oxidation of
d°PG by photoexcited riboflavine induces homolytic cyclopropane ring open-
ing, as evidenced by the formation of N*-(3-hydroxypropanoyl)dG. With the
use of d°° G-containing duplex, we have demonstrated that d°rPG efficiently
terminates DNA-mediated hole transport at its own site.

It is known that radical cations of cyclopropylamine [31-33] and N-alkyl-
and N-arylcyclopropylamines [34-36] rapidly undergo homolytic cyclopro-
pane ring opening to produce f-iminium carbon radicals. The rate of ho-
molytic ring opening of the cyclopropylamine radical cation is believed to
be larger than that of the corresponding ring opening of neutral N-alkylcy-
clopropylaminyl radical (7.2x10' s7!) [37]. Molecular orbital calculations of
the radical cation of N*-cyclopropyl-9-methylguanine at B3LYP/6-31G(d)
showed that i) the bond length of C-1"-C-2" in cyclopropane increased by
0.01 A from its neutral state and ii) spin density is actually located on C-2"
(Fig. 10). While the magnitude of the rate is unknown, the cyclopropane ring
opening of the d°?G radical cation is expected to be rapid. We first examined
one electron oxidation of d°*G with photoexcited riboflavin in aqueous solu-
tion. d“’G was rapidly consumed by photoirradiation at 366 nm in the pres-
ence of riboflavin, producing two major products after subsequent incuba-
tion of the photoirradiated mixture. These products were identified as dG
and N?-(3-hydroxypropanoyl)dG by 'H NMR and high resolution FABMS
(Scheme 3). Comparison of 'H NMR of N*-(3-hydroxypropanoyl)dG with

riboflavin
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the authentic sample unambiguously confirmed the structure. Formation of
dG by incubating the photoirradiated mixture suggested that one electron

oxidation of d“’G activated the transformation of cyclopropyl group at N? to
a group being highly susceptible to hydrolysis.
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Fig. 10 Bond lengths of a neutral and b radical cation, and ¢ spin density mapping of
N?-cyclopropy-N°-methylguanine radical cation optimized at the B3LYP/6-31G(d) level

Having established that the d“’G radical cation undergoes a very rapid
cyclopropane ring opening, we examined the hole trapping by d’G in
DNA mediated hole transport. We used 21-mer probe ODNs d(ATT TAT
AGsT XTG TAG;5s GTA TTT) containing G (G-P21), MG (M¢G-P21), and “*G
(°®G-P21) as a base X (Table 5). The complementary strand d(AAA TAC
CTA CAC AC®NBPU ATA AAT) (C21) contains cyanobenzophenone substi-
tuted uridine (d“¥®*U) as a photoinducible one electron oxidant. The gua-
nine radical cation was site-selectively produced at Gg in duplexes G-P21/
C21, MeG-P21/C21, and “?G-P21/C21 by single electron transfer to photoex-
cited d®NBPU [1]. The hole is able to mlérate up to G;5G through a bridge of
d(TXTGTA)/d(TACACA). Probe ODNs M¢G-P21 and “?G-P21 were obtained
from 2-fluoroinosine containing 21-mer according to the reported method
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Table 5 d°NB?U- and GG-containing oligomers?

G-P21: 5'-ATT TAT AGgT GTG TAGys GTA TTT-3'
MeG.P21: 5'-ATT TAT AGET “°GTG TAG;s GTA TTT-3"
CPG.P21: 5'-ATT TAT AGT °PGTG TAGy; GTA TTT-3'

C21: 5'-AAA TAC CTA CAC ACX ATA AAT-3'

a X represents d“NBPU,

[38, 39]. Photoirradiation of duplex G-P21/C21 at 366 nm for 15 min
followed by subsequent piperidine heating produced a distinct cleavage
band at Gis selectively. This indicates an efficient hole migration from Gg
to Gys. In marked contrast, G;s oxidation was significantly suppressed
in ®®G-P21/C21 duplex, where d°’G was incorporated into the bridge of
d(T®’GTGTA)/d(TACACA). Normalized band intensities at G5 relative to in-
tact bands as determined by densitometry were 1.00 for G-P21 (standard),
0.53 for MG-P21, and 0.09 for ®°G-P21. While incorporation of methyl group
at N? of dG resulted in a modest reduction of G;s oxidation via hole trans-
port from Gg to Gys, the incorporation of the cyclopropyl group was dramat-
ically effective for the suppression of hole transport.

The melting temperature is only lower by 1.3 °C for “’G-containing
10-mer duplex d(GTC CAC TAT C)/d(GAT A“?GT GGA C) than for the corre-
sponding G-containing 10-mer duplex (50 uM base concentration, 100 mM
NaCl). The CD spectrum of the “’G-containing duplex shows a typical B-
form structure. These observations imply that the disruption of the z-stack
by incorporating d°’G is not the reason for the suppression of hole trans-
port. HPLC analysis of a nucleoside mixture obtained by enzymatic diges-
tion of photoirradiated ®?G-P21/C21 clearly showed that d“*G was complete-
ly consumed under the photoirradiation conditions used for the PAGE ex-
periments, although other nucleosides including d“N®?U remain largely un-
changed. These results suggest that suppression of G5 oxidation in “*G-P21/
C21 is most likely due to the selective destruction of d°’G. Calculated ioniza-
tion potential at B3LYP/6-31G(d) level is lower by only 0.13 eV for the N°-
methyl-“?G/N’-methyl-C base pair than for the normal G/C base gair, and
higher by 0.40 eV than for GG/CC doublet. Oxidation potential of d“*G mea-
sured in water containing 0.1 M LiClO4 was 0.93 V (vs. SCE, cf. G 1.07 V).
Therefore, it is unlikely that d“’G functions as a thermodynamic sink in
hole migration. On the basis of these observations, we propose that d“*G ef-
fectively terminates hole transport through the DNA 7z-stack by a rapid and
irreversible cyclopropane ring opening of its radical cation.

The pseudo first-order rate of trapping of G™* by water was estimated to
be 6x10* s7!, which is significantly smaller than the rate for the hole migra-
tion between two single Gs separated by two AT base pairs (2.5x10° s71)
[29]. Discovery of a powerful hole trapping nucleobase possessing a faster
trapping rate than 2.5x10° s™' would change a current view of hole trans-
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port. Studies described here clearly demonstrate that d°’G can serve as a
useful probe for gaining deeper insight into kinetic aspects of hole transport
through the DNA 7-stack. We have recently reported N°-cyclopropyl-2’-de-
oxyadenosine as a new hole-trapping nucleoside [40].

4.2
Hole annihilation at N?>-Phenyldeoxyguanosine [6]

In a previous chapter, we discussed the termination of charge transport by
increasing the hole trapping rate at the site of N*-cyclopropyldeoxyguano-
sine (d“*G), in which the cyclopropane ring opening functioned as a radical
trapping device. These results imply that substitution of the exocyclic amino
group of deoxyguanosine (dG) with functional groups could be an intriguing
tool to modulate the reactivity of dG toward one-electron oxidation. We here
show that incorporation of N?-phenyldeoxyguanosine (d*'G) into duplex
DNA dramatically suppresses oxidative decomposition, not only at d**G, but
more importantly, at dGs remote from the modified guanine.

The DNA oligomers containing d*"G and complementary strands used for
the studies were listed in Table 6. All d®"G-containing ODNs were synthe-
sized from corresponding ODNs containing 2-fluoroinosine by substitution
of fluorine with aniline [38, 39]. d”*G was incorporated in probe ODN P*GG1
by replacing G;s of the G;5G doublet in the 21-mer ODN GG1. Complemen-
tary ODN °NBPU1 contains cyanobenzophenone substituted uridine
(d*NBPU) as a photoinducible one-electron oxidant [1], whereas ODN
T1 contained thymidine in place of d°~B?U. In duplexes of GG1/°NBPU1
and PPGG1/°NBPU1, the guanine radical cation was site-selectively produced
at Gg by one-electron transfer to photoexcited d“N**U. ODN GG5 contained
five GG doublets with identical neighboring sequences. The P’GG site was

Table 6 Oligomers used for the studies®

GGL:S"X  AG{TGTGTA G5G V-3'
P'GG1:5-X  AG{TGTGTA'G,sG V-3'
T1:3.Y  TC ACACAT C CW-§
CNBPUL: 3.y @UC ACACAT C CW-5'
GG5:5X A GyGTAG;GTA G sGTAGGTAG G V-3'
PPGG5(8): 5:-X AP'GyGTAG,GTA G (GTAGGTAG,G V-3'
P'GG5(16): X A GgGTAG,GTA™"G (GTAG,(GTAG,G V-3'
¢-GG5:3.YT C CATC CAT C CATC CATC CW-5'

GG4:5-X A GyGTAG;,GTA TA TAGyGTAG,G V-3
PGGA48): 5-X A™"GyGTAG,GTA TA TAGGTAG,,G V-3'
¢-GG4:3.YT C CATC CAT AT ATC CATC CW-§'

X =ATTTAT, Y = TAAATA, V=TATTT, W = ATAAA
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Fig. 11 Autoradiograms of denaturing sequencing gels for photoreactions of d*"G-con-
taining oligomer duplexes. Photoirradiated ODNs were heated with piperidine and elec-
trophoresed through a denaturing 15% polyacrulamide/7 M urea gel. Partial base se-
quences of ODNs were shown on the side. d*N??U was located opposite A (shown with a
box). a Duplexes were irradiated at 312 nm for 60 min. Lane 1, Maxam-Gilbert A+G se-
quencing reactions of GG1; lane 2, “NBPU1/GG1; lane 3, “NBPU1/*GG1. b Duplexes were
irradiated at 366 nm in the presence of riboflavin. Lane 1, T1/GGI; lane 2, T1/"GG1;
lane 3, A+G reactions of GG1. ¢ Duplexes were irradiated at 366 nm in the presence of
riboflavin. Lane 1, A+G reactions of GG5; lane 2, GG5/c-GG5; lane 3, P"GG5(16)/c-GG5;
lane 4, P2GG5(8)/c-GG5; lane 5, PPGG4(8)/c-GG4; lane 6, GG4/c-GG4; lane 7, A+G reac-
tions of GG4

embedded in P"GG5(8) and *"GG5(16) by replacing Gs and G5 of GG5 re-
spectively with d"G. ODNs GG4 and ™GG4(8) lacked the G;4G site of GG5
and PRGG5(8), respectively, by replacing them with the T;sA sequence.
¢-GG5 and c-GG4 are complementary strands to GG5 and GG4, respectively.
The oxidation potential of d”"G measured by cyclic voltammetry in DMF
containing 0.1 M LiClO4 was 0.70 V (vs Ag/Ag", cf. G 0.67 V). The melting
temperature of the d"™G-containing 10-mer duplex d(GAT AGT PGGA
C)/d(GTC CAC TAT C) was 3.7 °C higher than the corresponding normal
G-containing duplex (50 uM base concentration, 100 mM NaCl). CD spectra
of the duplex showed a typical B-form structure.

Photoirradiation of duplex GG1/°NPPU1 at 312 nm for 60 min and subse-
quent piperidine treatment (90 °C, 20 min) produced a distinct cleavage
band at the 5’ side G of the G;5G doublet (F%I%. 11a, lane 2). In marked con-
trast, the cleavage at PhG s in duplex * hGG1/NPPU1 (lane 3) was considerably
weaker than the cleavage at G5 in GG1/“NBPU1 (lane 2). The band intensity
of G5 relative to intact full length GG1 was 0.31, whereas the relative band
intensity of "G5 of P"GG1 was only 0.05. Suppression of the decomposition
of d*G by one electron oxidation was further confirmed by riboflavin-sensi-
tized oxidation of duplex P"GG1/T1. While strong cleavage occurred at G5
of GG1/T1 (Fig. 11b, lane 1), only a faint band was observed at PhG,s of
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; : ) GG5 b) GG4 ¥
PhGG5(8) M PhGGA(8) B
PhGG5(16)

relative band intensity (%)

Gas Gao Gz G

G24 GZO G 16

Fig. 12 Band intensities (%) of GG sites relative to the intact full length bands obtained
for the photoirradiated duplexes of a lanes 2, 3, and 4, and b lanes 5 and 6 shown in
Fig. 11c

PhGG1 (lane 2). We separately confirmed that strand cleavage of single
stranded d™G-containing oligomer d(ATT TAT AGT AGT AGT AP"GT ATT
T) actually occurred at d""G by the riboflavin-sensitized oxidation and sub-
sequent piperidine treatment. The efficiency of the cleavage at d* G was
comparable to that at dG. Nucleoside analysis of d*’G-containing DNA by
HPLC showed that 68% of d*G remained intact in the duplex after 1 h irra-
diation in the presence of riboflavin, whereas only 36% of d*'G remained in-
tact in the single strand.

Oxidative decomposition of the d*G-containing duplex was suppressed
not only at d”"G but also remarkably at the GG sites that were distant from
d™G (Fig. 11c). Band intensities at GG sites of lanes 1-5 in Fig. 11c are
shown in Fig. 12. While strand cleavage of photoirradiated GG5 in the pres-
ence of riboflavin occurred at all GG sites with comparable efficiency, the
cleavage of GG sites of PhGG5(8) was suppressed at G;,G and GG in addi-
tion to ""GgG (Fig. 12a). In contrast to G;,G, cleavage at G,4G was only weak-
ly suppressed compared with the cleavage in GG5, showing that the efficien-
cy of suppression of strand cleavage decreased with an increase in distance
from d™G. Distance dependency of cleavage suplipression was clearly shown
in the oxidation of *PGG5(16) that contained d* G in the middle of five GG
sites. The efficiency of the cleavage was considerably reduced at all four GG
sites in addition to the "'GG site. Significant insights into the mechanism of
cleavage suppression by d"™"G were obtained by the riboflavin-sensitized oxi-
dation of GG4 and P"GG4(8). Strand cleavage of GG4 was observed at all four
GG sites, whereas the cleavage of ""GG4(8) was strongly suppressed at GsG
and Gj,G sites, but not at all at GG and G4G sites (Fig. 12b). The G;,G and
GG sites in PPGG4(8)/c-GG4 were separated by six intervening A-T base
pairs, and the rate of hole transport between two sites was expected to be
much smaller than that between Gg and Gy, (for instance 2.5x10° s~! for
G*TTG—GTTG™) and the estimated rate of hole trapping with water at the
G site (6x10* s71).

Therefore, it is apparent that the efﬁcienczr of suppression of the oxidative
decomposition at the given G sites in d*G-containing duplex increased
upon increasing the rate of hole transfer to d"G. These remarkable observa-
tions could be rationalized by assuming an annihilation process of the d™'G
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radical cation that was prevented from decomposing, leading to the forma-
tion of a piperidine-labile site (Scheme 4). The rate of annihilation of the

kyr
B (GG)'+ —_— (PhGG)'+ —
l klrapl klrapz / \ kann
P, P, GG

P, P, denote piperidine labile products.

Scheme 4

dP G radical cation (kun,) should be much faster than the hole trapping rate
at GG (kirap1) and PhGG (kirap2) to suppress the decomposition at these sites.
When the hole transfer to d"’G overrode the hole trappging at the given G
site (kur>>kirap1), the hole was selectively depleted at d*"G by the annihila-
tion process. Molecular modeling simulation showed that the phenyl group
of d”G in duplex DNA was located just in the middle of the minor groove,
suggesting a considerable increase of solvent accessible surface upon phenyl
substitution. The calculated spin density of the d*G radical cation was delo-
calized on the both purine and phenyl rings. Since suppression of d**G de-
composition was specific for duplex DNA, the annihilation process most
likely occurred in the vicinity of the phenyl ring in the minor groove. One
plausible mechanism of the putative annihilation process may involve a
back-electron transfer from superoxide radical anion to a d*»G radical cat-
ion. In the case of riboflavin sensitization, the riboflavin radical anion is also
conceivable as an electron donor.

Our studies showed that i) substitution of an exocyclic amino group of
dG is effective in modulating the chemical properties of dG toward one-elec-
tron oxidation, and ii) decomposition of the guanine radical cation was ef-
fectively suppressed near d™"G. These results indicate that d**G is a proto-
type of nucleosides functioning as an intrinsic antioxidant of duplex DNA
toward one-electron oxidation.

5
Conclusion

Incorporation of the modified nucleotide bases enables us to modulate the
DNA properties that are extremely important to the charge transport effi-
ciency. The data obtained by these experiments provides a much deeper in-
sight and understandingof the mechanism of DNA mediated charge trans-
port.

Acknowledgement The authors extend their deep appreciation to Dr. Chikara Dohno for his
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Abstract The transfer of positive charge through DNA has been investigated in great detail
over the last couple of years. In this area, major new mechanistic insights have been gained
using defined acceptor modified DNA strands. Transport of exon electrons, in contrast, is
much less well-explored. Our current mechanistic understanding is based on EPR spectro-
scopic studies of DNA material reduced using solvated electrons. Herein we report the de-
velopment of defined donor-acceptor modified DNA double strands which allow the study
of excess electron transfer with high precision. The model mimics the DNA repair process
of DNA photolyases: they contain a reduced and deprotonated flavin as a light-triggered
electron donor and a thymine dimer as the electron acceptor. The dimer performs a cy-
cloreversion upon single electron reduction, which translates the electron capture event into
a readily detectable strand break signal. Investigations with these model systems allowed us
to clarify that electrons hop through DNA using pyrimidine bases as stepping stones.
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1
Introduction

The transfer of a positive charge - a hole - through DNA is of fundamental
importance for the process of DNA damage formation [1]. Single electron
oxidation of DNA, from the reaction of a reactive oxygen species or a photo-
chemically triggered electron acceptor with DNA for example, yields a gua-
nine radical cation in close vicinity to the initial oxidation site. The radical
cation always localises at guanines because guanine is the nucleobase with
the lowest oxidation potential [2, 3]. y-Radiolysis studies [4, 5] and investi-
gations of defined electron acceptor DNA systems have revealed over the
past decade that the formed guanine radical cation participates in long range
charge delocalisation processes (Fig. 1) [6-9]. It has been found that an ad-
jacent guanine in the DNA duplex is able to donate an electron to the initial
guanine radical cation site. The sequential electron transfer between gua-
nines allows rapid delocalisation of the positive charge in DNA. The charge
virtually hops through DNA using guanines as stepping stones [10, 11]. Al-
though this hopping process is now well accepted, particularly due to the
fundamental contribution by J.K. Barton [6], B. Giese [7], ED. Lewis [12], G.
Schuster [13] and M.R. Wasielewski [14], the mechanistic details of the long
range hole hopping process are still under intensive investigation and cer-
tain observations are still controversially debated [15-18].

All researchers in the field, however, agree that the guanine radical cations
react with water or oxygen to give oxidative DNA lesions, which are in vivo

Oxidative Hole Transfer Reductive Excess Electron Transfer

Fig. 1 Oxidative transfer of a radical cation through DNA and reductive transfer of an
excess electron through DNA
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mutagenic and responsible for cell death [19]. These oxidative lesions re-
quire efficient cellular DNA repair in order to avoid the harmful effects of
oxidative DNA damage [20]. Although our knowledge about oxidative hole
transfer and its biological consequences have developed over the last years
to a point where we now have a rather sound understanding of the basic un-
derlying processes, rather less is known about the transfer of excess elec-
trons - negative charges - through DNA, as depicted in Fig. 1 [12, 21]. If an
electron donor injects electrons into a duplex, are these negative charges
also able to move, maybe by hopping, to an acceptor site in DNA [22]? Are
there any natural processes known which utilize single electron reduction of
nucleobases? These are the questions that we address in this review article
by outlining recent results obtained with defined synthetic model systems.
Answers to these questions are believed to be the basis for the development
of DNA as a charge transport medium [23, 24] in nanoelectronic devices
[25, 26].

2
Single Electron Reduction of Nucleobases in Biology and in Model Systems

2.1
Single Electron Transfer Based DNA Repair

Electron donation to nucleobases is a fundamental process exploited by na-
ture to achieve the efficient repair of UV induced lesions in DNA [27, 28].
Nature developed to this end two enzymes, CPD photolyases and (6-4) pho-
tolyases, which both inject electrons into the UV damaged DNA bases [29,
30]. Both enzymes are, in many species, including plants, essential for the
repair of the UV-light induced DNA lesions depicted in Scheme 1 [31].

UV-irradiation of cells induces the formation of two major photo prod-
ucts, which are mutagenic and responsible for UV induced cell death
(Scheme 1). The first, cyclobutane pyrimidine dimers (T=T), are formed in
a [27+27n] cycloaddition reaction in response to the absorption of a UV pho-
ton by a pyrimidine base in a dipyrimidine sequence like TpT. The second,
(6-4)-photo products, are generated after a Paternd-Biichi reaction of two
pyrimidines followed by ring opening of the oxetane intermediate, which is
unstable above —80°C (Scheme 1). CPD photolyases recognize and exclusive-
ly repair cyclobutane pyrimidine dimer lesions in DNA. (6-4)-photolyases
repair (6-4)-lesions. Both repair processes are light triggered as depicted in
Scheme 2 [30]. So far, only the mechanism of the CPD repair has been deci-
phered in detail. The sequence and cofactor homology between CPD and
(6-4)-photolyases, however, suggest a very similar mechanism.

The light energy is initially absorbed by an antenna pigment in both pho-
tolyases. Either a 8-hydroxy-5-deazaflavin (8-HDF) or a methenyltetrahydro-
folate (MTHF) functions as the absorbing pigment, depending on the type
of photolyase. The energy is then transferred to a reduced flavin coenzyme
(FADH™), which donates an electron to the CPD lesion. Upon single electron
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Scheme 1 UV-light induced formation of the two major photo lesions in DNA. T=T: cy-
clobutane pyrimidine dimer. (6-4)-photo product: (6-4)-lesion, formed after ring open-
ing of an oxetane intermediate, which is the product of a Paterné-Biichi reaction

reduction, the dimer spontaneously cleaves into the two monomers (repair).
The closely related (6-4)-photolyase seems to repair (6-4)-lesions in a very
similar process. This enzyme is thought to re-isomerise the (6-4)-lesion
back into the oxetane [32], which is again then split by single electron reduc-
tion from the reduced FAD-coenzyme. The mechanism of the rearrangement
reaction to the oxetane is currently under intensive investigation.

2.2
Single Electron Reduction of Nucleobases and UV-Lesions

Although the reduction potentials of DNA bases and UV induced DNA le-
sions inside a DNA double strand or inside the active site of a DNA pho-
tolyase, together with the reduction potential of the photoexcited FADH ™" in
the photolyases, are not known, currently available redox potentials indicate
that the single electron reduction of a nucleobase or a UV induced dimer le-
sion by a reduced and deprotonated flavin coenzyme is a weakly exothermic
process. The reduced and deprotonated FADH ™ in its photoexcited state is
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Scheme 2 Mechanism of repair of cyclobutane pyrimidine dimers (CPD) by a CPD pho-
tolyase. 8-HDF: 8-hydroxy-5-deazaflavin, ET: electron transfer. FADH™: reduced and de-
protonated flavin-coenzyme

believed to have a reduction potential between Eeg+= —2.6 Vand —2.8 V [33,
34]. The reduced FADH™ in its excited state is therefore an extremely strong
electron donor, able to reduce all nucleobases and also CPD lesions. The cur-
rently available reduction potentials are listed in Table 1.

Table 1 Reduction potentials of some nucleobases

Base Reduction potentials in V

E(Red)? E(Red)® E(Red)®
dG -2.76
dA —-2.45
dc -2.23 -1.09 —2.16 (DMC)
dT —2.14 ~1.10 —2.14 (DMT)
U —2.04 -1.10 -2.11 (DMU)
T=T —2.20 (DMTD)

DMC=Dimethylcytosine, DMT=Dimethylthymine, DMU=Dimethyluridine, DMTD=Di-
methylthymine-Dimer

2 Polarographic potentials in DMF versus NHE [2]

b Data from pulse radiolysis experiments in water at pH=8.5 against NHE [35]

¢ Data from fluorescence quenching experiments in acetonitrile against SCE [34, 36]
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Table 2 pK,-values of pyrimidine nucleobases [37]

Equilibrium PKa
TH =T°+H? 6.9
TH® =T+ H" -5
AH = A® + HY >14
CH =C“+H? 13
CH® =C+H" 4.3
GH = G° + H® 9.5

In general, reduction potentials of nucleobases have been studied much
less than their oxidation potentials, and in particular water-based data are
rather lacking [2, 35]. We therefore listed the available polarographic poten-
tials measured in dimethylformamide and data obtained from pulse radioly-
sis studies or fluorescence quenching measurements. From the data in Ta-
ble 1, it is evident that the pyrimidine bases are most easily reduced. The re-
duction potential of the T=T CPD lesion is close to the estimated value of
the undamaged thymine base [34, 36].

Although the reduction potentials argue for thymine, as the most easily
reducable base in protic solvents like water, subsequent protonation reac-
tions need to be considered as well. The coupling of single electron reduc-
tion with a subsequent protonation step will strongly affect the ease of single
electron reduction. Table 2 contains the pK,-values of some nucleobases in
their reduced and neutral states [37]. It is clear that the thymine radical an-
ion, due to its rather neutral pK,-value of about 7 is unlikely to become pro-
tonated either by water or by the adenine counter base in the DNA strand.

The high pK,-value of the cytosine radical anion, however, will enforce
rapid protonation in water and maybe also by the guanine counterbase in a
DNA double strand, as depicted in Scheme 3 [38]. In fact, it is currently be-
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Scheme 3 Depiction of an A:T and of a G:C base pair after single electron reduction of
the corresponding pyrimidine base
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lieved that the protonation of the cytosine radical anion shifts the reduction
potential to a more positive value, so that reduction of thymine and cytosine
in DNA may be almost equally efficient. In fact, at temperatures below 77 K,
cytosine seems to be the trap for excess electrons in DNA. These protona-
tion reactions are reversible, which may allow a thermally activated proton-
gated electron transfer at higher temperature [39]. Irreversible protonation
at C-6 and C-5 of the thymine and cytosine radical anions may also occur,
which would interfere with the charge hopping process [39].

Base stacking will further modulate the reduction potentials. Initial calcu-
lations show that pyrimidines flanked by other pyrimidines, like in 3'-TTT-
5" or 3'-TCT-5' sequences, are most easily reduced. Incorporation of a purine
base close to the pyrimidine, however, seems to make the pyrimidine reduc-
tion more difficult [40].

23
Single Electron Transfer in Model Compounds

In order to investigate the single electron donation process from a reduced
flavin to a pyrimidine dimer or oxetane lesion, the photolyase model com-
pounds 1-4 depicted in Scheme 4 were prepared [41, 42]. The first model
compounds 1 and 2 contain a cyclobutane uracil (1) or thymine (2) dimer
covalently connected to a flavin, which is the active electron donating sub-
unit in photolyases. These model systems were dissolved in various solvents

Scheme 4 The four pyrimidine dimer and oxetane model compounds 1-4 with either a
reduced and deprotonated flavin, or a pyrene as the electron donor. Depiction of the de-
tected reaction products 5-7
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such as water, ethanol, dioxane or acetonitrile and placed into sealed cu-
vettes. Reduction of the flavin under strictly anaerobic conditions allowed us
to prepare stable solutions of the model compounds 1 and 2 containing the
flavin in the reduced, and hence active, electron donating state. Irradiation
of these solutions with daylight or monochromatic light of =360 nm, and
analysis of the assay solution by reversed phase HPLC showed rapid light
dependent cleavage of the cyclobutane pyrimidine dimer units 1 and 2 to
give the products 5 and 6 as shown in Scheme 4 [42].

These experiments proved that a light-excited, reduced flavin is indeed
able to photoreduce cyclobutane pyrimidine dimers and that these dimers
undergo a spontaneous cycloreversion. The quantum yield of about ®=5%
clarified that the overall dimer splitting process is highly efficient, even in
these simple model systems () photolyase ~70%).

Investigation of the pH-dependency of the splitting reaction was required
in order to investigate how the protonation state of the reduced flavin affects
the electron transfer process and hence the cleavage reaction [42, 43]. Mea-
surements of the model compounds in water buffered at various pH-values
showed maximal cleavage efficiency between pH=7 and 9. No dimer cleavage
was observed above pH=10 and at or below pH=5. These values match with
the pK,-values of the reduced flavin (pK,~6.5) and of the cyclobutane pyri-
midine dimer (pK,~11). Therefore the data provided clear proof that depro-
tonation of the reduced flavin is strictly required for the electron transfer
driven cleavage process. In contrast, deprotonation of the dimer unit at high
pH values stops the repair reaction, possibly because the electron transfer to
a deprotonated and hence negatively charged dimer is more difficult. Depro-
tonation of the reduced flavin will clearly increase the electron density of the
electron donor. In addition, deprotonation transforms the charge transfer
reaction FIH,-D—FIH,*-D~ into a charge shift reaction FIH-D—FIH-D,
which upon protonation of the D™ may even yield a neutral post-electron
transfer intermediate FIH-DH'. The charge status of the intermediate will
clearly influence the lifetime of the reduced dimer, and a longer lifetime may
be needed to allow dimer cleavage to compete with the unproductive back-
electron transfer reaction [44].

Using the oxetane-flavin model system 3 depicted in Scheme 4, it was re-
cently established, that oxetane cleavage giving 7 also requires the action of
a reduced and deprotonated flavin donor, which confirmed the close mecha-
nistic relation between both photolyases [45]. Mixing of CPD- and oxetane-
containing model compounds 2 and 3, and simultaneous irradiation after
flavin reduction shows efficient cleavage of both model compounds into 6
and 7 only under reductive and basic conditions. Measurements in ethylene
glycol in the absence of the base triethylamine, in the presence of triethyl-
amine, or in the presence of acetic acid, confirmed that a few drops of trieth-
ylamine are strictly required for the efficient splitting of the CPD dimer and
the oxetane. These studies supported the view that base is strictly required
for the electron transfer step and not for the dimer splitting reaction itself.

Further support for the idea that deprotonation effects the lifetime of a
post-electron transfer intermediate stems from an investigation of the py-
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rene-oxetane model compound 4 (Scheme 4). The pyrene is clearly able to
function, after photoexcitation, as a strong single electron donor in charge
transfer reactions. The pyrene is potent enough to reduce pyrimidines, cy-
clobutane pyrimidine dimers and also oxetanes to give a Py*-D~ intermedi-
ate [46]. Irradiation of the pyrene model compound 4, however, gave under
no circumstances dimer cleavage.

Whatever the reason may be behind the strict necessity to deprotonate
the flavin donor, the reduced and deprotonated flavin was established in
these model studies to be an efficient electron donor, able to reduce nucle-
obases and oxetanes. In the model compounds 1 and 2 the pyrimidine dimer
translates the electron transfer step into a rapidly detectable chemical cy-
cloreversion reaction [47, 48]. Incorporation of a flavin and of a cyclobutane
pyrimidine dimer into DNA double strands was consequently performed in
order to analyse the reductive electron transfer properties of DNA.

3
Excess Electron Transfer in DNA:DNA Double Strands

Incorporation of a flavin electron donor and a thymine dimer acceptor into
DNA double strands was achieved as depicted in Scheme 5 using a complex
phosphoramidite/ H-phosphonate/phosphoramidite DNA synthesis protocol.
For the preparation of a flavin-base, which fits well into a DNA double
strand structure, riboflavin was reacted with benzaldehyde-dimethylacetale
to rigidify the ribityl-chain as a part of a 1,3-dioxane substructure [49]. The
benzacetal-protected flavin was finally converted into the 5'-dimethoxytri-
tyl-protected-3’-H-phosphonate ready for the incorporation into DNA using
machine assisted DNA synthesis (Scheme 5a). For the cyclobutane pyrimi-
dine dimer acceptor, a formacetal-linked thymine dimer phosphoramidite
was prepared, which was found to be accessible in large quantities [50]. Both
the flavin base and the formacetal-linked thymidine dimer, were finally in-
corporated into DNA strands like 7-12 (Scheme 5c). As depicted in
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Fig. 2 Reversed phase HPLC analysis of a solution containing the oligonucleotide 7 during
irradiation (0-11 min). The dimer containing DNA strand elutes at a retention time of
about 16.5 min. The DNA strand after cycloreversion of the dimer elutes at about 19 min.
Clearly evident is the clean formation of the product DNA strand upon irradiation
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Scheme 5 a Flavin-H-phosphonate and formacetal-linked thymine dimer phospho-
ramidite used for the synthesis of the flavin and dimer containing DNA-strands 7-12. b
Representation of a reduced flavin- and formacetal-linked cyclobutane pyrimidine dimer
containing DNA strand, which upon irradiation (hv) and electron transfer (ET) performs
a cycloreversion (CR) of the dimer unit. ¢ Depiction of the investigated oligonucleotides

Scheme 5b, solutions (pH=7.5) of these DNA strands were subsequently ir-
radiated under anaerobic conditions, after reduction of the flavin with sodi-
um dithionite [51]. HPLC analysis of samples removed from the assay solu-
tion during such an irradiation experiment showed clean transformation of
the T¢=T-containing DNA strands into the repaired T{T-containing DNA
strands (Fig. 2). These experiments showed for the first time that a reduced
flavin, if incorporated into DNA, can inject an extra electron into a DNA du-
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plex. This electron is successfully captured by the cyclobutane pyrimidine
dimer. The dimer performs in response to single electron reduction a cy-
cloreversion within the oligonucleotide environment.

The cycloreversion experiments showed a clean Ty=T-DNA to T{T-DNA
transformation. No by-products were detected, which supports the idea that
DNA may be more stable towards reduction compared to oxidation. Even
heating the irradiated DNA with piperidine furnished no other DNA strands
other then the repaired strands, showing that base labile sites - indicative
for DNA damage - are not formed in the reductive regime. The quantum
yield of the intra-DNA repair reaction was therefore calculated based on the
assumption that the irradiation of the flavin-T(=T-DNA strands induces a
clean intramolecular excess electron transfer driven cycloreversion. The
quantum yield was found to be around ®=0.005, which is high for a photo-
reaction in DNA. A first insight into how DNA is able to mediate the excess
electron transfer was gained with the double strands 11 and 12 in which an
additional A:T base pair compared to 7 and 8 separates the dimer and the
flavin unit.

Investigation of these double strands 11 and 12 gave the surprising result
that repair in these strands was only by a factor of two less efficient com-
pared to 7 and 8, although the distance was increased from 3.4 Ato 6.8 A.

For a more detailed investigation of excess electron transfer over larger
distances it became apparent that the analytical detection of the ring-open-
ing reaction of the thymine dimer would be a fundamental problem. Partic-
ularly in long oligonucleotides the available analytical techniques like HPLC
or capillary electrophoresis failed to detect dimer reversal. This problem was
solved with the development of the silyl-spaced thymine dimer depicted in
Scheme 6a [52]. Incorporation of this dimer building block into flavin-con-
taining DNA, and careful treatment of the DNA with fluoride, allowed us to
cleave the silyl-bridge in the dimer, while leaving the sensitive flavin electron
donor intact. Using the silyl-dimer and the fluoride treatment, DNA strands
were prepared which contained beside the flavin, a cyclobutane dimer with
an opened backbone, as depicted in Scheme 6b. Irradiation of solutions con-
taining these DNA strands under the usual anaerobic conditions, after re-
duction of the flavin with dithionite, initiated again the electron transfer
(ET) reaction, which now prompted a clean strand break. This allowed us to
translate the excess electron transfer event in DNA into a DNA cleavage pro-
cess, readily detectable by gel electrophoresis or ion exchange HPLC
(Scheme 6b). With this technology in hand, analysis of the long range excess
electron transfer properties of DNA was possible. The investigation was per-
formed with the five DNA-strands 13-17 depicted in Scheme 6¢ [53].

Figure 3 shows an ion exchange HPLC analysis of the irradiation experi-
ment performed with the duplex 13. The starting duplex 13 elutes at a reten-
tion time of 13 min. The cleaved DNA strand has a retention time of 11 min.
Clearly evident again is the clean conversion of the unrepaired duplex 13
into the cleaved, “repaired”, DNA fragment.

In strand 13, the flavin donor and the dimer acceptor are adjacent to each
other, located at a distance of 3.4 A. In the other four strands 14-17, the dis-
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Fig. 3 Ion exchange HPLC analysis of an irradiation experiment performed with the
DNA duplex 13 over a total irradiation time of 10 min. Clearly evident is the clean con-
version of the duplex 13 into the cleaved duplex

tance is increased to 13 A (14), 17 A (15), 20.4 A (16) and 23.8 A (17). The
distance increase was achieved by incorporation of an increasing number of
A:T base pairs between the flavin and the dimer. Analysis of the cleavage ef-
ficiency under identical illumination conditions (360+5 nm) revealed 2.2%
repair per minute in the double strand 14. This value decreased to 1.8% re-
pair per minute in 15, to about 1.0% repair per minute in 16, and to a final
value of 0.8% per minute in 17. These data show that an excess electron can
indeed efficiently travel over a distance of at least 24 A to repair a thymine
dimer reductively at a remote site [53]. Up until this result, remote thymine
dimer repair was only observed in the oxidative “mode” involving long
range hopping of a hole to a thymine dimer by the Barton group [18, 54,
55]. It is still under debate to whether the oxidative remote thymine dimer
repair is more or less efficient than the competing guanine radical cation
formation, followed by the reaction of this nucleobase radical cation with
water or oxygen to give oxidative DNA lesions [17].

The rather small decrease of the repair efficiency with increasing distance
indicates that the excess electron might not travel by a Marcus mechanism.
The Marcus model predicts a decrease of the cleavage efficiency by a factor
between about 7 and 10 with every additional A:T base pair introduced be-
tween the dimer and the flavin [56, 57]. The observed decrease by just a fac-
tor of less than two in our experiment points to an excess electron hopping
mechanism, in which the electron hops via intermediate thymines, which in
such a scenario function as stepping stones along the electron transfer path-
way. Our result therefore supports radiolysis and EPR data, which suggest
that an excess electron can hop through DNA above a temperature of —80 °C
[5, 58-60].
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4
Excess Electron Transfer in DNA:PNA Hybrid Double Strands

Recently it was speculated that the transfer of a charge through DNA is ac-
companied by a movement of counterions along the outside of the polyan-
ionic DNA double strand [13, 15, 16]. In order to investigate how the trans-
fer of a negative charge through a duplex would be influenced by charges at
the outside of the duplex, the DNA:PNA duplexes depicted in Fig. 4 were
prepared. The PNA strand features a neutral peptide backbone [61]. Lysin-
residues (L) at both ends of the PNA strand introduce even positive charges
at the N- and the C-termini. In these strands we inserted the flavin into the
PNA part, while the dimer remained in the corresponding DNA strand. The
excess electron has to hop consequently in these constructs in an intermo-
lecular fashion from the PNA strand to the opposite DNA strand in order to
reach the dimer. The DNA:PNA strands (Fig. 4) were irradiated, again under
anaerobic conditions after reduction of the flavin with dithionite.

Analysis of the assay solution by ion exchange HPLC showed efficient di-
mer repair, with quantum yields (©=0.002) very similar to those obtained
for the DNA:DNA situation. These studies confirmed that an excess electron
transfer proceeds even between strands and that changing one polyanionic
strand into a neutral strand does not change the electron transfer efficiency
dramatically. Using the DNA:PNA hybrid strands with the rather large dis-
tance between the flavin and the dimer, it was also shown that the excess
electron can move even through these hybrid duplexes over a relatively large
distance [62]. In duplex P2, the distance between the F1 and the T=T is in-
creased from 3.4 A (P1) to about 17 A (P2). In P2, the T=T cleavage is by a
factor of about 12 less efficient, showing that every additional base pair be-
tween the two redox partners on averages reduces the cleavage efficiency
again only by a factor of about 2. We next explored the distance dependence
of the electron transfer process with the two double strands P4 and P6. Here
again the distance is increased from 3.4 A (P4) to 17 A (P6). In P4 and P6,
the distance effect is, however, much more pronounced. The splitting effi-
ciency is reduced in P6 by a factor of about 100 and is in consequence only
slightly above background. The much stronger distance dependence was
confirmed with the double strand P5, in which the cleavage efficiency is re-
duced already by a factor of 30, although the distance is only increased to
about 10 A realtive to P4.

The fact that the stacking situation also influences the excess electron
transfer was finally established with the double strands P3 and P7. P3 ex-
hibits increased fraying of the T=T containing double strand ends due to a
lack of proper base pairing. Strand P7 contains, instead of F1, the flavin do-
nor F2, which is located more deeply inside the duplex. The transfer effi-
ciency responds to both changes. The excess electron transfer is decreased
in P3 compared to P1 and increased in P7 relative to P5.
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dimer in the DNA strand. ¢ Indicates unstructured melting. M.p.= melting points of the
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5
Excess Electron Transfer in Flavin-Capped DNA Hairpins

In order to gain a more detailed insight into how the flavin and thymine di-
mer orientation may influence the excess electron transfer process, rigid
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Fig. 5 Flavin-capped and dimer containing DNA hairpin for excess electron transfer
studies through DNA

hairpin molecules were recently prepared in which a flavin bridge forms the
head of a DNA hairpin. These hairpin molecules are much more rigid than
normal DNA double strands, so that the distance and the orientation of the
dimer and the flavin relative to each other are much better defined. Initial
studies with these novel hairpin molecules, depicted in Fig. 5, show that ir-
radiation after reduction of the flavin head with dithionite provides efficient
dimer cleavage. Further studies are now underway to clarify precisely how
the distance, the orientation and the base sequence between the flavin and
the dimer modulate the excess electron transfer process [63]. We hope that
these studies will allow us to decipher how the electron hopping competes
with the irreversible protonation of the involved radical anions.

6
Conclusions

Flavin-cyclobutane pyrimidine dimer and flavin-oxetane model compounds
like 1-3 showed for the first time that a reduced and deprotonated flavin is a
strong photo-reductant even outside a protein environment, able to transfer
an extra electron to cyclobutane pyrimidine dimers and oxetanes. There
then spontaneously perform either a [27+27] cycloreversion or a retro-
Paternd-Biichi reaction. In this sense, the model compounds mimic the elec-
tron transfer driven DNA repair process of CPD- and (6-4)-photolyases.

Incorporation of an artificial flavin nucleobase and of a cyclobutane pyri-
midine dimer building block into DNA:DNA double strands, DNA:PNA hy-
brid duplexes, and DNA-hairpins, provided compelling evidence that an ex-
cess electron can hop through DNA to initiate dimer repair even at a remote
site. The maximum excess electron transfer distance realised so far in these
defined Donor-DNA-Acceptor systems is 24 A. New experiments are now in
progress to clarify whether even larger transfer distances can be achieved.

Because DNA is much more stable under reductive conditions, excess
electron transfer may in the future, open the door to side reaction free
chemistry at a distance, and may pave the way for DNA-based nanoelectron-
ics devices.
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