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PREFACE TO SERIES

Most stable compounds and functional groups have benefited from numerous mono-

graphs and series devoted to their unique chemistry, andmost biologicalmaterials and

processes have received similar attention. Chemical and biological mechanisms have

also been the subject of individual reviews and compilations. When reactive inter-

mediates are given center stage, presentations often focus on the details and

approaches of one discipline despite their common prominence in the primary

literature of physical, theoretical, organic, inorganic, and biological disciplines.

The Wiley Series on Reactive Intermediates in Chemistry and Biology is designed

to supply a complementary perspective from current publications by focusing each

volume on a specific reactive intermediate and endowing it with the broadest possible

context andoutlook. Individual volumesmay serve to supplement an advanced course,

sustain a special topics course, and provide a ready resource for the research

community. Readers should feel equally reassured by reviews in their speciality,

inspired by helpful updates in allied areas and intrigued by topics not yet familiar.

This series revels in the diversity of its perspectives and expertise. Where some

books draw strength from their focused details, this series draws strength from the

breadth of its presentations. The goal is to illustrate the widest possible range of

literature that covers the subject of each volume. When appropriate, topics may span

theoretical approaches for predicting reactivity, physical methods of analysis, strate-

gies for generating intermediates, utility for chemical synthesis, applications in

biochemistry and medicine, impact on the environmental, occurrence in biology,

andmore.Experimental systemsused to explore these topicsmaybe equally broad and

range from simple models to complex arrays and mixtures such as those found in the

final frontiers of cells, organisms, earth, and space.
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Advances in chemistry and biology gain from a mutual synergy. As new methods

are developed for one field, they are often rapidly adapted for application in the other.

Biological transformations and pathways often inspire analogous development of new

procedures in chemical synthesis, and likewise, chemical characterization and

identification of transient intermediates often provide the foundation for understand-

ing the biosynthesis and reactivity ofmanynewbiologicalmaterials.While individual

chaptersmay draw froma single expertise, the range of contributions containedwithin

each volume should collectively offer readers with a multidisciplinary analysis and

exposure to the full range of activities in the field. As this series grows, individualized

compilations may also be created through electronic access to highlight a particular

approach or application acrossmany volumes that together cover a variety of different

reactive intermediates.

Interest in starting this series came easily, but the creation of each volume of this

series required vision, hard work, enthusiasm, and persistence. I thank all of the

contributors and editors who graciously accepted and will accept the challenge.

STEVEN E. ROKITA

University of Maryland
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INTRODUCTION

More than a century ago, observations were reported in a period of less than five years

fromdistinct fields thatwould comprise a large portion of the basis of radicalmediated

DNA damage. X-rays were discovered in 1895 and used to treat tumors shortly

thereafter. In addition, by the turn of the twentieth century the Fenton reaction was

reported and in 1900 Gomberg proposed the formation of the first carbon-centered

radical. These seemingly disconnected reports were ultimately determined to overlap

significantly. X-rays were found to kill tumor cells by oxidatively damaging DNA.

Hydroxyl radical, which is produced from hydrogen peroxide in the Fenton reaction,

was found to be a primary reactive species responsible for DNA damage mediated by

gamma radiolysis. Finally, the connections are completed by the formation of radicals

in DNA. The carbon-centered (and other) DNA radicals are produced from hydroxyl

radical by hydrogen atom abstraction, as well as by addition to p-bonds.
The complexity of this chemistry becomes immediately apparent upon considering

the size and heterogeneity of DNA, as well as the variety of experimental conditions

(e.g., O2, redox active metal ions, hydrogen atom donors) under which damage is

induced.

Despite the complex nature of oxidative DNA damage, a broad range of scientists

using avariety of physical and analyticalmethods havemade significant contributions

to our understanding of this chemistry during the latter half of the twentieth century.

Clemens von Sonntag, a leader in this field, summarized much of this research in his

seminal book The Chemical Basis of Radiation Biology (1987). By using ionizing

radiation in conjunction with various techniques such as mass spectrometry and EPR

spectroscopy, scientistswere able to identify products, observe reactive intermediates,

and proffer mechanisms of nucleic acid damage. Recent contributions describing

significant advances in computational aspects of radiation damage, as well the direct

ix



effects of ionizing radiation, the role of reactive species other than hydroxyl radical

produced by ionizing radiation, the effects of electron affinic radiosensitizing agents

on DNA radical chemistry, and the exciting realization of the role of low energy

electrons in DNA damage, are described in this book.

Investigations in which ionizing radiation is used to initiate DNA damage face the

limitation that they lackcontrol overwhich reactive intermediates are producedor they

cannot control where nucleic acids are damaged. The advent of solid phase oligo-

nucleotides synthesis, modern mass spectrometry methods capable of analyzing

biopolymers directly (e.g., MALDI-TOF MS and ESI-MS), and the assimilation of

biochemical techniques such as gel electrophoresis and the utilization of nucleic acid

modifying enzymes provided chemists with the wherewithal to probe oxidative DNA

damage with greater precision. By utilizing these tools in conjunction with chemical

synthesis of oligonucleotides containing modified nucleotides, chemists were able to

simplify studies on nucleic acid damage and in the process uncover mechanistic

complexities andunrecognized reactionpathways. In addition, the applicationof these

and other state-of-the-art techniques facilitated elucidating the pathways for electron

transfer inDNAthat canbe initiateddirectly or indirectly by ionizing radiation, aswell

as the utilization of DNA damage as a means for understanding protein–DNA

interactions, the mechanisms of drugs and other species that target DNA, and the

utilization of DNA damage as a chemical sensor. Experts on the respective topics also

review advances in each of these areas in this compilation.

I am grateful to all of the contributors to this book. Their research and that of others

described within have provided a deeper understanding of this biologically and

technologically significant area of science and have also provided the basis for future

investigations and applications of radicals in nucleic acid damage in general. Finally, I

want to thankProfessor StevenRokita for having thevision andmotivation to establish

Reactive Intermediates in Chemistry and Biology, as well as for inviting me to

participate in this project.

MARC M. GREENBERG

Johns Hopkins University
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FIGURE 6.1. Chemical structures (a) and CPK models (b) of thymine, 5-bromouracil, and

5-iodouracil.

FIGURE 6.3. (a) Structure of B-form DNA. Close-up view of the ABrU sequence (b), and its

side view (c). C5 of the uracil-5-yl radical is depicted in yellow.

FIGURE 6.4. (a) Structure of A-form DNA. (b) Close-up view of ABrU step in the A-form

(black) and the B-form (red).



FIGURE 6.5. Estimated transition states of H abstraction in A- (a,b) and B-form (c,d) DNA.

RNA and DNA are shown in blue and magenta, respectively. A red ball indicates an abstracting

H atom.

FIGURE6.6. (a) Structure of Z-formDNA. (b) Close-up views of theGU sequence and its side

view. (c) C5 of the uracil-5-yl radical is shaded yellow.



FIGURE 6.7. Structure of the d(CGCGCG)2–Za complex.

FIGURE 6.8. (a) Structure of the Sso7d–DNA complex. (b) Close-up view of the TU step and

(c) its side view. C5 of the uracil-5-yl radical is shaded yellow.

FIGURE 6.9. Structure of human telomere sequence 50-AGGG(TTAGGG)3-30 in an NaCl

solution and a close-up view of the diagonal TTA loop region. C5 of the uracil-5-yl radical is

shaded yellow.
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FIGURE 6.10. The ribonolactone residue is formed at the diagonal loop of the antiparallel
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under irradiation at 302 nm.The hybrid structure does not produce ribonolactone residues in the

presence of Kþ ions.
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FIGURE 6.15. Electron transfer from Sso7d to BrU in the 50-d(ITAATBrUAC)-30 sequence.

FIGURE 6.16. Close-up view of the structure of the Sso7d-d(GTAATTAC)2 complex. Trp24

moiety (electron donnor) and BrU (acceptor) are shown in pink and blue, respectively.



FIGURE 7.1. (a) Chemical structure of naphthalimide (NI) attached to the 50-end of DNA,

sequences of the NI-modified DNA, and the kinetic scheme for photoinduced one-electron

oxidation of A, hole transfer throughAs, hole trapping at G, and charge recombination in DNA.

(b) Transient absorption spectrum for NI–A6–G, observed 200 ns after laser flash excitation

(100mMDNA in 20mMNa phosphate buffer (pH 7.0) and 100mMNaCl). Inset: Time profile

monitored at 400 nm. (c) Decay profiles forNI–An–G (n¼ 4–8)monitored at 400 nm, following

excitation of NI with a 355-nm laser pulse.

FIGURE 7.2. Strategy for the kinetic study of long-distance hole transfer process. Molecular

representation for 30-mer DNA conjugated with naphthalimide (NI) and phenothiazine (PTZ),

which work as a photosensitizer and hole acceptor, respectively, and schematic illustration for

hole injection via hole transfer between As and long-distance hole transfer process via hole

transfer between G through DNA.
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FIGURE 7.6. Schematic representation, kinetic model, and simultaneous differential equa-

tions for hole transfer process through DNA of various sequence patterns.
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FIGURE 7.7. (a) Time profiles of the transient absorption of PTZ
.þ monitored at 520 nm

for G–An–G (n¼ 1–3). (b) Plots of logarithm of the hole transfer rate versus distance between

Gs (r) for G–An–G (black) and G–Tn–G (red).
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FIGURE 7.8. Sequences and time profiles of the transient absorption of PTZ
.þ monitored at

520 nm during the 355-nm laser flash photolysis of an Ar-saturated solution of NI- and

PTZ-modified DNAs with GC repeat sequences.
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1
THEORETICAL MODELING
OF RADIATION-INDUCED
DNA DAMAGE

ANIL KUMAR AND MICHAEL D. SEVILLA
Department of Chemistry, Oakland University, Rochester, MI 48309, USA

1.1. INTRODUCTION

Ionizing radiation causes a variety of damages to DNA in living systems. Thus, the

understanding of radiation-induced chemical processes leading to specific damage in

DNA is of substantial biological importance.1–10Radiation ionizes each component of

DNA (i.e., base, sugar, phosphate) and the surrounding water molecules in a random

fashion and produces a cascade of secondary electrons,most ofwhich are below15 eV

andaredesignatedas low-energyelectrons (LEE).LEEareproduced ina largequantity

(4� 104 perMeV energy deposited)11 along the tracks of the ionizing radiation and

havebeen shown to result in directDNAdamage inmodel systems in the seminalwork

of Sanche and co-workers, who found that LEEs create single- and double-strand

breaks(SSBsandDSBs) inDNAthroughdissociativeelectronattachment (DEA).12–18

These findings having been substantiated by the work of others.19–22 Only a small

fraction of LEE result in DNA damage, because most electrons are thermalized and

either recombine with positive charge (“hole”) or are captured by the pyrimidines

[thymine (T) and cytosine (C)], resulting in radical anion formation.During ionization

events, all the bases are randomly ionized and “holes” (radical cations) are formed,

which travelwithinDNA toward the base having lowest ionization potential, the order

being guanine (G)< adenine (A)< cytosine (C)� thymine (T).2 Therefore, in a

randomly ionized DNA double strand, the hole tunnels or hops from one base to

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
Copyright � 2009 John Wiley & Sons, Inc.
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the next, finally localizing on guanine to form the guanine radical cation (G.þ).1–3, 7–9

Ionization radiation also induces holes on the sugar–phosphate backbone site that lead

to two competitive reactions: (i) deprotonation of the sugar cation radical at a carbon

site resulting in the formation of neutral sugar radicals at carbon C0
1 to C0

5 sites
23–28

and (ii) transfer of hole to a nearby base in DNA.28

Since most sugar radicals lead to DNA strand breaks, sugar radical formation in

DNA becomes of crucial importance to the biological consequences of radiation.

Recently, it has been found that irradiation of DNA by a high LET (linear energy

transfer) radiation, a high-energy argon ion beam,23 produced a far higher yield of

sugar radicals thanwas found by a lowLETradiation, g-irradiation. The authors report
that the excess sugar radicals were created within the track core.23 The energy density

in the track core is high and results in ionizations and excitations in close proximity.

For this reason, itwas hypothesized that excited states of radical cationsmight result in

the neutral sugar radicals in the core of the ion track. To test this hypothesis, recent

experiments in our laboratory were performed on the photoexcitation of guanine and

adenine radical cations (G.þ, A.þ) in DNA model systems.24–27 It was found that

excitedDNAbase cation radicals formed high yield of sugar radicalswhich confirmed

the proposed hypothesis.24–27

While strand breaks are biologically significant, it is combinations of DNA

damages known as multiple damage sites (MDS) that are the most lethal type of

DNA damage. Such combinations of single- and double-strand breaks and base

damageswith 10base pairs are known to lead to irreparable damagebecause of the loss

of local structural information. High-LET radiations (a particles, atom ion beams,

neutrons) are found to be about 10 times more damaging than the low-LET radiations

such as b particles, X rays, and g rays in the production of such damage.

From the above discussion, it is evident that ionization and excitation are the initial

events inDNAdamage. As the damage unfolds from these initial events, the processes

maybecome complex in nature; however, the simplicity of the initial events allow for a

clear understandingof these initial processes.Thus ionization, excitation, and electron

addition to DNAbases have been extensively treated by theoretical calculations using

a variety of methods with density functional theory (DFT) perhaps the most useful to

large systems. The advent of substantial computing power and the availability of

inexpensive computational resources29 allows the application of more sophisticated

level of theoretical calculation such as TD-DFT, Møller–Plesset perturbation theory

(MP2), CCSD(T), and CASPT2 that can shed light on the underlying chemical

processes controlling the DNA damage. A close agreement between theory and

experiment is expected, given an appropriate use of theory. In this review we present

recent investigations that employ theory to aid understanding of DNA base and sugar

radical formation, via ionization, excitation, and electron attachment toDNA.Specific

topics include (1) ionization energies and electron affinities of bases and base pairs,

(2) excited states of radical DNA base cations and their roles in leading to sugar

radicals, (3) the role of excited states of DNA base anion radicals in the formation of

LEE (low-energy electron)-induced DNA single-strand breaks, (4) the nature of hole

delocalization in adenine stacks systems including the usual stability of the dimer

radical cation (A2)
.þ and its importance to the unusual long-range hole transfer within
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A stacks in DNA, and (5) the prototropic equilibria found for the guanosine radical

cation, which also modulates hole transfer in DNA.

1.2. DIRECT EFFECT OF IONIZING RADIATION IN RADICAL ION

FORMATION

As described in the Introduction, the direct interaction of ionizing radiationwithDNA

initially creates “hole” (cation radical) in DNA and ejects an electron that is usually

captured as an anion radical in DNA. Electron spin resonance (ESR) spectroscopy

studies show that for g-irradiated salmon testes DNA at 77K, the relative amounts of

the observed initial ion radicals are: 35% guanine radical cation (G.þ) with a small

amount (< 5%) of adenine radical cation (A.þ) with nearly equal amounts of thymine

and cytosine radical anions (T.�, C.�) summing to�45%.30, 10 The remaining fraction

of 10–15% is made up of neutral radicals primarily on the sugar–phosphate back-

bone.30, 10 Theminimumenergy required to forma radical cation is estimated from the

ionization potential (IP), while the energy of formation for the anion radical is

estimated from the electron affinity (EA) of the corresponding DNA base, sugar,

and phosphate. The determination of these fundamental properties are of substantial

importance, and much effort has been expended in this area.

Theoretical calculations ofmolecular structures of bases in their neutral and ionized

radical states, their spin density distributions, and their IPs and EAs provide valuable

information that aid interpretations of experiment. In Figure 1.1, the molecular

structures of guanine (G), adenine (A), thymine (T), cytosine (C), uracil (U) (present

in RNA), and sugar moiety are shown.

FIGURE 1.1. Molecular structures of guanine (G), adenine (A), cytosine (C), thymine (T),

uracil (U) and sugar moiety, present in DNA/RNA. In the sugar moiety, B shows the site of base

attachment.
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1.2.1. Ionization Potential of DNA Bases and Base Pairs

The vertical ionization potential (IPvert) of DNA bases G, C, A, and T in the gas phase

has been measured experimentally using photoelectron spectroscopy by Hush and

Cheung31 while the corresponding adiabatic ionization potential (IPadia) values were

measured by Orlov et al.32 using photoionization mass spectrometry in the gas phase.

Recently,Kimand co-workers33 reported the ionization potential of thymine (T) using

the high-resolution vacuum ultraviolet mass-analyzed threshold ionization (VUV-

MATI) spectroscopy. The ionization potential of a neutral molecule M is the energy

required to remove an electron from themolecule. In Figure 1.2, theoretical estimates

of the IPvert, IPadia are shown. If the energies are zero point energy (ZPE)-corrected, the

ionization potentials are referred to as ZPE-corrected (IPzero). Another quantity, the

nuclear relaxation energy (NRE), calculated as the differencebetween IPvert and IPadia,

is of interest because it provides an additional energetic barrier to “hole” transfer

within DNA. Figure 1.3 shows the experimental IPs of A, T, G, and C along with their

NRE energies. Using different theoretical methods, the gas-phase ionization potential

of DNA bases were also calculated.34–41 A comparison of the theoretically calculated

IP values of G, A, C and T along with their corresponding experimental values are

presented in Table 1.1. In Table 1.1, we see that both theory and experiment predict the

same order of ionization potential of DNA bases as G<A<C<T.

The adiabatic ionization potentials of adenine and cytosine have been studied using

CCSD(T)/6-311þþG(3df, 2p) level of theory,38 and the corresponding values are in an

excellent agreement with those calculated using experiment, see Table 1.1. Recently,

Cau€et et al.39 used the MP2 method to calculate the vertical and adiabatic ionization

potentials of DNA bases. In their study, they added another polarization function (ad)

FIGURE 1.2. Diagram showing the definitions of vertical ionization potential (IPvert) and

adiabatic ionization potential (IPadia).
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for C, N, and O atoms to the standard 6-31G(d) basis set, resulting in the so-called 6-

31G(2d(0.8, 0.1), p) basis set. Use of this basis set gave good values of IPs which are in

close agreement to the experimental values, except for IPvert of adenine.Generally, it is

found that unrestricted MP2 (UMP2) method for open-shell systems (here cation

doublet state) is largely spin contaminated and as a result the calculated IPswere found

to be quite high.40 In this context, Crespo-Hernandez et al.40 used projected MP2

(PMP2) method for the calculation of IPs of DNA bases, see Table 1.1. Recently, Yang

et al.42 measured the ionization potentials of mono-, di-, and trinucleotide anions of A,

T, G, and C using photodetachment–photoelectron (PD–PE) spectroscopy, and they

found that 20-deoxyguanosine 50-monophosphate anion (dGMP�) has the lowest

ionization potential among all the DNA nucleotides. In their study, the electron

detachment occurred from a p orbital of guanine base on dGMP�; however, for
the other three nucleotide anions, the lowest ionization takes place from the phosphate

group. This observation is likely valid for the gas phase but is not relevant to solutions

where the solvation of the phosphate groupmakes it theDNAcomponent of highest IE.

Furthermore, it is well known that bases are the sites of the lowest ionization in DNA

from numerous experimental studies, and the presence of solvation and counterions

near the phosphate groups when included show this to be the case by theory.43, 44

There are several factors such as base pairing, base stacking, and solvation in DNA

that significantly affect the ionization potential of bases in DNA. It is well known that

solvation lowers the ionization potentials of bases by several electron volts when

compared to the corresponding gas-phase values. In a study, Kim et al.45 have found

that ionization potentials of adenine and thymine decreasewith the increasing number

of hydrating water molecules and hydration by three water molecules decrease the

FIGURE1.3. Experimentally estimated adiabatic and vertical ionization potentials ofG,A,C,

and T. The nuclear relaxation energy (NRE) is also shown in parentheses. G0, A0, C0, and T0

designate the neutral molecules.
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ionization potentials of A and T by 0.7 eV than their gas-phase values.31–33 Recently,

the vertical ionization potentials of A, T, G, and C in aqueous medium was calculated

by Close46 using polarized continuum model (PCM) and the projected MP2/6-

31þþG(d, p) andB3LYP/6-31þþG(d, p)methods. After solvation energy correction

of the electron (�1.3 eV), both themethodsgave similar values of ionizationpotentials

of guanine 4.77 (4.71), adenine 5.08 (5.05), cytosine 5.24 (5.32), and thymine 5.36

(5.41) (the numbers in parentheses are the PCM-B3LYP calculated values).46 These

calculated values use a unusual standard state for the ejected electron. An electron in

water at the conduction band edge (V0)
43 is employed as the final electron state not the

gas-phase electron, and this lowers the IP by 1.3 eV. Without this correction the

corresponding IPvet values at B3LYP/6-31þþG(d, p) level of calculation are 6.01 (G),

6.35 (A), 6.62 (C), and 6.71 (T).

The ionization potentials of DNAbases in GC andAT hydrogen-bonded base pairs

were calculated by Colson et al.47 using HF/3-21G and HF/6-31þG(d)//HF/3-21G

methods in Koopmans’ approximations which were further refined by Li et al.48, 49

using the B3LYPmethod and the 6-31þG(d) basis set (Hutter andClark50 andBertran

et al.51). The calculated IPvert for GC andAT base pairs, by Li et al.48, 49, were found to

be 7.23 and 7.80 eV; however, the zero-point energy (ZPE)-corrected adiabatic IP of

GCandATwere found tobe 6.90 and7.68 eV, respectively.The IPadia values ofGCand

AT pairs due to Li et al.48, 49 are in good agreement (within 0.2 eV) with those earlier

calculated by Hutter and Clark50 and Bertran et al.51

The effect of hydration on the ionization potential of GC and AT base pairs was

studied byColson et al.52, 53 usingHF/3-21G andHF/6-31þG(d)//HF/3-21Gmethods

and Koopmans’ approximation. In the calculation, they used four water molecules to

solvate the base pairs; and the calculated IPvert of GC and AT base pairs, at HF/3-31G

level of theory, were found to be 7.80 and 8.59 eV, respectively. However, the

corresponding IPadia, calculated at the HF/6-31þG(d)//HF/3-21G level of theory,

was found to be 6.53 and 7.45 eV. Strangely, these values were higher than the

corresponding gas-phase ionization potential values of theGC andAT base pairs.52, 53

Each water molecule acting as a hydrogen-bond donor to the base increases the IP,

while eachwater molecule in the hydrogen-bond acceptor configurationwith the base

lowers the IP.52, 53 Therefore, it seems that four water molecules in the calculation of

Colson et al.52, 53 were not enough to fully account for the solvation shell surrounding

thebasepairs, andmostof thewaters act as hydrogen-bonddonors.53Recently,Barnett

et al.54 studied the duplex DNA d(50-(G)n� 30), for n¼ 2, 3, considering the

crystallographic structures, counterions (Naþ) near the phosphate group, and solvat-
ing water molecules. Their calculated values of vertical and adiabatic IPs are

substantially lower than expected, perhaps as a result of the involvement of nonequi-

librium conformations in local minima which place counterions in sites to lower the

IPs. The ionization potentials of base pairs in the stacked conformation have also been

studied theoretically.55–57 The vertical ionization potential of stacked bases and base-

paired dinucleotides were calculated by Sugiyama and Saito57 using 3-21G� and 6-

31G� levels within Koopmans’ approximation. With 6-31G� level of theory, the

ionization potentials of G, GG, GGG, and GGGG were found to be 7.75, 7.28, 7.07,

6.98.57 The above discussion clearly shows that base pairing, stacking, hydration, and
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the local environment significantly affect the ionization potentials of the DNA bases,

usually by lowering values.

1.2.2. Acid and Base Properties of Ionized DNA Bases and Base Pairs

Following radiation, the one-electron-oxidized purines (G.þ, A.þ) and one-electron-
reduced pyrimidines (C.�, T.�) in DNA become quite reactive in comparison to their

neutral forms. Theoxidizedpurines become stronger acids andundergodeprotonation

reactions, whereas the reduced pyrimidines become stronger bases and undergo

protonation reactions. A competitive reaction to deprotonation for DNA base cation

radicals is the addition of hydroxyl ions that formbase hydroxyl adducts. This can lead

tobiologically significant damages suchas8-oxoG. In addition, electron–hole transfer

and intra-base-pair proton transfer reactions also occur.58–60 This intra-base pair

proton (Hþ) transfer in DNA can slow or stop charge transfer processes in DNA.58–61

Such proton transfer process strongly depends on the pKa value of the base radical ion

involved. Steenken58–60 first considered the proton transfer reactions between base-

pair ion radicals from experimental measurements on nucleoside ion radicals and

concluded that acidity of the complementary oxidized purine base and basicity of the

radical anion (pyrimidine base) would affect the extent of such a proton transfer

process.58–61 Experimental values of the pKa of G
.þ, A.þ, C.þ, and T.þ are 3.9, < 1

(strong acid), �4.0, and 3.6.58–61 On the other hand, the pKa of C
.� and T.� were

reported to be as �13.0 (strong base) and � 6.9, respectively.58–61

Theoretical calculations of a pKa is very sensitive and a modest change in energy

can change the pKaby several units. However, using theDFTmethod the pKa values of

oxidizedDNAbases have also been calculated62–64 to reasonable accuracy. In a recent

study,65 the pKa of A.þ was calculated as �0.3 using B3LYP/6-31G� method in

reasonable agreementwith experiment and shows thatA.þ should be a strong acid that

deprotonates spontaneously in the presence of solvent. To confirm this, a hydration

shell around the adenine base of deoxyadenosine radical cation (dA.þ) was modeled

by placing seven water molecules and optimized the geometry using the B3LYP/6-

31G� method, shown in Figure 1.4a. In the optimized structure of (dA.þþ 7H2O), it

was found that in the presence of solvent the N6--H
0 bond is elongated by �0.1A

	
as

compared to the corresponding bond length in gas phase (see Figure 1.4a).

Furthermore, the potential energy surface (PES) of the deprotonation of N6--H
0

bond from the optimized structure of (dA.þþ 7H2O) was calculated by increasing

the N6--H
0 bond in the step size of 0.1 A

	
from its equilibrium bond distance (1.127A

	
),

see Figure 1.4a. From the PES, it was found that N6--H
0 bond deprotonates in the

presence of solvent without any barrier (for details see reference 65). Figure 1.4b,

shows the formation of H3O
þ from the deprotonation of dA.þ. These theoretical

results clearly predict that dA.þ is a strong acid in agreement with experiment.58–61

The proton transfer reactions in GC and AT base pairs in their radical cation and

anion states have been studied using Hartree–Fock (HF) and DFTmethods.47, 49–52 In

these calculations the proton transfer energies were calculated as the difference

between total energies of the ionized radical base pair before and after proton transfer.

For GC and AT radical cations a small proton transfer energy �2 kcal/mol was
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predicted at the HF/3-21G�47, 52 and B3LYP/6-31G�50, 51 level of theories. Li et al.49

calculated the transition state and the corresponding enthalpy (DH) and the free energy
(DE) for the inter-base proton transfer in GC and hypoxanthine–cytosine base pairs in

their cation and anion states using theB3LYP/6-31þG(d)method. In their calculation,

the forward barrier for the proton transfer in GC radical anion was calculated to be

0.84 kcal/mol; however, in GC radical cation, the corresponding barrier was found to

be 2.96 kcal/mol.49 Also, the proton transferred radical cation (G.þCPT) was found to

be unstable by�1.25 kcal/mol compared toG.þC,while the proton transferred radical
anion (GC.�PT) was more stable by 3.73 kcal/mol than GC.�.49 Thus these calcula-
tions predict a highly favored proton transfer in GC anion radical and as predicted

proton transfer from G to C has been observed on a nanosecond time scale using

resonance-enhanced multiphoton ionization (REMPI) by Nir et al.66

1.2.3. Gase-Phase Electron Affinities of DNA Bases and Base Pairs

The electron affinity of a neutral molecule (M) is effectively the binding energy of an

excess electron to the gas-phase molecule. The various processes that occur during

electron molecule interactions are shown in Figure 1.5. Upon electron addition, the

geometry of a neutral molecule undergoes nuclear relaxation to the geometry of the

adiabatic anion (M�). Electron attachment to the neutral molecule without nuclear

relaxation yields the vertical electron affinity, and on relaxation the overall energy

change gives the adiabatic electron affinity. If the anion ismore stable than the neutral,

positive electron affinities (VEA and AEA) are obtained, as shown in Figure 1.5. This

topic has long been the subject of significant biological significance; and theoretical

methods [including PPP, semiemperical (AM1), and DFT] and high-level methods

FIGURE 1.4. B3LYP/6-31G� optimized geometries of (a) deoxyadenosine cation radical in

the presence of sevenwatermolecules (dA
.þþ 7H2O). The arrow on the elongatedN6--H

0 bond
in this figure indicates that the elongation of this N6--H

0 bond leads to deprotonation in the

surroundingwater shell (shown in b) and (b) hydronium ion (H3O
þ) formation fromA

.þ owing

to deprotonation of the structure in a. (Reprinted with permission from reference 65, J. Am.

Chem. Soc. copyright 2008, American Chemical Society.)
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FIGURE 1.5. A diagram showing the potential energy surfaces (PES) of the formation of

anionic molecule (M�) after electron attachment (e�) to the neutral molecule (M). Different

processes occur during electron attachment: (i) Vertical electron affinity (VEA), (ii) adiabatic

electron affinity (AEA), and (iii) vertical detachment energy (VDE) are shown. As can be

inferred from the diagram, VEA and VDE represent the lower and upper bounds to AEA.

[such asMP2, and CCSD(T)] have been applied to evaluate the electron affinities of

G, C, A, T, and U.34, 67–73 From theory and experiment, it is well known that all the

bases (A, T, G, C, and U) have negative vertical electron affinity values in gas

phase.34, 67, 74, 75 While all the bases have negative VEA, the adiabatic electron

affinities (AEAs) of bases (C, T, and U) are found to be near zero76–78 and still

negative for A and G34, 74, 79 (see Table 1.1). Under solvation, the radical anionic

states of the bases become substantially stabilized and trap the excess electron,

thereby preventing autodetachment. Although the DFT method has been widely

used to evaluate the electron affinities of DNA bases and base pairs, it is noted that

DFT calculated values are overestimated by about 0.15 eVover experimental values.

The use of high-level ab initio methods such as CCSD(T) and CBS-Q are found to

provide the best estimates of AEAs. The experimental electron affinity values of A,

T, G, C, and U along with the best estimates from theory are presented in Table 1.1.

In recent years, a number of reviews have appeared in the literature that cover the

topic of DNA base EA.7, 9, 72

As described above, the vertical electron affinities (VEAs) of all the bases are

negative, whereas their adiabatic electron affinities (AEAs) are near zero (Table 1.2).

When the binding energy for “valence bound” anions is near zero or below, “dipole-

bound” (DB) anions can form in gas phasewhen the dipolemoment of themolecule is

larger than 2.3 debye. Dipole-bound binding energies are small, generally less than a

100meV76, 78 with the electrons held in very diffuse states to the side of the molecule.

Since each of the DNA bases have a sizeable dipole moment, each can form “dipole-

bound” anions in the gas phase. Because of negative VEAs and substantially small

AEAs (�0) of the bases, the accurate prediction of EAs of bases using theory is a

complex task. Also, the use of diffuse functions in the basis set mix the valence states
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TABLE 1.2. Experimental and Best Estimated Theoretical Gas-Phase Valence

Electron Affinities of Bases (eV)

Adiabatic

Vertical Experiment
DFT Ab Initio

Bases Experiment Theory Valence DBe,g,l Valence Valence

G �0.74a �1.25c — �0.75h �0.52i

A �0.54a �0.74d — �0.35h —

�0.45b — — — —

C �0.32a �0.55d — 85� 8g �0.05h �0.13 j

�0.55b — — —

T �0.29a �0.30d � 0 f 69� 7l 0.15h 0.02k

— — 62� 8g — —

— —

U �0.22a �0.27d � 0 f 93� 7l 0.20h 0.002 j

�0.30b — 86� 8g — 0.040m

— —

aElectron transmission spectroscopy (ETS) results due to Aflatooni et al.74 For G, VEAwas estimated for

keto tautomer from enol tautomer experimental value (�0.46 eV) plus the calculated difference in total

energies between the two tautomers (0.28 eV).
bRydberg electron transfer spectroscopy (RET) results due to Periquet et al.79

cBest estimate from B3LYP/D95Vþ(D) trends for other bases.70

dB3LYP/6-311G(2df, p) values due to Vera and Pierini69 and Wetmore et al.36

eValues are in milli-electron volts.
fEstimated from stable valence anion complexes—for example, U(Ar)�.
gReference 78. Dipole-bound (DB).
hBest estimates from DFT basis set dependence study due to Li et al.70 DFT values are generally

overestimated by 0.15 eV.
iReference 82.
jCalculated using CBS-Q. Reference 83.
kCCSD(T) correction to MP2 complete basis set (CBS) limit including ZPE correction. See Reference 84.
lReferences 76 and 78. Dipole-bound (DB).
mReference 73.

with “dipole-bound” states and do not provide a good estimate of the valence electron

affinities.69, 70 A number of theoretical methods are available in the literature to deal

with the negative electron affinities of molecules.68–70 It is also found that use of a

compact basis set that confines the electron to the molecular framework produces a

good estimate of the VEAwith absolute values estimated with interpolation techni-

ques.34 Li et al.70 used the B3LYP method and several basis sets and show the trends

when diffuse states (dipole bound) mix with the valence states. However, in the

presence of aqueous medium, these diffuse states are destabilized and valence anions

are stabilized by several electron volts. As expected, experiments in aqueous phases

using electron spin resonance (ESR) spectroscopy show that stable anion base radicals

are found for all DNA bases.80, 81

The electron affinities of isolatedDNAbases change on base-pair formation. In this

context, Bowen and co-workers85 studied the radical anions of ATand 9-methyl-A:1-

methyl-T (MAMT) using photoelectron spectroscopy (PES) and B3LYP/6-31þG��
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(6d) method. They calculated the vertical detachment energy (VDE) of the MAMT

anion base pair as 0.77 eV, which corresponds very well to their experimental value.

However, in AT radical anions the B3LYP/6-31þG��(6d) calculated value 0.89 eV

was quite different from the experimental value of 1.7 eV.85 However, they found a

proton-transferredAT radical anion structurewhich has the VDE value comparable to

the experimental value. The substantial positiveVDE from this studydemonstrates the

occurrence of stable valence anion formation on base pairing. The excess electronwas

localized on the p� orbitals of thymine in both AT and MAMT radical anions as

expected. The gas-phase electron affinities of AT and GC base pairs have been

calculated by several other workers.48, 86–88 For AT the AEAs lie in the range

0.30–0.36 eV, while for GC base pair the AEAs lie in the range 0.49–0.60 eV,

respectively. In each case the electron localizes on the pyrimidine; thus, base pairing

increases the electron affinity ofTby�0.3 eVandCby�0.6 eV.The larger increase in

the EA of C over T on base pairing results from the fact that G provides two donor H

bonds to C, whereas A provides only one donor H bond to T (see Figure 1.6). Each

donor H bond raises the EA of the recipient molecule by 0.1–0.3 eV.

A large change in electron affinity values and the nature of excess electron binding

with U, T, and C have been observed experimentally with the addition of water

molecules by Bowen and co-workers,77 Periquet et al.,79 and Schiedt et al.78 These

studies show that the first water increases the EA by �0.3 eV and that subsequent

waters have decreasing contributions as the number ofwaters increases, and for up to 5

waters the EAs of T, C, and Uwere estimated to be 1.1, 1.0, and 1.4 eV,78 respectively.

Interestingly, the experimentally observeddipole bound states of all the pyrimidine (T,

C, andU) radical anions ingas-phase transform tovalencebound states on additionof a

singlewatermolecule and, asmentioned above, in an aqueousmediumT, C, andU are

predicted to have substantial positive valence electron affinities77–79 as found

experimentally.80, 81

The effect of bulk solvent on molecular ion radicals can be modeled by several

methods including: (i) treating the solvent by the polarized continuum model (PCM)

and (ii) placing a number of discrete water molecules around the molecule often

followed by the PCMmodel for completeness. Though the former approach is simpler

to study it lacks the hydrogen bonding between solute and solvent while the second

approach takes into account the hydrogen bonding between solute and solvent

(waters). However, this method is computationally very expensive and also misses

the full effect of the solvent unless followed by a PCM calculation of the entire

FIGURE 1.6. Diagram showing GC and AT base pairs in Watson–Crick conformation.
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structure. Using the above-mentioned approaches, the electron affinities of DNA

bases and base pairs have been studied in a number of publications in recent

years.70, 89–98 Using B3LYP/DZPþþ level of theory, Schaefer and co-workers90–92

calculated the electron affinities of T, C, and U in the presence of 1–5 waters and their

calculated ZPE-corrected absolute electron affinities of T, U, andCwith 5waters were

calculated to be 0.65, 0.74, and 0.61 eV.90–92 respectively. However, using the PCM

model and the B3LYP/D95Vþ(D) method, Li et al.70 calculated the AEAs of G, C, A,

T, andU as 1.01, 1.89, 1.53, 2.06, and 2.15 eV, respectively. A large difference between

these twocalculations is obvious because former90–92 calculations lack thebulk solvent

effect. In another study, AEA of the thymidine monophosphate-adenine (50-dTMPH-

A) pair was calculated using the PCM model and the B3LYP/DZPþþ method as

2.05 eV,93 while the AEA of anAT base pair in the presence of 13waters was predicted

to be 0.97 eVat B3LYP/6-31þG� level of theory.97 In a recent study,98 the EA of GC

base pair was also calculated using B3LYP/6-31þG� method in the presence of 6 and

11 waters and ZPE-corrected AEAs were found to be 0.74 and 0.95 eV, respectively.

However, the incorporation of the bulk solvent (water) through the PCM model

increased the AEAs of these (GCþ 6H2O and GCþ 11H2O) complexes to 1.77 eV. In

this study, surprisingly itwas found that the hydration shell initially destabilizes theGC

base pair toward electron capture as a transient anion. Energetically unstable diffuse

states (s� orbitals) in the hydration shell were suggested to provide an intermediate

state for the excess electron before molecular reorganization of the water molecules

results in a stable base-pair anion formation. To confirm this conclusion, the first

excited state of thevertical radical anionofGCþ 11H2Ocomplexwas calculated using

time-dependent density functional theory (TD-DFT) using TD-BHandHLYP/

6-31þG� level of theory, and a very small transition energy 0.33 eV having

transition SOMO(p) ! LUMO(s�) in nature with a small oscillator strength

was found (see Figure 1.7). In adiabatic state, the excess electron localized on

the p orbitals of the cytosine as expected. In the adiabatic state, it is also found that a
water molecule was hydrogen-bonded with the C6 atom of cytosine, as shown by an

arrow in Figure 1.7c.

1.2.4. Role of Excited States in LEE-Induced Strand Break Formation

Interaction of low-energy electrons (LEEs) with DNA is a subject of significant

biological importance, and in recent years it has been treated extensively using

experiment1–22, 99–102 and theory.103–126 It is now recognized as a component of the

complex processes leading to radiation induced DNA damage. In this context, the

recent experiments of Sanche and co-workers12, 100 showing that low-energy electrons

in the energy range 0–4 eV (below the ionization threshold of DNA) can induce strand

breaks in DNA attracted intense interest because it represents a new mechanism of

strand breaks formation in DNA. Recent experiment by Illenberger and co-workers11

also confirmed that LEEs in the subexcitation energy (<3 eV) effectivelydecomposes

uracil in gas phase. Thus, from these experiments it is well established that these LEEs

induce a variety of DNAdamage such as (i) hydrogen atom loss from base, (ii) single-

strand break,12, 13, 100 (iii) glycosidic bond cleavage,13, 16 and (iv) fragmentation of
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deoxyribose.21 Based on experiments, two types of mechanisms have been proposed

which lead to dissociation processes: (i) Dissociative electron attachment (DEA)

occurs in which LEEs are initially captured by the DNA components (bases,

deoxyribose, and phosphate) to form transient negative ions (TNI)19–22, 101, 102

resulting in dissociation at that site. (ii) LEEs are initially captured by the bases

into their p� MOs (shape resonance) and transferred to the sugar–phosphate group

resulting in strand breaks.100

A number of theoretical papers have been appeared in the literature103–126 that

elucidate mechanisms of LEE-induced strand break formation in DNA. Simons’s

group108–111 first proposed the “electron-induced” indirect mechanism of strand

breaks formation using 50-dTMP and 50-dCMP as model systems. In their

model,108–111 they proposed that initially an excess electron is captured into the p�
MOs (shape resonance) of thymine or cytosine base in 50-dTMP and 50-dCMP; and

during elongation of the C--O bond the electron transfers to the s� orbital of C50--O50

FIGURE1.7. Plots of HOMO (H), HDMO (HD), LUMO (L), and SOMO (S) ofGC-11H2O in

(a) neutral, (b) vertical (TNI), and (c) adiabatic radical anion along with respective molecular

orbital (MO) energies (eV) calculated using the BHandHLYP/6-31þG��//B3LYP/6-31þG��

method. The TD-BHandHLYP/6-31þG�� calculated first vertical excitation energy (oscillator
strength) between S(p) ! L(s�) is also shown by a broken arrow in part b. In part c, an arrow

shows the location of the water molecule hydrogen bonded with the C6 atom of cytosine.

HDMO¼Doubly occupied highest molecular orbital. (Reprinted with permission from

reference 98, J. Phys. Chem., copyright 2008, American Chemical Society.)
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bond in the sugar–phosphate group, leading to C--O bond cleavage108–111 Later, Gu

et al.112, 113 refined the calculations of Simons et al.108–111 using the B3LYP/DZPþþ
level of theory and calculated the transition state for the dissociation of C50--O50 and

C30--O30 bonds in pyrimidine nucleotides anion radicals in their adiabatic states and

supported the proposed mechanism of Simons et al.108–111 It is clearly evident that

these studies proposed the occurrence of strand breaks from trapped electron into thep
orbital on the base. However, it is well known that in a solvent environment, when an

electron is stabilized in theporbital on the base, no strand breaks are found.127This has
also been supported by a recent study using B3LYP/6-31G�� method, in which the

C50--O50 bond cleavage of a 5
0-dTMP radical anionwas calculated in the presence of 11

water molecules, and the phosphate group was neutralized by a Naþ counterion.115

This study115 clearly demonstrated that under solvation the barrier height of C50--O50

bond cleavage was calculated to be almost two times the corresponding gas-phase

value.Also, from the singlyoccupiedmolecular orbital (SOMO)plot, itwas found that

transfer of excess electron from thymine to theC–Obond did not take place even at the

transition state.115 Li et al.104 proposed the direct mechanism of strand breaks

formation inDNAby considering the sugar–phosphate–sugar (S–P–S)model without

a base moiety using B3LYP/6-31þG(d) level of theory and calculated the barrier

height (�10 kcal/mol) forC50--O50 andC30--O30 bonds dissociation. In theirmodel, they

proposed the direct attachment of an excess electron to the sugar–phosphate group,

leading to strand breaks. However, the calculated spin density distributions in this

model showed a “dipole bound” anionic state rather than a valence bound state.7, 104

Nevertheless, the low energy for dissociation shows that a weakly associated excess

electron has the potential to fragment the deoxyribose backbone.

Though these theoretical models aid our understanding of strand break formation,

they do not answer several important questions such as: (i) What is the role of initially

formed transient negative ion (TNI)? and (ii) What is the role of various TNI excited

states created during the low-energy electron–molecule interaction in strand breaks

formation? These aspects have been investigated in recent studies.115, 116 Using the

B3LYP method and 6-31G� and 6-31þþG�� basis sets, the potential energy surfaces
(PESs) of C50--O50 bond dissociation in 50-dTMPH radical anion were calculated in

both adiabatic (relaxed anion) and vertical (TNI) states.115 Itwas found that the barrier

height of C50--O50 bond dissociation in the vertical (TNI) state was lower than that in

the adiabatic state. Since during TNI formation the unoccupied molecular orbitals

(UMOs) of neutral 50-dTMPH molecule are available to capture the excess electron,

the first few UMOs of 50-dTMPHwere also calculated and their orbital energies were

scaled to the available experimental values.74 The scaled orbital energy values of

five UMOs of 50-dTMPH and their nature were calculated as 0.53(p1�), 1.56(p2�),
1.80(s1

�), 2.23(s2
�), and 2.64(s3

�), respectively, and p� ands� orbitals were localized
on the thyminebaseandon thesugar–phosphategroup, respectively.Formthis study,115

it was evident that below 2 eV the orbitals on a phosphate group as well as on a base

are available to capture the LEEs. Therefore, it seems that during TNI formation

the lowest UMOs will excite the vibrational mode and result in the strand breaks.

It is well known that during electron–molecule interaction, different excited states

are also involved. Their study can provide important information about the energy and
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nature of these states, which are those produced after capture the electron. Using the

time-dependent density functional theory (TD-DFT),116 the excited states of the anion

radical of 50-dTMPH as a model of DNAwere studied recently.116 The geometries of

50-dTMPH molecule in their neutral and radical anionic states were optimized using

the B3LYP/6-31G� method, and the lowest vertical excited states were calculated

using theB3LYPandBHandHLYP (BH&HLYP)methods using a 6-31G� basis set. In
this study,116 the use of a 6-31G� (compact) basis set was emphasized because LEE

resonances form TNIs, which are equivalent to the excited states of electron adduct of

the parent neutral molecule. Since these resonances can be in continuum, the use of a

compact basis set avoids the mixing of valence states to the continuum states.70 Also,

the suitability of the TD-B3LYP/6-31G� and TD-BH&HLYP/6-31G� methods for the

calculation of excited states were extensively tested for several anion radicals for

which experimental or theoretically calculated values were available (for details

see supporting information of reference 116). Furthermore, both the methods

were also tested to calculate the excitation energies for DNA/RNA bases for

which the experimental shape resonance values are available74 (see Table 1.3).

Both methods were found suitable for the test cases, but for the excited-state

calculation of the 50-dTMPH radical anion the TD-BH&HLYP/6-31G� method

was found to be more appropriate than the TD-B3LYP/6-31G� method. The failure

of the B3LYP method is well known because it underestimates the long-range

Coulomb interactions in charge transfer states. However, the use of increased

Hartree–Fock exchange 50% in BH&HLYP over 20% in B3LYP is found to be

suitable to describe the long-range charge transfer states. Although in this class of

study,116 charge transfer states are not created during excitation and only electron

transfer between the nominally neutral portions of themolecule occurs. Inviewof this,

the excited states of 50-dTMPH radical anions in vertical and adiabatic radical anion

states were calculated using the TD-BH&HLYP/6-31G� method. In this work, the

PESs of C50--O50 bond dissociation in 50-dTMPH radical anions was stretched from

their equilibrium bond length to 2.0 A
	
in the step size of 0.1A

	
, respectively. At each

fixed C50–O50 bond length on the PES, the lowest excited states were calculated. In

Figure 1.8, thevertical excited states of 50-dTMPH radical anions in the adiabatic state

are shown. In the adiabatic state, TD-BH&HLYP predicted three lowest excitation

energies as p(T) ! p(T)�, p(T) ! s(PO4)�, and p (T) ! s(S)� type (here T, PO4,

and S refer to thymine, phosphate, and sugar group as shown in Figure 1.8) having

transition energies 3.03, 3.40, and 3.85 eV, respectively. Also, these transitions are

dominant one-electron excitations having contributions of about 61%, 87%, 87%,

respectively.

As already mentioned, TNI formation plays an important role in the DEA

mechanism leading to strand breaks and resonance formation.21, 74, 115 Thus, the

excited states of 50-dTMPH radical anions were calculated at the optimized geometry

of neutral 50-dTMPH (TNI formation) using the TD-BH&HLYP/6-31G� method as

shown in Figure 1.9. The TD-BH&HLYP/6-31G�-calculated lowest three transitions
were found to be p(T) ! s(PO4)�, p(T) ! p(T)�, and p(T) ! s(S)� in nature,

having transition energies 1.42, 1.68, and 2.06 eV, respectively. The calculated second

transition p(T) ! p(T)� (1.68 eV) is found to be in good agreement with the
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experimental ETS value (1.71 p2�) of thymine74 (see Table 1.3). This also confirms

the accuracy of the TD-BH&HLYP/6-31G� calculated excitation energy for the

second p� surface (see Figure 1.9). Also, from Figures 1.8 and 1.9, it is clearly

evident that SOMO is p type in ground state and is localized on the thymine base as

found by others103, 105, 108–115 and known from experiment. The barrier height for

C50--O50 bond dissociation (in ground state) increases with the elongation of C50--O50

bond to the transition state (TS) and their values in adiabatic and in vertical (TNI)

states are 23.3 and 18.7 kcal/mol as shown in Figures 1.8 and 1.9. It is also found that

the first and second excited-state surfaces in the adiabatic state (Figure 1.8) and the

second and third excited-state surfaces in the vertical state (Figure 1.9) show the

bound character with the increase of C50–O50 bond. However, the second excited-

state surface in the adiabatic state (Figure 1.8) and the first excited-state surface in

the vertical state (Figure 1.9) show the dissociative nature. Such a dissociative

nature of p ! s� in the excited state has already been established for a number of

molecules.128–130 This study clearly predicts that a <2 eV electron can directly

attach to the sugar–phosphate group during TNI formation (Figure 1.9) and cause

TABLE 1.3. Vertical Excitation Energies (DE, eV) of Transient Negative Ion (TNI)

of DNA/RNABases Calculated Using TD-B3LYP/6-31G� andTD-BH&HLYP/6-31G�

Methods and Their Comparison with Available Experimental Valuesa

Transition Molecule

DE

B3LYP BH&HLYP Experimentb,c

— Uracil — — 0.22 (p1�)
p ! p� 1.33 1.85 1.58 (p2�)
p ! p� 4.27 4.73 3.83 (p3�)
— Thymine — — 0.29 (p1�)
p ! p� 1.38 1.89 1.71 (p2�)
p ! p� 3.86 4.46 4.05 (p3�)
— Cytosine — — 0.32 (p1�)
p ! p� 1.55 1.91 1.53 (p2�)
p ! p� 4.47 5.06 4.50 (p3�)
— Adenine — — 0.54 (p1�)
p ! p� 0.88 1.0 1.36 (p2�)
p ! p� 1.89 1.86 2.17 (p3�)
— 50-dTMPHd — — (0.53 T)d

p ! p� 1.16 1.68 (1.56 T)d

p ! s�e 0.18 1.42 (1.80 PO4)
d

p ! s�e 0.70 2.06 (2.23 S)d

aTransition energies of radical anions were calculated at the optimized neutral geometry of the molecules.
bEnergies of the shape resonances in the electron transmission spectroscopy (ETS) experiment.

Reference 74.
cp1� corresponds to the energy of the singly occupiedmolecular orbital (SOMO), and its differencewith p2�

and p3� orbital energies gives the estimate of the transition energies.
dScaled B3LYP orbital energies (VOE). Reference 115.
eElectron transfers from thymine (p) to PO4 and sugar (s) part of 5

0-dTMPH. (Reprinted with permission

from reference 116, J. Am. Chem. Soc., copyright 2008, American Chemical Society.).
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strand breaks formation inDNA. The excited states ofs� symmetry (p(T) ! s(PO4)�
transitions) are not populated directly, owing to their short lifetimes; however, they

can be populated through vibronic coupling with the neighboring p� states

(p(T) ! p(T)�). Thus, p� and s� coupling would lead to a rapid dissociation process.
The temporary anion states of trimethyl phosphate and several P¼O group containing

compounds were recently studied by Burrow et al.131 using ETS, and the authors also

concluded that resonances on phosphate groups are delocalized and s� in nature.

Recently, the calculations on electron scattering from A and B forms of DNA model

due to Caron and Sanche122 concluded that irrespective of the internal electron

diffractions inDNA, the capture probability of electron ismuch larger on the phosphate

group than the other components. Also, the yields of single- and double-strand breaks

induced by 0–4 eV incident electrons were studied by Martin et al.,100 and they found

two peaks at electron energies 0.8� 0.3 and 2.2 eV. The TD-BH&HLYP/6-31G�-
calculated first transition energy p(T) ! p(T)� (1.7 eV) of TNI is in reasonable

agreement with the observe second peak at 2.2� 0.3 eV.100

FIGURE 1.8. Lower curve shows the adiabatic ground-state potential energy surface for

C50--O50 bond dissociation in the 5
0-dTMPH radical anion calculated using BH&HLYP/6-31G�.

Upper curves show the vertical excitation energies calculated using TD-BH&HLYP/6-31G�

method. The lowest pp� state (&) and lowest ps� states (~) are shown. The SOMO in ground

state and MOs involved in excitations are shown as well. Energies and distances are given in

electron volts and angstroms, respectively. (Reprinted with permission from reference 116, J.

Am. Chem. Soc., copyright 2008, (American Chemical Society.)

18 THEORETICAL MODELING OF RADIATION-INDUCED DNA DAMAGE



1.3. FORMATION OF SUGAR RADICALS VIA PHOTOEXCITATION OF

ONE-ELECTRON OXIDIZED NUCLEOSIDES AND OLIGOMERS

Sugar radicals are formed in relatively low amounts (10–15% of all radicals) in g-
irradiated double-stranded DNA at 77K while DNA base ion radicals constitute the

major radical species (85–90%).80, 23, 132 However, it is these carbon-centered sugar

radicals that lead to the most important types of DNA damage (e.g., C10
. sugar radical

results in an abasic site), while, C30
., C40

., and C50
. sugar radicals result in strand break

formation24, 133–136 There are two principal mechanisms for the sugar radical forma-

tion: (i) the abstraction of a hydrogen atom from the sugar moiety by the hydroxyl

radical (OH.)24, 133–136 and (ii) direct ionization of sugar–phosphate backbone

followed by rapid deprotonation.136 Recently, another mechanism of direct sugar

radical formation from electronic excitation of one-electron-oxidized bases (G.þ and

A.þ) was proposed.23–28, 132, 137, 138 In this mechanism,23–28, 132, 137, 138 shown

in Scheme 1.1, photoexcitation induces hole transfer from G.þ to the sugar ring,

which is followed by a rapid deprotonation at specific carbon sites on the sugar

ring.23–28, 132, 137, 138

As indicated in the Introduction, thismechanism originated from theworkwith ion

beam irradiations in which high concentrations of sugar radicals were formed

FIGURE 1.9. Lower curve: Potential energy surface (PES) of the 50-dTMPH transient

negative ion (TNI); calculated in the neutral optimized geometry of 50-dTMPH with

C50--O50 bond elongation. SOMO is shown at selected points.Upper curves: Calculated vertical

excitation energies of the radical anion at each point along the PES,MOs involved in excitations

are also shown. Energies and distances are given in electron volts and angstroms, respectively.

The lowest pp� state (~) and lowest ps� states (&) are shown. (Reprinted with permission from

reference 116, J. Am. Chem. Soc., copyright 2008, American Chemical Society.)
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predominantly along the ion track, where ionizations and excitations are in close

proximity. The proposed hypothesis was experimentally verified using visible pho-

toexcitation of G.þ and A.þ in DNA and a number of model systems of deoxyri-

bonucleosides, dinucleoside phosphates, oligonucleotides, and RNA model systems

and oligomers.24–28, 137, 138 In model systems, a high yield of conversion of G.þ to

sugar radical formation (80–100%) was found, while with oligos of increasing length

and DNA the yield was found to fall off to �50%.24, 26, 27 This experimental

observation was further supported by theoretical calculations using time-dependent

density functional theory.26–28 The excited states of G.þ26 and A(-H).27 were studied

using TD-B3LYP/6-31G� method, which clearly shows the all the transitions in the

near-UV–visible range originate from the inner shell (core)molecular orbitals (MOs),

andmanyof them involvedbase-to-sugar hole transfer26, 27 as proposed inScheme1.1.

The experimental studies were further extended to larger model systems such as

dinucleoside phosphate TpdG cation radical,28 and the photoexcitation of G.þ in

TpdG radical cations resulted in�87%conversionofG.þ to sugar radicalswhichwere
found to be located at the C10 and C30 sugar sites.

Theoretical studies of excited states of a number of dinucleoside phosphates, such

as TpdG, dGpdG, dApdA, dApdT, TpdA, and dGpdT in their cationic radical states,

were also performed using TD-B3LYP/6-31G(d) method to gain a better understand-

ingof several aspects of photoinducedhole transferwithinDNA.28, 139 In these studies,

the ground-state geometries of dinucleoside phosphates in their radical cation states

were optimized in the B-DNA conformation at the B3LYP/6-31G(d) level of

theory.28, 139 The effect of solvation of the dinucleoside phosphate radical cations

was considered through the polarized continuum model (PCM), and the vertical

excitations energies were calculated using the TD-B3LYP/6-31G(d) method (for

details see reference 139). For each case, the 20 lowest electronic transition energies,

arising from the inner shell (core) molecular orbitals (MOs) to the singly occupied

molecular orbital (SOMO) of b-spin, were calculated.28, 139 It was found that the first
electronic transition in everycase involvinghole transfer frombase to base is ap ! p�

SCHEME 1.1. Proposed mechanism of the sugar radical formation (e.g., C50
.
) via photoexci-

tation of G
.þ. (Reprinted with permission from reference 138, J. Phys. Chem., copyright 2008,

American Chemical Society.)
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transition.28, 139 However, other higher-energy transitions involved hole transfer from

base to sugar–phosphate region. In this context, an experimental wavelength-depen-

dence study of sugar radical formation fromG.þ in 20-deoxyguanosine (dGuo) and in
DNA was also carried out by Adhikary et al.26 by varying the photoexcitation

wavelength from visible to UV range. Interestingly they found that while in dGuo

the sugar radical formation was independent of wavelength of light, the formation of

sugar radicals in dsDNA only occurred below 540 nm.26 Thus, the TD-DFT

study28, 139 clearly supports the experimental observations.26 As an example, in

Figure 1.10, we present the selected transitions S1, S2, S3, S12, S18, and S20, which

cover the visible to near-UV range for the dGpdTradical cation as calculated using the

TD-B3LYP/6-31G(d)method.139All six transitions are fromcoreMOs toSOMO, and

they are also shown in Figure 1.10.

Frommolecular orbital plots in Figure 1.10, we see that SOMOaswell as SOMO-1

are localized on guanine and thymine rings in the dGpdT radical cation. Also, in

Figure 1.10, the first three transitions (S1–S3) correspond to the three lowest transi-

tions, while the other three transitions (S12, S18, and S20) have been chosen which

correspond to the dominant molecular orbital contribution from a single inner MO.

From Figure 1.10, it is clearly evident that the first transition (S1) is p ! p� and

involves the hole transfer from guanine to thymine (base-to-base) in dG.þpdTwith a

transition energy of 1.0 eV. However, the other transitions involve hole transfer from

base to sugar ring and occur at higher energies> 1.7 eV. In this study, it was also found

that the computed first transition (S1) energy in all the cases was comparable to those

FIGURE1.10. TD-B3LYP/6-31G(d)-computed transition energies of selected transitions of a

dGpdT cation radical. Excitation energies are given in electron volts. (Reprinted with

permission from reference 139, J. Phys. Chem., copyright 2006, American Chemical Society.)
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calculated using the CAS-PT2 level of theory reported by Blancafort and Voityuk140

except for (dApdA).þ. The TD-B3LYP method is not suitable for long-range charge

transfer excited states as pointed out by Head-Gordon and co-workers.141 However, a

detailed analysis of transition energy calculation using an approximate approach141

clearly demonstrates that the TD-B3LYP method works quite well for this class of

molecules (for details see reference 139). This is because hole migration is not

equivalent to a charge transfer state inwhich charge separation occurs (hole and excess

electron). Only in the latter case is coulombic interaction between the induced charges

a factor. It is this interaction that is poorly treated by DFT, whereas for hole migration

no such interaction exists.

1.4. RADICALS AND TAUTOMERS OF DEPROTONATED GUANINE

RADICAL CATION (G.þ)

Guanine has the lowest ionizationpotential of theDNAbases, and for this reason it acts

as a trap for the hole (positive charge) during oxidative processes on DNA such as

ionization, followedby long-range hole transfer. It iswell known that the acid and base

properties of ionized bases (A, T, G, C, and U) are quite different from their

corresponding neutral states58–61 (see Section 1.2.2), with anion radicals undergoing

protonation and cation radicals undergoing deprotonation reactions. Thus, one-

electron-oxidized guanine (G.þ) has a far lower pKa value (�3.9) than its neutral

guanine (9.0).58–61 Prototropic equilibria involving G.þ in an aqueous environment

(shown in Scheme 1.2) are therefore highly relevant to its subsequent chemistry.

N

NN

N
H

R

O

N

H

H

N

NN

N
H

R

O

N

H

H

N

NN

N
H

R

O

N
H

H

N

NN

N
H

R

O

N
H

H

N

NN

N
H

R

O–

NH

H

1

2 2
3

4

5
67

8 9

+

G G(N1-H)

G(N2-H)   (syn)
G(N2-H)   (anti)

G(–2H)

–H+ –H+

pKa = 3.9 pKa = 10.8

SCHEME 1.2. The numbering scheme and prototropic equilibria of one-electron-oxidized

guanine cation radical (G
.þ), the monodeprotonated species, G(N1-H)

.
and G(N2-H)

.
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and anti-conformers with respect to the N3 atom and the dideprotonated species, G(--2H)
.�).

(Reprinted with permission from reference 157, J. Phys. Chem., copyright 2006), American

Chemical Society.)
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Upon deprotonation of G.þ (see Scheme 1.2), two isomeric radicals can form: (i)

G(N1-H). resulting from deprotonation from N1 and (ii) G(N2-H). resulting from

deprotonation from N2. Also, G(N1-H). and G(N2-H). (syn) have been suggested

(from experiment) to be nearly isoenergetic because in aqueous environment the

radical cations derived from 20-deoxyguanosine (dGuo.þ) and 1-methyl-20-deoxy-
guanosine (1MedGuo.þ) have similar pKa values of 3.9 and 4.7, respectively.142–144

SinceN1 site in 1MedGuo.þ is blocked by amethyl group, onlyG(N2-H). forms upon

deprotonation.144 Pulse radiolysis studies144–146 suggested the formation ofG(N1-H).

without any specific evidence. At higher pH, G(N1-H). further deprotonates from

N2 site, which gives G(-2H).� with a pKa of 10.8144 (see Scheme 1.2). ENDOR

studies of irradiated single crystals of guanine and their derivatives147, 148 reported

that G(N2-H). was the species form by deprotonation. These experimental observa-

tions142–144 raised serious questions regarding the preferred site of deprotonation in

G.þ. These questions have been treated by a number of authors employing both theory

and experiment142–158 without definitive conclusions.

Recently, electron spin resonance (ESR) and the B3LYP/6-31G(d) level of theory

have been used to identify the preferred site of deprotonation from guanine radical

cation (G.þ) in an aqueous medium at low temperatures as a function of pH.157 In

this study,157 the various species and their pH ranges were identified as G.þ (pH 3–5),

G(-H). (pH7–9) andG(-2H). (>11). To be able to drawa definite conclusion about the

presence of a specific species, the geometries of all the structures shown in Scheme1.2

were fully optimized using the B3LYP/6-31G(d)method157 in the presence of a single

water molecule, placed near the N1 or NH2 sites of the molecule to compare

the relative stabilities of these tautomers. The calculated relative stabilities of

G(N1-H). þH2O, G(N2-H)
. (syn)þH2O and G(N2-H). (anti)þH2O were found

tobe 2.65, 0.0, and 3.63 kcal/mol,157 respectively. These calculations therefore predict

that G(N2-H). (syn) is the most stable species among all the three tautomers. Since a

single water molecule was not enough to fully solvate the molecule, the relative

stabilities were further calculated considering the effect of bulk solvent through

polarized continuummodel (PCM), and again G(N2-H). (syn)þH2Owas found to be

�1.00 kcal/mol more stable than G(N1-H). þH2O.
157 Using different theoretical

models,152, 154 G(N2-H). (syn) was found to be more stable than G(N1-H). by

�3.0–5.0 kcal/mol. These theoretical calculations clearly predict the presence of

G(N2-H). (syn) species, but the B3LYP/6-31G(d) calculated hyperfine coupling

constants (HFCCs) do match the ESR experimental HFCCs for single crystalline

dG but not with those ESR experimental HFCCs found in solution.157

To rectify this problem, the theoretical model was further improved by including

seven water molecules around the guanine base to consider the effect of the first

hydration shell.157 The geometries of G.þþ 7H2O, G(N1-H)
. þ 7H2O, andG(N2-H)

.

(syn)þ 7H2O were fully optimized at the B3LYP/6-31G(d) level of theory.157

Interestingly, G(N1-H). þ 7H2O was found to be more stable than the G(N2-H).

(syn)þ 7H2O by 3.26 kcal/mol; and using the PCM model, G(N1-H). þ 7H2O was

found to be still more stable than G(N2-H). (syn)þ 7H2O by 3.0 kcal/mol.157 In this

study, the strong hydrogenbondingbetweenG(N1-H). and sevenwatermoleculeswas

found to enhance the relative stability ofG(N1-H). tautomers on hydration. It was also
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noted that both the tautomers (G(N1-H). andG(N2-H). (syn)) had the same number of

hydrogen bondswith the surrounding sevenwatermolecules. Also, theB3LYP/6-31G

(d)-calculated HFCCs for G.þþ 7H2O and G(N1-H). þ 7H2O were found to be

matched very well with the experimental ESR HFCCs.157 This study strongly

supports the existence of the G(N1-H). tautomer in the aqueous environment; and
15N-substituted derivatives at N1, N2, and N3 atoms in dGuo and C-8 deuteration of

dGuo confirms that N1-H is the preferred site for deprotonation in an aqueous

environment. Similar conclusions were also drawn by Naumov and Sonntag158 using

UV–visible spectral properties and DFT study recently. Chatgilialoglu et al.155, 156

also studied the tautomers of one-electron-oxidized guanosine using UV–visible

spectral properties and the DFT method. Based on DFT results, they proposed the

presence of a transient species G(N2-H). (syn) which in the presence of a water

molecule transfers proton from N1 to N2 and becomes G(N1-H).. Their calculated

barrier height for the proton transfer using the B3LYP/6-31G� level of theory155 was
found to be 18.8 kJ/mol. However, the same calculationwas repeated in reference 157

using B3LYP/6-31G� method and barrier height was found to be 18.9 kcal/mol,

suggesting that units may have been incorrectly reported. Our work suggests that this

transfer is not needed to produce G(N1-H).155 because the low-energy pathway is

found to be directly from N1.

1.5. NATUREOFHOLEDELOCALIZATION INADENINE STACKS: THE

DIMER RADICAL CATION (A2)
.þ

The hole and electron transfer within DNA is of fundamental importance to many

research and development areas such as radiation-inducedDNAdamage and repair, as

well as DNA-basedmolecular devices and sensors.8, 159, 160 Also, while of fundamen-

tal significance, the mechanism of charge transfer in DNA is complex, involving both

tunneling and hopping with modulation by environment or proton transfer reactions.

Intra-base proton transfer inDNAplays a crucial role in controlling the charge transfer

process in DNA. Such proton transfer reactions in DNA either slow or stop the charge

transfer process in DNA.58, 61, 161–163 As already discussed in Sections 1.2.2 and 1.4,

theproton transfer reactionswill dependon thepKaof theDNAbases.While thepKaof

the guanine radical cation is near 4, the pKa of adenine radical cation (A
.þ) produced

fromdAdo in aqueous solutionwasestimatedbySteenkenandco-workers58, 61 tobe

1 (avery strong acid).However, another study164 of the pHdependence of hole transfer

from A.þ to guanine in dinucleosides phosphate ApG and GpA164 suggested that the

pKa of A
.þ increase in these systems to > 1. This result suggested an effect of base

stacking on the pKa of A
.þ. Many recent experiments165–169 have shown that stacked

adenine bases provide a route to long-range hole transfer inDNA. Thiswork finds that

hole migration in DNA through several intervening adenines transfer with little

distance dependence. These results seem inexplicable, given the known pKa of the

adenosine cation radical. Indeed the rate constants of hole transfer between adjacent

adenineswas experimentally determined in the range 108–1010 s�1,166which is slower

than the proton (Hþ) transfer rate (estimated as < 1 ps).58 This suggests that
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deprotonationwould occur before hole transfer and stop further hole transfer, which is

contradictory to recent experiments.165–169 Since deprotonation of A.þ would stop

such transfer, these recent results suggest that the pKa forA
.þ in stackedDNAsystems

must be higher than for the isolated nucleoside in solution. In a study, Barton and co-

workers169 proposed that in adenine stacks the hole is delocalized over several

adenines. Very recently, the effects of base stacking on the acid–base properties of

A.þ were clarified by an investigation using electron spin resonance (ESR) and

complementary DFT calculations.65

In this study,65 A.þ was produced by one-electron oxidation of dAdo and the

stacked DNA oligomer (dA)6 by Cl2
.� in aqueous glass. Using ESR, the presence of

A.þ in dAdo was obtained in the pH range of 3–7, while in the pH range of 9–12 the

presence of A(--H). (deprotonatedA.þ) was confirmed. As evident fromFigure 1.11a,

A.þ andA(--H). were found to be present in equal amounts at pH 8 at 150K. This ESR

study clearly shows that at 150K, A.þ has a pKa value of 8, which is quite different

from the estimated pKa (
1) ofA.þ as estimated bySteenken.58 Furthermore, it is also

well known that in an aqueous medium, dAdo tends to dimerize in the stacked

conformation at ambient temperatures170–173 having thermodynamic DG0, DH0, and

DS0 values as �4.2 kJmol�1, �27.2 kJmol�1, and �75.2 JK�1mol�1, respectively.

Based on these values,170–173 it is clear that A.þ exists in stacked form in this low-

temperature aqueous glass. DFT calculations also show that an adenine radical cation

dimer (A2)
.þ is quite stable with a calculated pKa of the dimer of 7 and that of the

monomer of�0.3 (described below). Thus, the experimental pKa value of 8 at 150K

was likely a result of base stacking, producing an adenine radical cation dimer or a

FIGURE 1.11. (a) The schematic diagram shows that A
.þ is found for pHs up to 7 and A(--H)

.

at pHs of 9 and above at 150K in 7.5MLiClH2OorD2Oglasses. At pH8, equal amounts ofA
.þ

and A(--H)
.
are found; the pKa of A

.þ is therefore�8 at 150K in these systems. In D2O glassy

samples, the corresponding pKa of A
.þ is�8.5. (b) The prototropic equilibrium ofA

.þ is found

at 150K. However, annealing to a slightly higher temperature of�160K and above allows for

molecular migration, and deprotonation is found at all pHs investigated (i.e., 3–12) in H2O

glasses. In D2O glasses, which soften at slightly higher temperatures, deprotonation of A
.þ is

nearly complete at 165K. (Reprinted with permission from reference 65, J. Am. Chem. Soc.,

copyright (2008 American Chemical Society.)
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higher multimer. At high annealing temperatures at 160 K in H2O glass, this dimer

breaks apart into monomer A.þ and deprotonates spontaneously to yield A(--H) . as

found by Steenken58 and shown in Figure 1.11b. Similar behavior of A.þ in stacked

oligomers (dA)6
174 was found at 160K.65

To better understand the nature of hole delocalization in the stacked adenine dimer,

theoretical calculationswere performedusingB3LYP,MP2,BHandHLYP,MPWB95,

and the 6-31G� basis set. The geometries of adenine (A), adenine radical cation (A.þ),
syn- and anti-adenine radical (deprotonated at NH2 group, see Figure 1.1 for syn- and

anti- convention with reference to N1 atom), adenine dimer (AB–AB)s, and adenine

dimer radical cation ((AB–AB)s
.þ) in stacked conformations were fully optimized.

Furthermore, to see the effect of an aqueous environment, the geometries of adenine

radical cation (A.þ) and ((AB–AB)s
.þ)were fully optimized in the presence of 7 and18

water molecules and designated as A.þþ 7H2O and (AB–AB)s
.þþ 18H2O. Here A

and AB refer to dAdo (see Figure 1.4) and adenine base molecule, respectively (for a

complete description, see reference 65).

As mentioned in Section 1.2.2 and shown in Figure 1.4, the pKa of A.þ was

calculated using the B3LYP/6-31G� (PCM) method and was found to be �0.3. The

B3LYP/6-31G� calculation of A.þ in the presence of a solvent environment

(A.þþ 7H2O) found that deprotonation from an NH2 group occurs without a

significant barrier (see Figure 1.4). This clearly shows the strongly acidic nature

ofA.þ reported previously for themonomer in aqueous solution. Furthermore, the pKa

of (AB–AB)s
.þwas also calculated at the same level of theory. Initially, thegeometry of

(AB–AB)s
.þ was fully optimized in the Cs symmetry using the B3LYP/6-31G�

method, and it was found that (AB–AB)s
.þ was stabilized by �12.08 kcal/mol (basis

set superposition error (BSSE) corrected). Since the B3LYPmethod is not suitable for

estimation of stacking energies in stacked neutral systems (dispersion is not treated

well), the calculations were further improved using the MP2 level of theory; and the

BSSE-corrected stabilization energy was found to be�15.64 kcal/mol. This suggests

the applicabilityof theB3LYPmethod for this class ofmolecules, stackeddimer cation

radicals, in which the binding is a charge resonance interaction. Thus after this

verification of the computational level, the B3LYP/6-31G�-calculated pKa value of

(AB–AB)s
.þ was performed and found to be 7, which is in close agreement with the

estimated value of 8 (see Figure 1.11). Thus these theoretical calculations show the

substantial binding interactions in stacked adenines such as the adenine radical cation

dimer (A2)
.þ.

The geometry of (AB–AB)s
.þþ 18H2O was fully optimized at the B3LYP/6-31G�

level of theory, and the potential energy surface (PES) for the stretching of N--H bond

was calculated starting from the equilibriumN--Hbond length to 1.45A
	
in the step size

of 0.05A
	
. The same calculation was done for A.þþ 7H2O. The PESs of N--H bond

stretching in A.þþ 7H2O and of (AB–AB)s
.þþ 18H2O are shown in Figure 1.12. In

contrast to the A.þþ 7H2Owhich showed no barrier to deprotonation, it is found that

the barrier height for (AB–AB)s
.þþ 18H2O increased with an increase of N--H bond

length, showing a clear uphill process. This supports the high pKa value of A.þ in

stacked dimer conformation as estimated by the present experiment and

calculations.65
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After obtaining a very goodmatch between theory and experiment65 of pKa values,

the spin density distributions in adenine dimer radical cation [(AB–AB)s
.þ] in gas

phase and in the presence of 18 water molecules were calculated using the B3LYP/6-

31G�method. From the spin density distributions, itwas found that spin densitieswere

equally distributed on both of the adenine rings in (AB–AB)s
.þ (see Figure 1.13a),

while in the presence ofwaters the spin density ismore localized on one of the adenine

rings (73%; see Figure 1.13b). It appears that on optimization, the relaxation of the

surrounding water molecules tend to stabilize the hole (spin density) more on one of

the adenine rings (see the upper adenine ring in Figure 1.13b). The B3LYP method is

known to overestimate delocalization as a result of the self-interaction error, particu-

larly, for odd electron containing molecular systems.175 Therefore, the spin densities

were also calculated using the HF/6-31G� method considering the B3LYP/6-31G�

generated geometries. The HF/6-31G� method also shows the delocalization of spin

density on both of the adenine rings in (AB–AB)s
.þ and localization of more spin

density on one of the adenine ring in (AB–AB)s
.þþ 18H2O as obtained with B3LYP

method, see Figures 1.13c and 1.13d.

These results clearly indicate the peculiar behavior of adenine radical cation (A.þ)
in stacks of adenines that is quite different than the behavior of the guanine radical

cation in guanine stacks where hole localization is found. In this context, the singly

occupied molecular orbital (SOMO) of dG.þpdG, (dApdA).þ and dA(--H).pdAwere

calculated using theB3LYP/6-31G�method.139 FromFigure 1.14a, it is evident that in

dG.þpdG, SOMO is localized on one of the guanines (84% spin density) at the 50 end.
In the (dApdA).þ the SOMO is equally delocalized on both of the adenine rings

(Figure 1.14b), while in the deprotonated dA(--H).pdA the spin density is totally

localized on the A(--H) adenine ring as expected (Figure 1.14c). This study shows that

FIGURE 1.12. Potential energy surface (PES) of N6--H
0 bond dissociation of (a) A.þþ 7H2O

cation radical and (b) (AB–AB)s
.þþ 18H2O cation radical in stacked conformation. The

distances and energies are given in angstroms (A
	
) and kcal/mol, respectively. See

Figures1.4 and 1.13 for structures. (Reprinted with permission from reference 65, J. Am.

Chem. Soc., copyright 2008, American Chemical Society.)
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in dG.þpdG the hole is localized; however, in (dApdA).þ the hole tends to be

delocalized.

This study65 also shows that theholedelocalizationover thedimer cation resulted in

substantial energy stabilization. For example, in comparison to the neutral adenine

dimerwhich showed onlyweak interactions of a few kilocalories, (A2)
.þwas found to

have a high binding energy of 12–16 kcal/mol depending on the level of calculation

(see details in reference 65). As already mentioned in Section 1.2.1, the nuclear

FIGURE 1.13. B3LYP/6-31G� calculated spin-density distribution shown in percentages in

(a) the base-stacked adenine dimer cation radical [(AB–AB)s
.þ] in gas phase and (b) the base-

stacked adenine dimer cation radical surrounded by 18 water molecules. On optimization, the

water molecules adjust to favor spin on one of the adenine rings in [(AB–AB)s
.þþ 18H2O]

complex. (c) and (d) are the HF/6-31G�//B3LYP/6-31G� calculated spin-density distributions
of systems shown in parts a and b, respectively. (Reprinted with permission from reference 65,

J. Am. Chem. Soc., copyright 2008, American Chemical Society.)

FIGURE 1.14. B3LYP/6-31G� calculated singly occupiedmolecular orbital (SOMO) plots of

(a) dG.þpdG, (b) (dApdA).þ, and (c) dA(--H).pdA. (Reprinted with permission from reference

139, J. Phys. Chem., copyright 2006 American Chemical Society.)
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relaxation energy (NRE) of A, T, G, C, and U are experimentally estimated from the

difference between their corresponding adiabatic and vertical ionization potential

values (see Table 1.1). Among all the bases, adenine has the lowestNRE (0.18 eV) and

guanine has the largest NRE (0.47 eV). These NRE values show that the geometrical

change in adenine radical cation in comparison to neutral adenine ismodest, while the

geometrical change in guanine radical cation in comparison to neutral guanine is

substantial. Calculations also predicted a very small NRE (0.1 eV) of adenine radical

formation in the AT base pair; however, the corresponding value for the guanine

radical cation in the GC base pair was found to be 0.3 eV.48, 49 Thus, adenine radical

cation (A.þ) has almost the same structure as it has in the neutral state. Thus in the

DNA, adenine stack tends to delocalize the hole, while guanine stack tends to localize

as a result of the large nuclear relaxation forG.þ. Blancafort andVoityuk140 calculated
the transition energy of A.þA using the CAS-PT2(11,12) level of theory and found a

very small first transition energy 0.1 eV, and they assumed this small transition energy

to be a problem in choosing the active space. But now it is clear from this study65

that this small transition energy (0.1 eV) was due to hole delocalization on both

the adenine rings. The B3LYP/6-31G� calculated transition energy (0.5 eV)

of (dApdA).þ was also found to be smallest among all the considered dinucleoside

radical cations139 because the hole in this case only was found to be delocalized (see

Figure 1.14b).

1.6. CONCLUSIONS

The wide applications of theory to the studies of DNA radiation damage summarized

in this review show that this area is of substantial and growing interest. Many

successful theoretical studies have elucidated the detailed mechanisms that help to

explain experiment. The agreement between theory and experiment is expected to

improve as the theoretical model better mimics the experimental situation.With ever-

increasing computing power and recent advances in theory, theory can be applied to

more complex problems. For example, DFT is now used routinely for largemolecular

systems, even for substantial sections of DNA. DFT, especially with B3LYP, inher-

ently has a number of limitations such as the self-interaction error that overestimates

spin delocalization, the poor accounting for the coulombic term in charge transfer

states, and poor treatment of dispersion interactions essential for DNA stacking.

However, each of these problems is being treated, and progress is being made in

corrections with new functionals. For example, recently, the development of new

functionals in DFT has been found to be very suitable to study noncovalent and

stacking interactions. Time-dependent density functional theory (TD-DFT) is found

quite successful to describe the excited state properties of ionizedDNAbases and base

pairs. Furthermore, theDFTdelocalization problemhas beendealtwith by functionals

that increase the HF exchange contribution such as BH&HLYP which has a 50% HF

exchange contribution. Thus such DFT calculations of hole delocalization in adenine

stacks have led to a new understanding of hole transfer through adenine stacks within

DNA.
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RADICAL REACTION PATHWAYS
INITIATED BY DIRECT ENERGY
DEPOSITION IN DNA BY IONIZING
RADIATION

WILLIAM A. BERNHARD

Department of Biochemistry and Biophysics, University of Rochester,

Rochester, NY 14472, USA

2.1. INTRODUCTION

Ionizing radiation—for example, X rays or g rays—can deposit energy by ionization

and excitation. In the case of DNA, the predominant source of chemical damage

is ionization. Each ionization results in a radical cation and a radical anion, more

generally referred to as a “hole” and an “electron-gain site.”The focus of this chapter is

on the reactions initiated by formation of holes and electron-gain sites produced

directly in DNA by ionizing radiation.

Understanding the mechanisms of direct radiation damage to DNA is important in

areas such as radiation risk assessment, radiation oncology, radiation sterilization, and

nanotechnology. Direct damage is radiobiologically important because about half of

theDNAdamage arises from the direct effect.1, 2 The other half arises from the indirect

effect, in which energy absorbed by the water results in OH radicals and aqueous

electrons that react with the DNA. It is important to note that the direct deposition

of ionizing energy does not break the bonds of DNA indiscriminately. Rather, it

selectively generates a relatively small set of radical cations and radical anions.

Interest in the reactivity and mobility of these radical ions extends well beyond fields

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
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related to radiation biology into applications such as the potential use of DNA in the

construction of nanoscale circuits.

The goal of this chapter is to provide an overview of the primary reaction pathways

initiated in DNA by the direct effect of ionizing radiation. The initial radical ion

species, the reaction pathways stemming from the initial radicals, and the mobility

of the DNA radicals are described in the context of a working model. This model is

supportedmainly by findings that come from the application of electron paramagnetic

resonance (EPR) and electron nuclear double resonance (ENDOR) spectroscopy to

solid-state DNA samples. Other reviews3–6 on this topic have been published over the

past decade.

By studying DNA in the solid state, the indirect effect is excluded and informa-

tion on the direct effect can be selectively obtained. EPR is exquisitely suited for

identifying radical species, measuring radical concentrations, and monitoring radical

reactions. The high sensitivity of EPR is critically important because radical con-

centrations are typically very low, about one radical per 500 base pairs. Also, because

of the transient nature of the radical species, it is advantageous to employ low

temperatures to trap the reactive radical intermediates. Irradiating DNA at 4K or

77K traps radical species that are closely related to the radicals that are initially

formed.Annealing the samples tohigher temperaturesmobilizes these trapped species

and activates radical reactions. Because this approach reveals only the primary radical

species and their successor products, it does not account for all of the chemistry

initiated by ionizing radiation, but it does account for a major fraction of the direct

damage in DNA.

The radical reactions initiated in DNA frequently go forward to form stable end

products, often referred to as DNA lesions. These lesions are not radicals; they are

diamagnetic and cannot be detected by EPR. Fortunately, given the high sensitivity

of methodologies such as gel electrophoresis, HPLC, and GC/MS, progress has

been made recently on determining the yields of some of the major lesions

produced in DNA by the direct effect. How these products correlate with the

presumed radical precursors is part of the working model described below. Note

that these lesions are produced whether the DNA is irradiated at 4 K or at room

temperature. There can be little doubt that the mechanistic understandings gained

by studying DNA radical processes between 4K and room temperature are

applicable to the process that occurs when either a hole or electron is introduced

into DNA at room temperature.

2.2. RADICAL CATIONS

2.2.1. Initial Distribution

The probability of ionizing a constituent atom or anymolecular constituent is directly

proportional to the number of electrons contained by that atom or constituent. This is

directly related toBragg’s rule and is therefore often referred to as Bragg’s rule. Using

this rule, the probability of initially forming a radical cation (a hole) at each of the six

DNA constituents is shown in Figure 2.1. Following ionization, the newly generated

hole is rapidly thermalized, producing five different types of radical cation and, at
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PO4
�, a neutral phosphate radical, PO4

.. Electron loss fromeither phosphate (PO4
�) or

deoxyribose (dRib) ismore than twiceas likely as electron loss fromanyoneof the four

bases. The DNA backbone, PO4
� þ dRib, accounts for �58% of the holes initially

deposited in DNA. None of these initial electron-loss sites generated by ionizing

FIGURE 2.1. Direct deposition of ionizing radiation creates initial sites of hole (radical cation)

formation at each of the six DNA constituents. The probability (expressed as a percentage) of

hole information at a given constituent is directly related to the number of electrons comprising

the constituent.
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radiation, however, have been directly observed in ds-DNAcontaining amixture of all

four bases, not even at 4K. This is because all of these sites rapidly undergo electron

transfer and/or deprotonation reactions.

However, some of the radical cations shown in Figure 2.1 have been observed in

DNA components under conditions that inhibit both electron and proton transfer. For

example, Thy.þ has been trapped in low-temperature glasses7 and at 4K in pellets of

both poly d(AT) and poly d(A):poly d(T).8 Indeed much of our understanding of

radical reaction mechanisms is based on such studies of isolated DNA components.9

The mechanistic model described below is based on (i) the initial distribution of

electron-loss sites shown in Figure 2.1, (ii) findings from isolated DNA components,

(iii) radicals known to be trapped in ds-DNA, and (iv) the redox potentials of

components determined in aqueous solution and by computational chemistry.

2.2.2. Purines

The oxidation potentials of the four DNA bases have been measured for each of the

bases in aqueous solution at RT. The rank was found to be Gua<Ade<Cyt<Thy

with values of 1.29, 1.42, 1.6, and 1.7V (versus NHE), respectively (see references 10

and 11 and references therein). The redox values are influenced by base stacking and

base pairing in duplex DNA.12 In particular, the proton-accepting power of the base

conjugate to a base radical cation moderates the expected lifetime of that radical

cation.13But the rank givenabove, based on computation14 andEPR results,15 remains

the same. Guanine is the primary, but not the only, hole trapping site in DNA.

Theguanine radical cation,Gua.þ, is a strong acid,with apKaof2; and its conjugate

base, Cyt, is a fair proton acceptor. As a result, proton transfer across theN1–H � � �N3
hydrogen bond is slightly favored,12 with a predicted equilibrium ofK¼ 100.4. Proton

transfer results in a neutral radical, Gua(N1–H). (reaction 1 in Figure 2.2). While

definitive evidence that the hole is trapped asGua(N1–H). andnotGua.þ in solidDNA

at low temperatures (<78K) is lacking,16 deprotonation has been observed forDNA in

aqueous solution.17 It is a good operating assumption that the hole trapped at low

temperatures byGua is the neutral Gua(N1–H). radical.18 As discussed further below,

reaction1 is reversible; therefore, asDNAsamples arewarmed tohigher temperatures,

back transfer is activated. Back transfer reformsGua.þ, liberating the hole to tunnel to
nearby purines, preferentially Gua. In the solid state, OH� addition to form Gua

(C8þOH). (reaction 2 in Figure 2.2) appears to be the dominate irreversible

reaction.19, 20 While the Gua(C8þOH). radical has not been observed directly by

EPR in solid-state DNA, the yield of 8OxoGua and FapyGua, derived via oxidation

(ox) or reduction (red) of the Gua(C8þOH). radical (reactions 3 and 4, respectively),

has been measured in herring sperm DNA.19 The yield of 8OxoGua has also been

measured for the oligomer d(GCACGCGTGC)2.
20 In both experiments, DNA is

irradiated in the solid state and end products measured after dissolving the sample in

water. In the later experiment, the yield of 8OxoGua was shown to exceed the yield of

trapped precursor radical. This point will be considered again in Section 2.5. With

respect to damage initiatedbyone-electronoxidation,Gua is both amajor trapping site

for the hole and the primary lesion site on the ds-DNA base stack.
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Hole transfer from the adenine radical cation, Ade.þ, to a nearby guanine (5 in

Figure 2.3) is favored as a consequence of guanine’s lower oxidation potential. But if

guanine is not within a few base pairs distance, there are three other reactions that

potentially compete with hole transfer to Gua. One reaction is 6, deprotonation from

the amino group giving Ade(N60–H)., which has been observed in crystals of

adenosine at 10K.21, 22 But, as Steenken has pointed out for duplex DNA, thymine

is a very poor proton receptor and the equilibrium should strongly favor adenine in the

radical cation state.12 A second reaction is 7, irreversible deprotonation from C10 of
dRib to form Ade(C10–H).. This type of reaction has been observed in adenine

derivatives containing either amethyl or ethyl group instead of dRib at N9,23, 24 but so

far it has not been observed inDNA.The third reaction, 8, is also irreversible.Addition
of OH� to the radical cation forms Ade(C8þOH).. Formation of the later radical

is deduced from the production of 8OxoAde (via reaction 9) and FapyAde

(via reaction 10) in herring sperm DNA19 as well as production of 8OxoAde in

d(GCACGCGTGC)2.
20 In the study of d(GCACGCGTGC)2, the yield of 8OxoAde is

surprising large. Adjusting for low AT content, it was found that the probability of an

Ade giving rise to 8OxoAde is about one-seventh that of Gua giving rise to 8OxoGua.

These results indicate that in a base context where Ade is flanked by pyrimidines and

Gua is just one base away, the rate of hole trapping at Ade, as detected by OH�

addition, is competitive with the rate of hole transfer to Gua.

FIGURE 2.2. For the guanine radical cation produced by the direct effect, two major reaction

pathways are shown.
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FIGURE 2.3. Hole transfer from the adenine radical cation to guanine, competes with

deprotonation reactions 6 and 7 and with hydroxide addition 8. The later leads to stable

end products via reaction 9 or 10. These products are analogous to those shown for guanine in

Figure 2 but the product yields are decreased by reaction 5 if guanine is in close proximity.

2.2.3. Pyrimidines

It can be seen from Figure 2.1 that the probability of forming either of the pyrimidine

radical cations, Cyt.þ and Thy.þ, is comparable to forming either of the purine radical

cations. In spite of this, the yield of pyrimidine radicals, and the yield of pyrimidine

products derived from one-electron oxidation of DNA, is small compared to the

yield of 8OxoGua. This is because hole transfer from the pyrimidines to Gua (11 in

Figure 2.4 and 14 in Figure 2.5) is favored over alternative reactions. But there is
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FIGURE 2.5. Hole transfer from the thymine radical cation to guanine, competes with

deprotonation from the methyl group. Forward reactions from this allyl radical include

5-hydroxymethyl-uracil.

FIGURE 2.4. Hole transfer from the cytosine radical cation to guanine, competes with

deprotonation reactions 12 and 13. Because forward reactions from 13 result in strand breakage,

this reaction scheme predicts that the yield of strand breaks at cytosinewill increasewhen there

are no guanines adjacent to cytosine.
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evidence that hole transfer is not absolute, stemming from identified lesions that are

believed to originate from one-electron oxidation of pyrimidines.

The most likely reactions stemming from Cyt.þ are shown in Figure 2.4. If Gua is

adjacent to Cyt, hole transfer to Gua (reaction 11) will dominate. As the intrastrand

distance between Cyt and Gua increases, the rate of hole transfer will decrease

and other reactions may become competitive. One such reaction is deprotonation by

C10 of the deoxyribose, giving the Cyt(C10–H). radical (13 in Figure 2.4). Clear

evidence of Cyt (C10–H). formation comes from studies of deoxycytidine25 and

deoxycytidine-50-phosphate26 and there are indications that it is also formed in salmon

testes DNA.27 This reaction is of interest because it represents a transfer of oxidative

damage from thebases to the backbone.Asdescribed inSection2.2.5, holes (oxidative

damage) are generally viewed as flowing from the DNA backbone to the bases, not

the other way around. If electron loss from cytosine (or adenine) leads to oxidative

damage of its dRib, then that dRib damage is base-specific. Such a possibility is of

interest because there are DNA sequences where base sequence appears to influence

the probability of deoxyribose damage.28

The Cyt.þ radical may also undergo reversible deprotonation to yield the iminyl

radical, Cyt(N40�H). shown in Figure 2.4. Evidence for reaction 12 comes from an

EPR study of cytosine monohydrate in which the original assignment to the Cyt.þ

radical 29 was reassigned to the Cyt(N40–H)..9 It is of interest to note that in dilute

aqueous solutions, loss ofGua.þgenerated byoxidation ofDNAusingSeO3
.� leads to

aCyt(N40�H). intermediate thatmay gate the creation andmigration of holes through

DNA bases.30

Hole transfer from the thymine radical cation, Thy.þ, will dominate if a Gua lies

close by (14 in Figure 2.5). Absence of a nearby Gua results in an increased

likelihood that irreversible deprotonation from the methyl will occur, giving the

Thy(C50–H). radical. Evidence of 15 comes from studies of thymidine in glasses,31

in poly d(AT),8 and in DNA.27 This is likely to be one of the most thermally stable

radicals generated in DNA by direct ionization. In crystals of 1-methyl-thymine the

Thy(C50–H). radical has been detected at 200�C.32 In an oxygenated solution, this

radical gives rise to 5-hydroxymethyl-uracil, a product known to be formed by

the indirect effect and one that is observed at very low yields for the direct effect

in DNA.19

2.2.4. Deoxyribose-Phosphate Backbone

Most of the holes, �58%, are initially produced on the DNA backbone. Irreversible

deprotonation of the backbone ionization sites competeswith transfer of the hole to the

base stack. By measuring the yield of radicals trapped on the deoxyribose, it was

possible to determine that �2/3 of the initial backbone holes transfer into the base

stack. The remaining �1/3 result in neutral deoxyribose radicals.33

Themain source of deoxyribose radicals is ionization of PO4
�. The hole so formed,

PO4
. in Figure 2.6, is presumed to be transient. It either transfers to the base stack

(reaction 16), deprotonates from C30 giving dRib(C30–H). (reaction 17), or depro-

tonates from C50 giving dRib(C50–H). (reaction 18). Evidence that electron loss from
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the phosphate leads to deprotonation of the alpha carbons comes from studies of

diethyl phosphate crystals.34

Ionization of the deoxyribose moiety should also lead to formation of dRib

(C50–H)., dRib(C30–H)., and three other carbon-centered radicals, dRib(C40–H).,
dRib(C20–H)., and dRib(C10–H). (reaction 19 in Figure 2.7). Given that ionization of
either the phosphate or deoxyribose will result in C50 and C30 radicals, one predicts
radical formation with the likelihood dRib(C50–H). > dRib(C30–H). � dRib

(C40–H). > dRib(C20–H).. While both C50 and C30 radical formation should be

FIGURE 2.6. The phosphate centered hole transfers into the base stack, 16, or deprotonates

via reaction 17 or 18.
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FIGURE 2.7. The deoxyribose centered hole deprotonates at any one of the carbons, 19.

Forward reactions from each of these five neutral carbon radicals result in strand breaks. As an

example, one such reaction pathway is shown for the neutral C1’ radical, reactions 20–23.

enhanced via hole transfer fromPO4
�, the presence of twoH’s onC50 compared to one

H onC30 increases the likelihood of deprotonation at C50. The dRib(C10–H). radical is
absent from this ranking because it should vary depending on base type and context.

For example, if Cyt is the base and it is not adjacent to Gua, the probability of C10

radical formation is enhanced.
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Reactions 20–23 in Figure 2.7 lead from dRib(C10–H). to 5-methylenefuranone

(5MeFur), an end product characteristic of C10 chemistry.35, 36 5MeFur is formed in

high yieldswhenDNA is irradiated in either the solid state (direct effect) or in aqueous

solution (indirect effect). In aqueous solution under air, it is a good assumption that the

oxidant inReaction20 ismolecular oxygen.But in the solid state, oxygen is effectively

absent. In the absence of oxygen, it has been suggested that base-centered holes

serve as an oxidant (see Section 2.5.1). Upon dissolution of the solid DNA sample,

hydrolysis at of the C10–base bond (Reaction 21) produces free base plus deoxyr-

ibonolactone (dRibLac). The dRibLac lesion is relatively stable under ambient

conditions but undergoes beta and gamma phosphate elimination upon heating in

the presence of strong phosphate-binding cations at higher temperatures (70–90�C).35

In aqueous solution, Xue and Greenberg37 found dRibLac (C10 chemistry) to be a

major component of backbone damage generated by g-radiolysis and >75% of its

formation was oxygen-dependent.

Products derived from the other four dRib radicals have not beenmeasured in solid-

state systems. It appears likely, however, that the chemistry for each carbon-centered

radical will be similar to that observed in aqueous systems under anaerobic condi-

tions.38 With only minor exceptions, all five of the dRib radicals lead to free base

release in aqueous systems. It is quite likely that the yield of free base, obtained by

direct ionizationofDNA, is a goodmeasureof theyieldof total deoxyribosedamage.39

2.3. RADICAL ANIONS

2.3.1. Initial Distribution

For nearly every site of electron loss on DNA, there is a corresponding site of electron

gain. One-electron reduction of each of the four bases has been observed in solid-state

systems consisting of isolated bases, nucleosides, and nucleotides.2–4, 6 It is assumed,

therefore, that initiallyallfourbaseradicalanionsareformed,asshowninFigure2.8.But

not quite all of the ejected electrons enter into these electron addition reactions; other

typesof chemistry are initiatedby low-energyelectrons (LEE).A small fractionofLEE

undergodissociativeelectronattachment(DEA),withoneoftheendresultsbeingstrand

breaks.40, 41 The yields of products generated byDEA, however, are estimated to be on

theorderofafewnanomolesper joule42ascomparedtotheyieldsofproductsduetobase

radical anion formation, measured to be a few hundred nanomoles per joule.20

The redox order,Gua>Ade>Thy>Cyt, favors reduction of the pyrimidines over

the purines.12 After electron addition to the DNA base stack, base-to-base electron

transfer funnels the excess electrons from the purines to the pyrimidines. In solid-state

DNA, there are no radicals trapped thatmight be derivates of theguanine radical anion,

Gua.�,whereas there are radicals trapped that are related directly toAde.�, Thy.�, and
Cyt.�. The preferred sites of one-electron reduction were determined by EPR of

palindromic oligodeoxynucleotides in LiCl glasses irradiated at 4K.43 In these

glasses, DNA selectively traps the excess electron while the holes are trapped

as Cl2
.�. The resulting spectra give a clear view of the components due to the

one-electron reduced bases. Electron capture by cytosine dominates, accounting for
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�80% of radicals produced by one-electron reduction. The remaining �20% of

electron capture is by thymine and adenine,with thyminegreater than adenine. Studies

of high-molecular-weightDNA, in frozen aqueous solution irradiated at 77K, confirm

that cytosine is themajor electron trapping site and thymine is secondary.44, 45 In these

studies, where the EPR spectra of radicals due to both electron gain and electron loss

are superimposed, it would be difficult to ascertain whether or not one-electron

reduced adenine is formed or not.

2.3.2. Pyrimidines

The Thy.� radical anion, formed in thymidine using pulse radiolysis, has a pKa of

6.9.12 The site of protonation is O40, giving the Thy(O40 þH). radical shown in

reaction 23 of Figure 2.9. EPR studies of thymine derivatives in the solid state report

both radical forms, Thy.� and Thy(O40 þH). but only in the studies where electron

nuclear double resonance (ENDOR) was applied could the actual protonation

FIGURE 2.8. Direct deposition of ionizing radiation creates initial sites of electron gain

(radical anion) at each of the four bases. Transfer of the excess electron favors capture primarily

by cytosine and secondarily by thymine (and perhaps adenine).
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state be definitively discerned. In the ENDOR studies, the Thy(O40 þH). radical, not

theThy.�, is observed.46–48 In duplexDNA, however, it is argued that becauseAde is a
relatively poor proton donor, the anionic state of one-electron-reduced Thy should be

favored.12 Thy.�, upon warming DNA irradiated at 77K to >130K, converts via

reaction 24 to the relatively stable Thy(C6þH). radical.44 Alternatively, Thy

(C6þH). may be formed via reaction 25. The irreversible protonation of the

C5–C6 bond was first observed by Ormerod.49 Because of its stability and distinctive

EPR spectrum, Thy(C6þH). was the first radical identified in DNA.50 Reduction of

Thy(C6þH). leads to the end product DHThy (reaction 26). The reductive step in 26

may be due to radical–radical disproportionation or electron transfer from

a near by one-electron-reduced base. Using GC/MS, the yield of DHThy was

measured for d(GCACGCGTGC)2 films at G¼ 2.5mol water/mol nucleotide:

G(DHThy)¼ 39� 60 nmol/J.20

The Cyt.� radical has not been observed in DNA. Protonation at N3, to give Cyt

(N3þH)., is highly favorable (27 in Figure 2.10). As predicted by Steenken from

studies of cytosine and guanine derivatives, protonation of Cyt.� by Gua across the

FIGURE 2.9. The thymine radical anionmay reversibly protonate,23, or irreversibly protonate,

24. In the later case, forward reactions lead to DHThy, one of the two major reductions products

in DNA.
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N3 � � �H�N1 hydrogen bond is strongly favored with a driving force of 52 kJ/mol.12

This prediction is supported by ab initio calculations.14

Even at 4K, a variety ofmonomeric systems show that N3 of one-electron reduced

cytosine is protonated.9, 51 With respect to duplex DNA, one-electron reduced

FIGURE 2.10. The cytosine radical anion may reversibly protonate, 27, or irreversibly

protonate at C5, 29 or at C6, 28. Forward reactions 30 and 31 lead to DHCyt, which deaminates

to give DHUra, the other major reduction product in DNA.
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pyrimidines were studied in crystalline oligodeoxynucleotides between 4K and

240K.52, 53 These studies provide evidence that, while Cyt(N3þH). is the dominant

trapping site at 4 K, the doubly protonated radical anion, Cyt(N3þH, C6þH).þ is

also formed at 4K (reactions 28 and 29). The addition of a proton to C6 is irreversible

and, like the Thy(C6þH). radical, the Cyt(N3þH, C6þH).þ radical is stable at

higher temperatures. Upon annealing to 240K, the Cyt(N3þH). radical is annealed

out and two types of cytosine radicals remain, Cyt(N3þH, C6þH).þ and Cyt

(C5þH)., the later is presumably formed by proton addition to C5 as shown in

reaction 29. Subsequent reduction of these two radicals, reactions 30 and 31, leads to

5,6-dihydrocytosine (DHCyt). In aqueous solutions, DHCyt deaminates (reaction 32)

to give 5,6-dihydrouracil (DHUra).

The three radicals produced by the net addition of hydrogen to the C5–C6 bond

of Thy and Cyt account for 85% of the reductive damage in d(GCACGCGTGC)2
films.20 Based on the yields of these three radicals and assuming that all of the radicals

present at 240K convert to the corresponding dihydropyrimidine end products, it was

predicted that inB-formDNA theyield ofDHUra andDHThy should be 40–60 nmol/J

and 30–50 nmol/J, respectively. Thus, in spite of an initial distribution of trapped

electrons being �80% at Cyt, there is a final distribution of reductive damage that is

�50 : 50 between Cyt and Thy. This agrees with the observedmobilization of trapped

electrons at temperatures>�130K and preferential retrapping of the excess electron

to form Thy(C6þH)..44

2.4. RADICAL MOBILITY, COMBINATION REACTIONS,

AND TRAPPING

2.4.1. DNA Is an Insulator

Themobility of holes and excess electrons through the stacked bases ofDNAhas been

of central interest in radiation chemistry for over three decades. Motivating this

interest is the fact that biological effects are determined by the degree to which the

damage in DNA is clustered.54, 55 By its very nature, energy deposition by ionizing

radiation is nonhomogeneous. Radical ions are produced in tracks consisting of spurs,

blobs, and short tracks, referred to collectively as clusters.56 The main reaction

following deposition is radical–radical combination, and the predominate type of

combination reaction is return of the excess electron to the hole. Electron return re-

creates the parent structure in an electronic excited state. These excited states, as well

as the excited states produced directly by photon and fast charged particle interaction,

relax without measurable amounts of chemistry occurring.57 Combination reac-

tions—that is, any reaction between two radicals—accounts for the fate of about

half of the initial radicals.58 The other half of the initial radicals escape recombination

and either go on to form lesions in the DNA or recombine at a later stage.

If DNA lesions are isolated (separated from one another by at least 10 bp), they are

repaired with extraordinarily high fidelity. If the lesions are clustered (less than 10 bp

separation), repair fidelitydecreasesandbiologicaleffects increase.59, 60Further-more,

the number and type of lesion trappedwithin a cluster determines it complexity; lesions

RADICAL MOBILITY, COMBINATION REACTIONS, AND TRAPPING 55



ofhighcomplexityaremore likely toalterbiological function.Themobilityofholesand

excesselectronsdeterminesthedegreetowhichclusteringisdiffusedandis, therefore,at

the very heart of understanding and evaluating risk of exposure to ionizing radiation.

EPR studies have provided clear evidence that both the hole and electron are

mobile,16, 61 but their mobility is very limited.15, 62 These early findings were in direct

contradiction to the proposal that DNA is a molecular wire.63–65 Proof that DNA is

actually an insulator comes from the straightforward observation that when radical

ions are formed in DNA, they are trapped with exceptional efficiency. The trapping

efficiency improves as the temperature is lowered such that at 4 K over half of the ion

radicals initially formed in DNA are trapped by DNA.66

If DNA were a conductor (a wire), effectively all of the radicals formed on the

base stack would recombinewith one another. Free radicals would be trapped only on

the backbone, and there would be no base damage produced via the direct effect. The

yield of trapped radicals would be very low. The facts that base damage yield is

relatively high (200–300 nmol/J),20 that radical trapping is extraordinarily high

(600–700mol/J), 67 and that radical trapping increases as the temperature decreases68

all argue persuasively that DNA is an insulator—that is, a poor semiconductor. In

addition, it is important to note that the insulator quality of DNA persists over a wide

range of base sequences and forms A, B, and Z.67, 69 This indicates that the insulator

properties are relatively independent of base sequence.

As described in Sections 2.2 and 2.3, holes and excess electrons are trapped

preferentially by the purines and pyrimidines, respectively. This requires short

migration distances for both the hole and electron, even at 4K. In Figure 2.11, a

hole and electron are shownon theDNAbase stack, trapped initially at the base labeled

B2 and BN-2, respectively. The hole and electron migrate at the respective rates of kh
and ke. These rates are a function of base type and the distance between participating

bases. If the migration distance of either the hole or excess electron is large, the

probability of recombination at somebase,Bi, is high.Theyield of trapped radicals can

only be high if the migration distances are relatively short. EPR studies show that the

migration distance before trapping at 4K is around 10 base pairs.15, 62 This short

distance is readily understood in terms of a competition between hole–electron

transfer and trapping by proton transfer reactions.13

Both hole and electron migration are governed by two distinctly different process-

es, tunneling and hopping. Migration over long distances is governed by multistep

hopping and not by single-step long-distance tunneling.70, 71 Tunneling over

long distances is simply too slow to compete with the rate of trapping. The tunneling

rate,kt, decreases exponentially as a function of distance,kt¼ kt0e
�bx,wherekt0 is the

rate at tunneling distance x¼ 0. A small exponential factor, b>�0.1A
� �1, is charac-

teristic of a conductor; a larger value, b>�0.6A
� �1, is characteristic of a poor

semiconductor. In an elegant set of experiments, Sevilla and co-workers72–78 directly

monitored electron and hole tunneling in solid state DNA. They proved that the

observed reactions were due to tunneling by demonstrating that the hole and excess

electron transfer rates were independent of temperature from 4K to 130K. For the

excess electron, they found a b of 0.7� 0.1A
� �1 for one-electron-reduced Thy and a

b of 1.4� 0.1A
� �1 for one-electron-reduced Cyt, using kt0� 1011 s�1. For the hole,

they found a b of 1.1A
� �1 using kt0� 1011 s�1. Employing approximate values,
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FIGURE 2.11. Direct ionization creates a hole at B2 and electron gain center atBN-2 in duplex

DNA that is N bp long. The hole and excess electron diffuse at rates k(h) and k(e), respectively.

If this one-dimensional diffusion brings the hole and excess electron back together, the outcome

is no damage. Such combination reactions between opposite charges is the most likely outcome

of the direct effect, returning > 60 % of the initial ionizations to their parent state.

b¼ 1A
� �1 andkt0¼ 1011 s�1, it is easy to see that tunneling rates between two adjacent

bases (x¼ 3.4A
�
) would be relatively fast, kt¼ 3� 109 s�1, but the rate drops off

quickly with distance. A 4-bp separation results in a kt¼ 1� 105 s�1. As pointed out

by Steenken,13 proton transfer rates for Reactions 1 in Figure 2.2 and 27 in Figure 2.10

are expected to be on the order of 1014 s�1. Proton transfer reactions are certainly fast

enough to trap holes and excess electrons and, thereby, curtail tunneling.
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Hopping occurs when the hole (or excess electron) transfers from one base to

another by passing over an energy barrier. An activation energy controls the rate with

an Arrhenius-type behavior, the rate increasing exponentially with temperature.

Proton transfer reactions are thermally activated; those that are reversible (e.g., 1

in Figure 2.2 and 27 Figure 2.10) gate electron and hole transfer, while those that are
irreversible (e.g., 2 in Figure 2.2 and 28, 29 in Figure 2.10) terminatemigration.68 At a

high enough temperature and in the absence of terminal reactions, hopping can carry

the hole or excess electron unlimited distances.

2.4.2. Reactions that Compete with Hole Transfer

The base-centered radicals, although efficiently trapped at 4K, are mobilized upon

warming. Between 4K and �100K, the concentration of DNA-trapped radicals

decreases monotonically.68 In this same temperature range, the qualitative features of

the EPR spectra remain relatively constant, indicating that the distribution of radical

types remains relatively constant. The loss of radicals, therefore, must be a direct

consequence of hole and/or excess electron hopping. Only radical mobility can bring

radicals together in combination reactions. Predominantly, it is the hole and excess

electron that combine, as illustrated in Figure 2.11 and as illustrated by reaction 33 in

Figure 2.12. A less likely, but not inconsequential, combination reaction brings two

holes together. Two examples are shown in Figure 2.12, reaction 34, where the

deprotonated radical cation, Bi(�H)., is oxidized by a second base radical cation, and

in reaction 35, where the neutral deoxyribose radical, dRib(�H)., is oxidized by a base

radical cation.

The annealing properties of the DNA-trapped radicals indicate that the activation

energy for hopping is highly disperse.68 Trapping of holes and excess electrons

requires dielectric relaxation around the trapping site to compensate for the change in

charge at that site.A large component of the dielectric relaxation is the shift of a proton

across the Watson–Crick hydrogen bond—for example, reaction 1 in Figure 2.2. The

hole, now in the formofGua.þ,may tunnel to anyneighboring purine at a rate strongly

dependent on distance. The migration of the hole through DNA consists of tunneling

steps gated by reversible proton transfer. Evidence of proton-gated hole transfer has

been reported for DNA in aqueous solution.79 Because there is a large dispersion in

activation energies, detrapping of the holes occurs over awide temperature, starting at

�10K and extending to beyond 100K.68

The distance over which the hole hops through DNA is limited by irreversible

reactions. Guanine is special, not just because it has the deepest trapping well, but

because of the nature of the reactions that compete with hopping. Detrapping the

guanine-centered hole requires only a small activation energy, reversible proton

transfer requiring just 2.3 kJ/mol.12, 13 Thus, the hopping rate at RT should be fast

relative to irreversible trapping by OH� addition (2 in Figure 2.2). Indeed it

has been proposed that holes can transfer over long distances, permitting “chemistry

at a distance.”80, 81 It would be surprising, however, if such long-range transfers

are probable for DNA in vivo. In chromatin, the amino acid tyrosine, which lies in

close proximity to DNA, is a deeper hole trap than guanine; it protects DNA against
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oxidative damage.82 This makes sense since long-range electron transfer in DNA

could prove problematic for DNA enzymes that function via one-electron transfer.

Although guanine is the main conduit for hole migration over long distances, it

does not follow that the other three bases are uninvolved. Adenine is an important

alternative site for localization of the hole. Studies on aqueous DNA indicate

that the hole can migrate through large stretches of ATs.83 In the solid state, the

formation of 8OxoAde indicated that Ade trapped a significant fraction of holes in

d(GCACGCGTGC)2. In order to produce 8OxoAde, a hole on Ade must be

FIGURE 2.12. Not all combination reactions are between holes and excess electrons, shown

here as reaction 33. Reaction 34 shows the case where the deprotonated base radical cation is

one-electron oxidized to give a base cation. Reaction 35 shows the case where a neutral

deoxyribose radical is one-electron oxidized by a base radical cation. In both examples, the

resultant carbocation will go forward to products.
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irreversibly trapped—as, for example, in reaction 8 of Figure 2.3. The fate of the hole

generated on the pyrimidines is similar to Ade but with a stronger bias toward hole

transfer from Pyr to Gua (Figures 2.4 and 2.5). Transfer of a hole formed on Cyt to

another base competes with deprotonation at C10 (13 in Figure 2.4); and, for a hole on
Thy, the competition is with deprotonation at the methyl group (15 in Figure 2.5).

2.4.3. Reactions that Compete with Excess Electron Transfer

Migration of the excess electron is predominantly from Pyr to Pyr with a possible

minor role of Ade. The excess electron is viewed as tunneling between bases

producing transient radical anions. Reversible proton transfer deepens the electron

trap site in the case of Cyt (27 in Figure 2.10), explaining why this is the predominant

trapping site at temperatures below 100K. The transfer of the N1Gua proton to N3 of

Cyt is favored by 20 kJ/mol.12, 13Comparing this to the case of a hole onGuawhere the

same proton transfer (1 in Figure 2.2) is favored by 2.3 kJ/mol supports the argument

that migration of trapped electrons requires higher temperatures than migrations of

holes. This fits with the conclusions drawn from EPR studies that the mobile species

between 4K and 100K is the hole and between 120 and 200K is the excess electron.68

As the DNA sample temperature was raised above 130K, irreversible proton

transfer to the C5–C6 position permanently trapped the excess electron at the

pyrimidine bases.45 The excess electron was irreversibly trapped at cytosine by

reactions 28 and 29 in Figure 2.10 and at thymine by reactions 24 and 25 in

Figure 2.9. The concentration of Thy(C6þH). increased upon annealing from

140K to 180K. It appeared that the Cyt(C5þH). radical was formed by heating

while most, if not all, of the Cyt(N3þH, C6þH).þ radical was formed as a spur

reaction at 4K. Because the yields of the two end products, DHUra and DHThy, were

found to be nearly the same,20 it can be deduced that electrons initially trapped by Cyt

are, upon heating, transferred to Thy. Thus, even though reductive damage initially

favors Cyt, it ends up partitioned rather equally between Thy and Cyt. This requires a

net transfer of electrons fromCyt to Thy, and those transfer reactions are not activated

until reaching temperatures above 130K.

2.4.4. Summary on Radical Mobility

In summary, (i) the primary trapping site for both the hole and excess electron is

initially theGC base pair, with holes centered onGua and the excess electron centered

onCyt, (ii) reversible proton transfer plays amajor role in trapping at theGCbase pair,

(iii) reversible proton transfer results in the excess electron beingmore deeply trapped

than the hole, (iv) irreversible trapping of the excess electron is due to protonation of

the pyrimidine C5–C6 bond, (v) irreversible trapping of the hole is due to OH�

addition to C8 of the purines, and (vi) the energy of activation for irreversible trapping

by hydrogenation of a Pyr carbon is significantly lower than the activation energy for

hydroxylation of a Pur carbon; consequently, the hole is able to migrate longer

distances than the excess electron.
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2.5. REACTIONS STEMMING FROM NONTRAPPABLE RADICALS

It had been long presumed that the radical population trapped in DNA—that is, the

radicals escaping recombination—would quantitatively account for the lesions

observed in DNA. Recent results indicate that this is not the case. The yield of

DNA lesions exceeds the yield of trappable radicals.

2.5.1. Strand Breaks

The chemical yield of free radicals trapped in DNA X-irradiated at 4K was

measured by EPR.84, 85 DNA samples were prepared as transparent films from

pUC18 plasmids. In these films the level of DNA hydration, G, was varied from 2.5

to 22 moles of water per mole of nucleotide. By taking advantage of the different

dose–response characteristics of base radicals versus deoxyribose radicals, the yield

was partitioned into these two types of radicals. It was found for DNA at G¼ 2.5 that

the yield of deoxyribose radicals was 33� 5 nmol/J, increasing to 79� 12 nmol/J

at G¼ 22.

Each of the five carbon-centered deoxyribose radicals (Figure 2.7) are known

precursors to strandbreaks and freebase release.38 In addition, the forward reactions of

base-centered radicals in duplex DNA result in base damage, not deoxyribose

damage.57 Consequently, it is predicted that if trappable deoxyribose radicals are

the only precursor to strand breaks, then the yield of strand breaks should equal the

yield of deoxyribose radicals.

The chemical yield of strand breaks was measured in the same pUC18

films used for the radical yield measurements.86 Gel electrophoresis was used

to measure the loss of the supercoiled form. This highly sensitive technique takes

advantage of the transition from the compact supercoiled form to the relaxed open

circle form that occurs when just one of the duplex strands is broken. In addition,

free base release was measured using HPLC.39 Free base release is expected to

provide a tighter correlation with strand break events than does loss of supercoil

because multiple single strand breaks in one plasmid is scored as only one strand

break. In contrast, for each strand break, regardless of where it occurs, a release

of free base is expected. The yield of free base release for pUC18 at G¼ 2.5 and

22 was 134� 4 nmol/J and 212� 21 nmol/J, respectively. Thus, the yield of

strand breaks exceeds the yield of deoxyribose trapped radicals. The difference

between these two yields (e.g., 134� 33¼ 101� 4 nmol/J at G¼ 2.5) is termed

the shortfall.

In order to explain the shortfall between the deoxyribose radical yield and

single strand break yield, formation of molecular products was proposed. There

are three central aspects to the proposed mechanism. One is that a significant fraction

of the initially formed deoxyribose radicals, shown as dRib(�H). in Figure 2.12,

are oxidized by a nearby base radical cation, Biþ1
.þ, forming a deoxyribose car-

bocation, dRib(�H)þ, as shown in reaction 35 of Figure 2.12. The second aspect is

that this doubly oxidized site is produced in a spur reaction; that is, the initial two

radicals, dRib(�H). and Biþ1
.þ, react within a spur (cluster) of ionizations. And the
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third aspect is that when the DNA film is dissolved in water, the carbocation reacts

(reaction 36) to give strand breaks and free base release. This mechanism would then

explain the shortfall between deoxyribose end products and deoxyribose trapped

radicals.39, 85

2.5.2. Base Damage

The standard deviation in base damage yields is much larger than for deoxyribose

damage yields. Keeping the large standard errors in mind, it appears that a molecular

pathway similar to that invoked for deoxyribose damage may produce a significant

amount of base damage. There appears to be a shortfall between the yield of base

radical precursors and theyieldof stable baseproducts.Twoexamples aregivenbelow.

The first entails two one-electron reductions and the second entails two one-electron

oxidations.

The formation of DHThy (Figure 2.9) requires two one-electron reductions. In

films of d(GCACGCGTGC)2, the yield of DHThy was 36� 52 nmol/J.20 The total

trapped radical yield at 4K is 618� 60 nmol/J. The fraction of this total due to one-

electron-reduced thymine trapped at 4K is estimated to be �60 nmol/J. Upon

warming to room temperature, combination reactions reduce the radical concentration

to 10% of that observed at 4K; therefore, the RT yield of Thy(C6þH). is less than

�6 nmol/J. Upon dissolution in water, Thy(C6þH). will be one-electron reduced to

yield DHThy, but at this stage the yield of Thy(C6þH). (�6 nmol/J) is insufficient to

account for the yield of DHThy (36� 52 nmol/J). This shortfall can be explained if

Thy(C6þH). is one-electron reduced prior to dissolution. The two one-electron

reductionmechanismmayoccur aspart of a spur reaction oruponwarming the sample.

In the latter case, warming mobilizes the excess electron so as allow for reduction of

Thy(C6þH). by either a nearbyCyt(N3þH). or Thy.�. In Figure 2.9, this assigns the
reducing agent, red in reaction 26, to a neighboring Pyr radical.

The formation of 8OxoGua requires two one-electron oxidations. In films of

d(GCACGCGTGC)2, the yield of 8OxoGua was 101� 49 nmol/J.20 But the maxi-

mumyield of precursor radical at RT is�25 nmol/J. The yield ofGua-centered radical

present when the sample is dissolved in water is insufficient to account for the yield of

8OxoGua product.Also, therewere only 2.5waters per nucleotide in theseDNAfilms,

greatly reducing the likelihood of anOH� addition reaction (2 in Figure 2.2) occurring

prior to dissolution. In spite of such a reaction appearing to be energetically

unfavorable, this raises the possibility that a large fraction of 8OxoGua proceeds

through two one-electron oxidations of Gua prior to OH� addition.

2.6. FUTURE PROSPECTS

The reactions given in Figures 2.1–2.12 constitute a working model that potentially

explains much of what is known about the free radical intermediates and stable

end products generated directly in DNA by ionizing radiation. Two aspects of this

model are particularly provocative. One aspect is that holes generated on bases, Cyt in
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particular, may result in C10 deoxyribose damage. The idea that a hole may be

transferred from a base to the backbone in ds-DNA is counter tomost current thinking.

But the observation that free base release is base-dependent requires an explanation;

deprotonation at C10 of base radical cations is one possibility. The other aspect is the
proposal that carbocation (and carbanion) intermediates play a significant role in

product formation. It is a hope of the author that this chapter might stimulate ideas and

experiments that can provide direct evidence for, or against, formation of the proposed

dRib(�H)þ carbocation.
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3.1. INTRODUCTION

In the last two decades, much attention has been devoted to the elucidation of

mechanisms implicated in the oxidative degradation pathways of DNA base1 and

2-deoxyribose moieties1e, 2 upon exposure of isolated and cellular DNA to both

endogenous and exogenous oxidizing agents. Comprehensive oxidation reaction

schemes are available for several reactive oxygen species (ROS), including

ubiquitous and highly reactive hydroxyl radical (OH.),1, 2, specific singlet oxygen

(1O2),
3 and less biologically relevant ozone.4 It may be added that peroxynitrite,

arising from the reaction of nitric oxide with superoxide anion radical, a poorly

reactive species toward DNA bases, has been shown to have both oxidative and

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
Copyright � 2009 John Wiley & Sons, Inc.
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nitrative properties for DNA components.5 In contrast, an inflammation release

product, HOCl, is able to halogenate amino substituted nucleobases.6 Other

oxidation reactions that are not mediated by ROS or nitrogen reactive species

are accounted for by one-electron abstraction from DNA components, whose

oxidation potential decreases in the following order: guanine< adenine < thymine

� cytosine< 2-deoxyribose.7 One of the strongest one-electron oxidants is ionizing

radiation, which, through the direct effect, is able to efficiently abstract one electron

from any DNA component at least in the dry state or in frozen solutions.8 High-

intensity nano- and picosecond UVC laser pulses have been shown to be a suitable

means to ionize purine and pyrimidine bases with similar efficiency according to a

two-photon mechanism.9 Another suitable method to generate nucleobase radical

cations is to use UVA triplet-excited sensitizers operating through the type I

mechanism.10 Most type I photosensitizers are able to selectively oxidize guanine

by charge transfer, whereas riboflavin also has the capability to abstract one

electron from adenine.10 Several quinone derivatives including 2-methyl-1,4-

naphthoquinone, also called menadione (MQ),11 and anthraquinone12 upon UVA

excitation are able to efficiently oxidize pyrimidine bases by one-electron abstrac-

tion. Similar results can be obtained with aromatic ketones.13 Inorganic ions that

can be generated by either UV photolysis or gamma irradiation are also efficient

one-electron oxidants of guanine.14 Among them, evidence is growing for the

biological relevance of CO3
.�15 that is likely generated in cells by the decomposi-

tion of nitrosoperoxycarbonate, the addition product of peroxynitrite and CO2.
16

Exposure of DNA components to ionizing radiation in the solid state, either as dry

samples or as frozen aqueous solutions, has allowed ESR detection of purine and

pyrimidine radicals.8 Upon warming of the irradiated samples, positive holes are

located on guanine, as observed in aqueous solutions at room temperature, due to

charge migration within DNA,12,17 whereas electrons attach to pyrimidine bases.18

Although the solid-state approach is suitable for the detection and structural

assignment of radicals initially formed by the ionization of nucleobase and

2-deoxyribose components, it is not a biologically relevant model system in terms

of final degradation products.19 This is related primarily to the fact that molecular

oxygen does not diffuse in the solid state to react with DNA radicals. Moreover,

water molecules are necessary in the conversion of initial radicals into diamagnetic

compounds. Consequently, the final product distribution obtained upon the irradia-

tion of DNA in the dry state is drastically different from that observed upon

one-electron oxidation of DNA in aerated aqueous solutions at room temperature.1f

For these reasons, only results of model studies performed in aerated aqueous

liquid solutions are discussed in the first section of the chapter, which is devoted to

one-electron oxidation reactions of the main pyrimidine and purine nucleobases

and three oxidized bases. Emphasis is placed on the oxidation reactions of

nucleobases giving rise to single lesions since the formation of clustered damage

initiated by a single radical is the topic of another chapter.20 Recently available

information on the oxidation reactions of cellular DNA induced by two-quantum

photoionization of DNA bases is also reported and discussed in the second part of

the chapter.
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3.2. ONE-ELECTRON OXIDATION REACTIONS OF NORMAL

PYRIMIDINE AND PURINE BASES IN MODEL COMPOUNDS

AND ISOLATED DNA

Relevantmechanistic insights toward one-electron oxidation reactions of nucleobases

in aerated aqueous solutions have been gained from extensive studies that initially

mostly involved pyrimidine and purine 20-deoxyribonucleosides used as DNAmodel

compounds. This was inferred from the characterization of final DNA base oxidation

products and the structural assignment of several radical precursors and unstable

intermediates. It may be added that at least for the formation of single oxidation

products, most of the degradation pathways that were thus determined have been

validated in oligonucleotides and/or in isolated DNA. As a general observation,

the formation of one-electron oxidation products of pyrimidine and purine bases

may be rationalized in terms of two competitive reactions including hydration and

deprotonation of initially generated base radical cations.

3.2.1. Thymine

Comprehensive mechanistic information on the one-electron oxidation reactions of

the thymine moiety has been gained from the characterization of both transient

radicals and final degradation products ofMQ-mediated sensitizationof thymidine (1)

to UVA radiation in aerated aqueous solutions. Two main decomposition pathways

of thymidine radical cations (2) generated upon one electron transfer from the base

moiety of 1 to triplet-excited MQ11 have been identified (Scheme 3.1). Evidence for

the highly specific hydration of 2 was inferred from ESR-spin-trapping experiments

of the oxidizing 6-hydroxy-5,6-dihydrothymid-5-yl radicals (3).21 These results were

confirmed from the isolation of the four cis and trans diastereomers of 5-hydroperoxy-

6-hydroxy-5,6-dihydrothymidine 622 whose formation is accounted for by fast

addition of O2 to 3 at a rate controlled by diffusion23 and subsequent reduction of

the resulting hydroperoxyl radicals 5 by O2
.� (Scheme 3.2). The assignment of the

four diastereomers of 6 that was achieved on the basis of extensive 1H and 13C NMR
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SCHEME 3.1. Mechanisms of decomposition of thymidine radical cation (2) generated by

one electron oxidation of thymidine (1).
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measurements received further support from their stereospecific synthesis.24 The

absolute configuration of each of the four diastereomers of 6 and the related

6-hydroperoxide position isomers was inferred from earlier structural assignment

of related 6-hydroxylayed 5,6-dihydrothymidine derivatives,25 data that were further

confirmed for the site of the peroxidic function by X-ray crystallographic analysis of

cis-5-hydroperoxy-6-hydroxy-5,6-dihydrothymine.26 Since the hydroperoxides 6

are relatively stable in aqueous solutions at neutral pH, with a half-life at 37�C of

8–10 h and 16–35 h for cis and trans diastereomers, respectively,25 the formation of

stable thymidine degradation products including the four cis and trans diastereomers

of 5,6-dihydroxy-5,6-dihydrothymidine (7), the 5R� and 5S� forms of 1-(2-deoxy-ß-

D-erythro-pentofuranosyl)-5-hydroxy-5-methylhydantoin (10) and N-(2-deoxy-ß-

D-erythro-pentofuranosyl) formamide (11) cannot be solely explained by hydrolytic

degradation of the latter hydroperoxides 6 but also by the fate of alkoxyl radical

intermediates 8 (Scheme 3.3). The latter reactive radicals 8 are likely to be generated

by disproportionation of tertiary peroxyl radicals 5 that are not involved in a concerted

Russell decompositionmechanism.1e,27 The ß-scissionmechanism, a typical reaction

of alkoxyl radicals, is expected to lead to cleavage of the 5,6-pyrimidine bond

with subsequent loss of the pyruvyl group from transiently generated N-formyl-N0-
pyruvylurea nucleoside 9.22 Cyclization of the resulting ureide likely explains the

formation of 10, whereas hydrolysis gives rise to formamide nucleoside 11.22 The

reduction of 6 by a SN2 typemechanism involving the peroxide bond cannot be totally
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through the transient formation of alkoxy radicals (8).
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excluded, likely catalyzed by metals, to explain the formation of the four diaster-

eomers of7, but also the alkoxyl radical8maymediate hydrogenabstraction reactions.

Altogether, the hydration pathway accounts for 60% of the total degradation products

of thymidine (1).

The other competitive deprotonation pathway has been shown to involve the

exocyclic methyl group with a slightly lower efficiency (40%) than the hydration

pathway (vide supra) (Scheme 3.1). Interestingly, the relative importance of the

pathways is dependent on the photosensitizer used since it was found to be signifi-

cantly favored upon benzophenone-mediated UVA sensitization. An influence of the

pKa of the radical anion of the sensitizer was proposed to account for this result.13

Deprotonation of the radical cation of thymine gives rise to allylic 5-methyl-

(20-deoxyuridylyl) radical (4).22 It may be noted that for isolated thymine, deprotona-

tionoccurs quantitatively atN1 leading to the formationof aminyl radicals that are able

to add to the 5,6-pyrimidine bond of thymine bases with the subsequent formation

of biadducts.28 Efficient addition of O2 to 4 is the first step of a sequence of reactions,

that through the intermediacy of peroxyl radicals 12, and their subsequent reduction,

leads to the generation of highly stable 5-(hydroperoxymethyl)-20-deoxyuridine (13)
(Scheme 3.4). This hydroperoxide exhibits a relatively long half-life of 8 weeks at

37�C.24 The formation of two methyl oxidation products including 5-(hydroxy-

methyl)-20-deoxyuridine (15) and formyl-20-deoxyuridine (16) may be rationalized

in terms of a Russell mechanism that operates for both primary and secondary peroxyl

radicals.27 Bimolecular reaction of 12 is expected to give rise to linear tetroxides 14

(Scheme 3.4) as recently proposed for the decomposition of peroxyl radicals of

linoleic acid.29 The thermal decomposition of 14 is likely to involve a cyclic

mechanism with subsequent formation of alcohol 15 and aldehyde 16 products

together with concomitant release of singlet oxygen.

Hydration and deprotonation reactions of thymine radical cations previously

identified in 20-deoxyribonucleosides (vide supra) have been shown to occur as

well in isolated DNA and double-stranded oligonucleotides.30 This was achieved
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upon suitable digestion of oxidized DNA to 20-deoxyribonucleosides followed by

high-performance liquid chromatography coupled to versatile and sensitive tandem

mass spectrometry (HPLC-MS/MS) detection.31 Thus, several oxidized nucleosides,

including thymidine 5,6-glycols (7), 5-(hydroxymethyl)-20-deoxyuridine (15), and

5-formyl-20-deoxyuridine (16), were generated in DNA- and AT-containing

oligonucleotides exposed to high-intensity UVC laser pulses30a and UVA-excited

anthraquinone,30b respectively. It is interesting to note that in the latter case, final

damage was localized on thymine rather than on adenine, probably as the result of

the higher reactivity of pyrimidine radical cations. Evidence for the one-electron

oxidation-mediated formation of 15 and 16 in isolated DNA was gained from

previous studies with menadione, riboflavin, and nitro derivatives of lysine, as

type I photosensitizers.30a, 32

3.2.2. Cytosine

A convenient method to generate the radical cations of cytosine derivatives is by

photosensitization with menadione and UVA light. Triplet-excited MQ undergoes

charge transfer with 20-deoxycytidine (17) to give the corresponding radical cation

with a quantum yield of 0.33.11 Using MQ-photosensitized oxidation, the radical

cation 18 transforms into a mixture of products in aqueous aerated solutions that

have been characterized by detailed NMR and mass spectrometry.22b,33 The stable

products may be divided into those that arise from deprotonation (�Hþ) and those

from hydration (þH2O) of initial radical cation 18 (intermediates 19–22;
Scheme 3.5).

There are two competitive pathways of deprotonation for radical cation 18: (i)

deprotonation from the exocyclicN4 group giving rise to 20-deoxyuridine (23) byway
of N4-aminyl radical 19 and (ii) deprotonation from the C10 position of the sugar

moiety leading to the release of cytosine (24) and 2-deoxyribono-1,4-lactone (25).34

The yield of 23 was 36%, while that of cytosine was only 4% based on the total

decomposition of 17. In a computational study, the most likely pathway of deamina-

tion—that is, that with the lowest free energy barrier—involved addition of water

to the N3--C4 imine bond followed by cleavage of the C4--N4 bond.35 The release

of cytosine involves N-glycosidic bond cleavage and may be accounted for by

deprotonation of the anomeric proton and subsequent transformation of 20 into

alkali-labile 25.36 This pathway is rationalized in terms of formation of related

peroxyl radicals, loss of superoxide radical anion, and further hydrolysis of the

resulting sugar carbocation.2a

The competitive hydration of radical cation 18 takes place at either the C5 or C6

position of the pyrimidine ring, leading to the corresponding hydroxyl-substituted

radicals (21 and 22); the same species are generated by the addition of OH. to 17. The

resulting radicals rapidly incorporate O2 to give the corresponding b-hydroxyperoxyl
radicals. Thus, the hydration of 18 followed by addition of O2 generates two different

types of b-hydroxyperoxyl radicals depending on the position of hydroxyl and

peroxyl groups (either C5 or C6). The mechanism of formation of 5,6-glycols

(26), 5-hydroxyhydantoin (30), and formamide (11) likely involves the reduction
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ofb-hydroxyperoxyl radicals to 5(6)-hydroxy-6(5)-hydroperoxides, followedby their
decomposition, as well as the bimolecular decay of b-hydroxyperoxyl radicals.
Although labile hydroperoxides have been detected in aqueous solutions of DNA

exposed to ionizing radiation,37 the 5(6)-hydroxy-6(5)-hydroperoxides of 17 are too

unstable in aqueous solution to allow for their direct characterization. Experiments in

the presence of 18O2 showed that heavy oxygen atoms are incorporated atC5 andC6 in

the structure of 11, 27, and 28.33 These results suggest that the addition ofwater occurs

with the similar efficacy at both C5 and C6 positions of 18, in contrast to the very

specific addition of water at the C6 position of thymidine radical cation 2.10

The formation of 5,6-glycols 2638may be explained by the decomposition of initial

b-hydroxyperoxyl radicals or the corresponding 5(6)-hydroxy-6(5)-hydroperoxides.
Saturation of the 5,6-double bond renders the molecule susceptible to undergo either

dehydration to 5-hydroxy-20-deoxycytidine (27) or deamination to 5,6-dihydroxy-

5,6-dihydro-20-deoxyuridine (28) (Scheme 3.5). In aqueous solution (pH 3–8), the

predominant pathway is dehydration to the 5,6-unsaturated product 27 (half-life¼ 1 h

at 37�C; 5 h at 22�C). In contrast, the decomposition of cytosine 5,6-glycols 26 is

dramatically altered in double-stranded DNA. The half-life of 26 increases 6.5-fold in

poly(dG-dC) and 28-fold in double-stranded calf-thymus DNA while the extent of

deamination increases 20–30%.38 These effects have serious repercussions in cellular
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SCHEME 3.5. Proposed mechanism of formation of products from one-electron oxidation of

cytosine and its derivatives.
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DNA because deamination may cause C-to-T transition mutations. However, the

dehydration of 20-deoxyuridine 5,6-glycols (28) to 5-hydroxy-20-deoxyuridine (29),
which is only a minor reaction for the nucleoside under neutral conditions, does not

detectably occur in DNA.38a

The formation of N1-(2-deoxy-b-D-erythro-pentofuranosyl)-1-carbamoyl-3,

4-dihydroxy-2-oxoimidazolidine (31), aminocarbonyl[N1-(2-deoxy-b-D-erythro-
pentofuranosyl]-2-oxomethylcarbamic acid (32), and N1-(2-deoxy-b-D-erythro-
pentofuranosyl)biuret (33) represents a unique pathway of oxidation for pyrimidine

derivatives containing an internal N3–C4 imine group (Scheme 3.5). The imidazo-

lidine-4,5-glycols 31 were obtained from the decomposition of 5-hydroxy-6-hydro-

peroxy-5,6-dihydro-20-deoxycytidine, prepared in situ by peroxidation of trans-

5-bromo-6-hydroxy-5,6-dihydro-20-deoxycytidine.39 The formation of 31 likely

involves intramolecular rearrangement of 5-hydroxy-6-hydroperoxides (or the cor-

responding b-hydroxyperoxyl radicals) to C6--C4 endoperoxides followed by

concerted O--O and C4--C5 bond cleavage.40 Additional evidence for this pathway

was provided by ½18O2�-labeling experiments showing the incorporation of two 18O

atoms into the structure of 31—that is, one atom on each at the side of O--O bond

cleavage.The formationofother products in this pathway,32and33,maybeexplained

by either dehydration or fragmentation of the imidazolidine ring of 31, respectively.

Alternatively, an open-chain ureide has been proposed in the formation of imidazo-

lidine-4,5-glycols obtained by oxidation of the nucleobase.40 Imidazolidine-4,5-

glycols 31 exist as four distinct diastereomers depending on the configuration of

C4 and C5. The structure of diastereomers was determined by 1H-NMR, 13C-NMR,

and 2D-NOESYanalyses.39 A remarkable feature of the diastereomers is their ability

to interconvert via single and successive cycles of ring-chain tautomerism at N1--C5

and N3--C4, leading to epimerization of C5 and C4, respectively. Although the cis

diastereomers were the initial products of decomposition, they appeared to rapidly

isomerize into the trans diastereomers with a half-life of 14min at 37�C and pH 7.

Likewise, the cis diastereomers probably undergo isomerization to give the more

stable transdiastereomers inDNA.However, the trans-imidazolidine4,5-glycols (31)

have been detected in g-irradiated oligonucleotides and calf-thymus DNA.41 Further

studies are in progress to determine the yield of these products in relation to other

modifications in DNA.

3.2.3. 5-Methylcytosine

5-Methyl-20-deoxycytidine (34) is a minor DNA base that plays an important role in

regulating gene expression at CpG sequences. Interestingly, the properties of related

radical cation 35 are different from those of 20-deoxycytidine radical cation 18
(Scheme 3.4) in some respects. The main site of deprotonation of 35 is the methyl

group accounting for as much as 60% of the total products. The resulting 5-methyl-

(20-deoxycytidylyl) radical (36) likely incorporates O2 to give rise to the correspond-

ing peroxyl radicals, which subsequently undergo either reduction and protonation

to 5-(hydroperoxymethyl)-20-deoxycytidine (38) or bimolecular decay to stable

products (via tetroxide 39). The half-life of the primary hydroperoxides (38) is
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9.5� 0.5 h at 24�C.42 In addition, two stable methyl oxidation products have been

isolated and assigned as 5-(hydroxymethyl)-20-deoxycytidine (40) and 5-formyl-20-
deoxycytidine (41). The mechanism of formation of the stable products, 40 and 41,

is likely analogous to that of the corresponding oxidation products of 1 (Schemes 3.1

and 3.4). It should be added that 40 is susceptible to further oxidation during

menadione photosensitization and that subsequent oxidation gives rise to 5-for-

myl-20-deoxycytidine (41). Similar to 20-deoxycytidine radical cation 18, the depro-
tonation of radical cation 35 at C10 is a minor process leading to 2-deoxyribono-1,4-

lactone (25) and the concomitant release of free 5-methylcytosine.

Other hydroperoxides, althoughnot yet identified,weregenerated uponmenadione

photosensitized oxidation of 34. The decomposition of these hydroperoxides led to

the formation of several degradation products as observed by HPLC, including the

cis-(5R,6R)- and (5S,6S)-diastereomers of 5,6-dihydroxy-5,6-dihydro-5-methyl-20-
deoxycytidine (the 5-methyl derivatives of 20-deoxycytidine 5,6-glycols 26). When

the reactionwas carried out in 18O2,mass spectrometry analysis revealed that 18O was

incorporated at C5 in the structure of cis and trans diastereomers of the latter 5,6-

glycols. This indicates that water and O2 addition of transient pyrimidine radical

cations takes place at C6 and C5, respectively. This contrasts to the initial addition of

water at both C5 and C6 in the case of cytosine radical cation 18, but it is similar to the

hydration of thymine radical cation 2 that exclusively occurs at C6. Following the

addition of water and O2, the resulting b-hydroxyperoxyl radicals are likely reduced/
protonated to the corresponding 6-hydroxy-5-hydroperoxides and/or take part

in bimolecular modes of decay to stable products. The two cis diastereomers of

5-methyl-20-deoxycytidine-5,6-glycols were generated upon exposure of 34 to g rays
in aerated aqueous solutions as the result of the initial addition of OH. addition

at C6 and C5 of the base moiety.43 An interesting feature of 5-methylcystosine-

5,6-glycols is the much higher stability toward hydrolytic deamination compared to

cytosine homologues 26, with the cis diastereomers being more easily converted into

the corresponding thymine-5,6-glycols 7 compared to the trans forms.38b,43 The

absence of imidazolidine-4,5-glycols (the methyl derivatives of 31) in menadione-

photosensitized oxidation of 34 suggests that these products are preferentially formed

by the decomposition of the corresponding 5-hydroxy-6-hydroxperoxides rather than

6-hydroxy-5-hydroperoxides. Indeed, imidazolidine-4,5-glycols derived from 34

were produced in relatively large amounts from the g-irradiation of aerated aqueous
solution of 34 in which OH. mainly adds to C5 to give 5-hydroxy-5,6-dihydro-5-

methyl-20-deoxycytid-6-yl radicals, the corresponding 5-hydroxy-6-peroxyl radicals,
and then 5-hydroxy-6-hydroperoxides in aerated aqueous solutions.

The development of methods to specifically oxidize methylated cytosine in DNA

is relevant because of their utility in mapping the genomic methylation patterns.

5-Methylcytosine has a slightly lower oxidation potential compared to cytosine and

thymine, and thus it has been shown to be a preferential target of certain single and

double oxidizing agents.44 In particular, V2O5/LiBr and NaIO4/LiBr were found to

specifically target methylated cytosine in oligonucleotides through a mechanism

involving electrophilic addition of bromonium cation.44a The susceptibility of

5-methylcytosine toward oxidation was recently demonstrated in naphthoquinone-
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tetheredoligonucleotides.44bEfficientpiperidine-inducedcleavagewasobservedwith

5-methylcytosine opposite naphthoquinone. Surprisingly, however, no cleavage was

observed in the sequence at neighboring GG doublets, which have a much lower

oxidation potential than 5-methylcytosine. These results indicate that photosensitizer

radical anion efficiently undergoes recombination with radical cations centered at

GG doublets, whereas the radical cation of 5-methylcytosine reacts rapidly, probably

by deprotonation, to irreversibly transform into oxidation products. 5-Formyl-20-
deoxyuridine (41) was proposed as the precursor to strand breaks after piperidine

treatment. A possible mechanism of formation of 41 in the photosensitized oxidation

of quinone-tethered oligonucleotides involves the deprotonation of radical

cation35 followedbythe incorporationofO2andsubsequentreductionandprotonation

of peroxyl radicals to diamagnetic hydroperoxides 38. The complete transformation

of 34 to 41 may involve the reaction of quinone radical anions or secondary photo-

sensitized oxidation.

3.2.4. Guanine

Similar to pyrimidine bases, there are two main competitive degradation pathways of

guanine radical cations (43), which includes deprotonation and hydration and gives

rise to oxidizing G(�H)
.
(44) and reducing 8-hydroxy-7,8-dihydroguanyl 45 radicals

in aqueous solutions, respectively (Scheme 3.6). The two predominant one-electron

oxidationproducts of thepurinemoietyof free20-deoxyguanosine (42) arising from44
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have been identified as 2,2-diamino-4-[(2-deoxy-ß-D-erythro-pentofuranosyl)ami-

no]-5(2H)-oxazolone (47) and its precursor, 2-amino-5-[(2-deoxy-ß-D-erythro-pen-

tofuranosyl)amino]-4H-imidazol-4-one (46).45 The mechanism of their production

(Scheme 3.6) has been rationalized in terms of multistep reactions of 44, the transient

product of deprotonation of guanine radical cation 4346 that occurswith a rate constant
of 1.8� 107 s�1 for the nucleoside.47 It should be mentioned that 44, which exhibits

a pKa of 3.9,
48 and shows a low reactivity, if any, toward O2,

49 may also be generated

by either dehydration of the OH. adduct at C4 (k¼ 6� 103 s�1)46 or protonation of

the electron adduct of 8-bromoguanine50 with rapid loss of Br�. Thus, the addition of
O2

.� to tautomeric C(5) carbon-centered radicals whose rate constant has been

estimated to be 3� 109M�1 s�1 and 4.7� 108M�1 s�1 for the nucleoside46 and

DNA duplexes, respectively,51 leads after protonation to the transient formation of

5-hydroperoxides. This reaction is followed by an a-hydroperoxide type cleavage

of the 5,6-bond and subsequent decarboxylation of the resulting opened-pyrimidine

ring moiety. At this point, nucleophilic addition of a water molecule may take place

across the 7,8-unsaturated bond prior to further rearrangement. This reaction involves

the release of a formamide molecule through ring chain tautomerism52 leading,

after cyclization and quantitative hydrolysis of an unstable imidazolone 46 precursor

(half-life¼ 10 h in aqueous solution at 20�C), to the formation of oxazolone nucleo-

side 47.45 Itmay be added that the oxidation of 8-oxo-7,8-dihydro-20-deoxyguanosine
48 by reaction with highly oxidizing oxyl radical 4453 may also contribute to the

formation of 46 and 47 (vide infra). The latter lesions are both highly alkali-labile

lesions54 in contrast to 48 which is relatively stable.54a,55 Interestingly, the nucleo-

philic addition of a water molecule in the sequence of events giving rise to 47 is

supported by the competitive formation of an anhydronucleoside upon one-electron

oxidation of 42.56 This represents a relevant model system for investigating the

mechanism for the radical-mediated oxidative formation of DNA-protein cross-links

as illustrated in previous studies.57

Hydration of 43 whose pseudo-first-order rate constant was estimated to be

6� 104 s�1 in double-stranded DNA58 gives rise to the 8-hydroxy-7,8-dihydroguanyl

radical 4546 (Scheme 3.6) according to a counterion-assisted proton shuttle mecha-

nism as proposed from molecular dynamics and ab initio quantum simulations.59

Support for the nucleophilic addition of H2O to C8 of 43 was provided by the

incorporation of 18O into the structure of 48 upon riboflavin photosensitized oxidation

of calf thymus DNA in H2
18O solutions.60 Two major competitive reactions have

been described for the conversion of 45 in aqueous solution thatmay also be generated

by OH. radical addition with a yield of 17%.46 It should be added that the relative

importance of the last two reactions is strongly dependent on the redox status of the

environment, and in particular, on the extent of oxygenation of aqueous solutions.

Therefore, oxidation of 45 gives rise to 48 while one-electron reduction of the latter

guanine radical leads to the formation of 2,6-diamino-4-hydroxy-5-formamidopyr-

imidine (49) (Scheme 3.6). This is rationalized by scission of the saturated C8–N9

bond of 8-hydroxy-7,8-dihydroguanine intermediates that takes place with a rate of

k¼ 2� 105 s�1 as determined by pulse radiolysis measurements.46 It may be noted

that other degradation pathways of 45 recently proposed on the basis of density
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functional theory computation to explain the formation of 49 need to be further

challenged experimentally.61 The formation of 48 was the predominant pathway of

decay for the intermediate radical 45 in double-stranded DNA in aerated aqueous

solutions,whereas the formationof49was four-fold lower.62 In contrast, only traces of

48weredetecteduponone-electronoxidationof42 as amonomeror in single-stranded

DNA. This may be accounted for by the efficient oxidation of 48 as soon as it is

generated from 42 (k¼ 0.46� 109M�1 s�1 at pH 7.0)63 and also by the efficient

deprotonation of 43 that occurs more readily in the absence of base stacking and

pairing in contrast to what is observed in double-stranded DNA.60

Similar to hydration, other examples of nucleophilic reactions of 43 have become

available more recently from the isolation and characterization of novel guanine

adducts. Thus, a guanine–lysine cross-linkwas shown to be generated upon riboflavin

photosensitization of TGT trinucleotide and KKK trilysine peptide that form a tight

complex.64 The formation of the latter damage is accounted for by efficient addition

of the central lysine residue of KKK to C8 of 43 followed by an oxidation step in a

similar way as that for the generation of 48. This appears to be more likely than an

alternative mechanism that has ben recently proposed and that involves initial

generation of a lysine radical cation prior to its addition to the guanine moiety.65

Another example of nucleophilic addition involving guanine radical cations was

providedby the isolation in single-stranded oligonucleotides of intrastrand cross-links

between guanine and either thymine or uracil bases separated from theguaninemoiety

bycytosine.66The formationof these adductswas rationalized in termsofnucleophilic

addition of the N3 atom of pyrimidine bases to C8 of guanine.

A major difference between the chemistry of base radical cations as free nucleo-

sides compared to those within double-stranded helix is the occurrence of efficient

charge transfer reactions from initially generated base radical cations of DNA, and

additionally, from direct ionization of 2-deoxyribose in the case of ionizing radiation.

The proposed mechanisms of transfer include polaron-mediated hopping, two-step

hopping with superexchange, and coherent long-range tunneling.17 This leads to the

generation of oxidatively damaged bases mostly at guanines and to a lesser extent

at adenines9a because guanine bases may be considered as preferential sinks for

positive hole migration. On the basis of both experimental and theoretical investiga-

tions, intra- but not interstrand charge migration was shown to be implicated in the

formation of damage at guanine following 193-nm laser pulse-mediated ionization of

double-stranded DNA.67 Kinetic information is also available for the two competitive

reactions of guanine radical cations 43, namely hydration and hole transfer to other

guanine sites.58 Thus, the pseudo-order rate for the hydration of guanine radical

cations, 43, was estimated to be about 6� 104 s�1 or two orders of magnitude lower

than the rate of hole migration between two isolated guanines separated by two AT

base pairs.58

3.2.5. Adenine

Adenine radical cations (51) generated by one-electron oxidation reactions of adenine

(50) have been shown to lead to the formation of 8-hydroxy-7,8-dihydroadenyl
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radicals (52) or to oxidizing 6-aminyl radicals 53 by hydration and deprotonation,

respectively (Scheme 3.7). The reducing radical 52, as already discussed for the

related guanine radical 45, is able to undergo two competitive reactions in aqueous

solutions. Oxidation of 52 promoted by oxygen leads to the formation of 8-oxo-7,8-

dihydroadenine (54), while reduction gives rise to 4,6-diamino-5-formamidopyrimi-

dine (55).68 The main final degradation product of the deprotonation pathway

has been shown to be hypoxanthine (56), resulting from deamination of 6-aminyl

radicals 53.10 As a striking observation, the yield of 54 and 55 in isolated DNA upon

exposure to either OH. or one-electron oxidants was about 10-fold lower than that of

related guanine degradation products including 48 and 49.69 It was also shown that

photoexcited menadione-mediated one-electron oxidation of adenine within several

dinucleoside monophosphates, including d(ApA), d(CpA), and d(ApC), produced

N6-formyladenine (57) and N6-acetyladenine (58) residues.70

3.3. ONE-ELECTRON OXIDATION REACTIONS OF OXIDIZED

PYRIMIDINE AND PURINE DNA BASES

Several modified bases, including 5-hydroxycytosine (27), 5-hydroxyuracil (29),

8-oxo-7,8-dihydroguanine (48), 8-oxo-7,8-dihydroadenine (54), and the related for-

mamidopyrimidine, exhibit lower oxidation potentials than those of normal pyrimi-

dine and purine nucleobases, and thus they are also efficient targets for one-electron

oxidants.
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3.3.1. Hydroxypyrimidines: 5-Hydroxyuracil and 5-Hydroxycytosine

Oxidation of 20-deoxycytidine (17) by OH. and MQ-sensitization to UVA radiation

leads to the formation of intermediate cis- and trans-5,6-glycols (26), which readily

undergo dehydration to 5-hydroxy-20-deoxycytidine (27).71 In addition, 5-hydroxy-

20-deoxyuridine (29) may be produced by the dehydration of 5,6-glycols 28 (although
this reaction is minor under neutral conditions for the nucleoside) and the decom-

position of intermediate b-hydroxyhydroperoxides or the corresponding 5(6)-hy-

droxy-6(5)-hydroperoxides. Using HPLC on line with an ESA electrochemical

detector, the oxidation potentials at half-maxima (versus Pd reference electrode)

are 70 and 150mV for 27 and 29, respectively.71, 72 Using this detector, the oxidation

potentials of 8-oxo-7,8-dihydro-20-deoxyguanosine (48) is 190mV, whereas that of

nonmodified DNA bases is considerable higher (>700mV). Several studies have

reported the ability of KMnO4 to transform 5-hydroxypyrimidines within oligonucleo-

tides into strand breaks.73, 74 The incorporation of 5-hydroxypyrimidine nucleoside

triphosphates by PCR followed by site specific oxidation of the modified base with

KMnO4 has been proposed as amethod todetect single nucleotide polymorphism.74On

the other hand, the susceptibility of 5-hydroxypyrimidines to further oxidation may be

a seriousproblemin theanalysis of theseproducts incellularDNA,andaswell in studies

concerning DNA repair and mutagenesis.

The mechanism of oxidation of 29 was recently investigated using modified

nucleosides and oligonucleotides.75–77 The oxidation of 29 by Br2, iridium salts

(Na2IrCl6), and KMnO4 gave 1-(2-deoxy-b-D-erythro-pentofuranosyl)-isodialuric
acid (59; Scheme 3.8). Remarkably, initial oxidation of 29 induces a sequence of

transformations from 59 to 1-(2-deoxy-b-D-erythro-pentofuranosyl)-dialuric acid

(60), followed by the conversion of 60 to 1-(2-deoxy-b-D-erythro-pentofuranosyl)-
5-hydroxyhydantoin (30) and 1-(2-deoxy-b-D-erythro-pentofuranosyl)-4-hydroxyi-
midazolidine-2,5-dione (61).75 Each product (30, 59–61) existed as a pair of

diastereomers, whichwere separated by reversed-phase HPLC.An interesting feature

of the diastereomers of 59 was that they existed as fully hydrated hemiacetal

derivatives in aqueous solution. The mechanism of oxidation of 29 by Br2 likely

involves the formation of intermediate bromohydrins, which transform into unstable

5,6-glycol-related products upon elimination of Br anion.25, 43 The oxidation of 27 by

Br2 resulted in the same products 30, 59–61 as the oxidation of 29. Most interestingly,

analogous products containing an exocyclic amino group were also detected in the

product mixture, suggesting that the deamination of products in the sequence

competes with their transformation.
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The isodialuric acid product 59 transforms into the dialuric acid nucleoside 60

after 2 h at 37�C in neutral aqueous solution.75, 76 The transformation of 59 takes place

in a stereospecific manner, indicating a mechanism involving a a-hydroxyketone
rearrangement with a concerted transfer of a proton from C6 to C5. In turn, 60

subsequently transforms, after 72 h at 37�C, into an equilibrium of four products

including two diastereomers of the hydantoin product 30 and two diastereomers of

the isohydantoin product 61.75, 76 The mechanism of decomposition of 60 probably

involves initial ring opening between N1 and C6 followed by decarboxylation

from an intermediate ureid, which contains a terminal a-hydroxycarboxylic acid

group. In contrast, the formation of the hydantoin product 30 from the OH.-induced

oxidation of pyrimidine nucleosides 1,17 may also take place by another pathway

involving the decomposition of intermediate 6-hydroxy-5-hydroperoxides.24, 33 The

isomerization of 30 to 61, and vice versa, may be accounted for by three possible

reactions: (1) a-hydroxyketone rearrangement, (2) ring-chain tautomerism at

N1–C5, and (3) ring-chain tautomerism at N3–C4. When the individual diastereo-

mers were incubated at 37�C for 72 h under neutral conditions, they predominantly

transformed into the corresponding diastereomer resulting from a-hydroxyketone
rearrangement (80%), whereas the diastereomers resulting from ring-chain tautom-

erism were formed to a lesser extent (20%).

Treatment of trimers as well as longer oligonucleotides (<15 mer) containing

5-hydroxyuracil (29) with Na2IrCl6 led to the quantitative conversion of 29 to

isodialuric acid (59) as inferred by MALDI-TOF analysis of the intact oligonucleo-

tide.77 Interestingly, whereas the fully hydrated form of the isodialuric acid product

(59) exists as free nucleosides in aqueous solution, the dehydrated carbonyl form

prevails in double-stranded DNA oligomers. Similar to the modified nucleoside,

a trimeric oligonucleotide that contains 59 was observed to undergo a series of

transformation from 59 to 60 and then at later times appeared to reach an equilibrium

with the hydantoin products 30 and 61 asmonitored byHPLC. The estimated half-life

of 59 in the trimer was 10 h at pH 7 and 25�C. The preparation of oligonucleotides

containing 59 permitted an initial assessment of its stability and DNA repair. Alkali

treatment (30min in 1M piperidine) of DNA oligomers (15-mers) containing 59 led

to complete cleavage of the phosphodiester bond next to the modification consistent

with b,d-elimination. The study of in vitro DNA repair with double-stranded DNA

oligomers (15 mers) demonstrated that 59 was a substrate for N-glycosylases from

E. coli [including formamidopyrimidine DNAN-glycosylase (Fpg), endonuclease III

(endo III), and, to a lesser extent, endonuclease VIII (endo VIII)] and for homologous

enzymes from Saccharomyces cerevisiae (including yNTG1 and NTG2), whereas no

repair activity was observed with yOGG1.

3.3.2. 8-Oxo-7,8-dihydroguanine

8-Oxo-7,8-dihydroguanine (48), a ubiquitous oxidation product of DNA in cells, is

highly susceptible to a wide variery of one-electron oxidation agents, including

inorganic and organic radicals, peroxyl radicals, high-valent chromium complex,

triplet ketones, oxyl radicals, and type I photosensitizers.14, 78, 79 This may be
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accounted for by the low redox potential of 48 (0.74V versus NHE)7 in comparison

with that of 42 (1.29 versus NHE).62 Detailed information is now available on (a) the

degradation pathways of the resulting radical cations, whose pKa is 6.6, and (b) 8-oxo-

7,8-dihydroguanine’s deprotonated neutral radical, whose chemistry mimics, at least

partly, that of related guanine radicals. Thus, hydration of the radical cation 62 will

likely generate 5-hydroxy-4-yl radical 63 that upon one-electron oxidation gives rise

to 2-amino-5-hydroxy-7,9- dihydropurine-6,8-dione (65)80 after deprotonation of the

cationic intermediate 64 (Scheme 3.9), pathway a). An alternative reaction scheme

(Scheme 3.9), pathway b), which is kinetically favored over pathway a on the basis of

extensive DFT theoretical calculations,81 may also explain the formation of 65.

Pathway b involves the initial deprotonation of 62, leading to neutral radical 66 that

upon one-electron oxidation and subsequent deprotonation of the resulting cation 67

is expected to generate a quinonoid intermediate (68). The addition of a water

molecule across the 5,7 double bond of 68 leads to 65, which was unambiguously

characterized by low-temperature 1H and 13C NMR as a singlet oxygen product of

a suitably derivatized ribonucleoside derivative of 48.82 It may be added that

nucleophilic addition to either the cation (64, pathway a) or the quinonoid compound

(68, pathway b) received further support from the isolation of addition products at

C5 of the purine ring with several amino- and hydroxy-substituted compounds

including spermidine, lysine, and tyrosine.83 Intermediate 63 and related substituted

compounds at C5 were found to be unstable at room temperature, undergoing two

types of pH-dependent rearrangements as proposed by DFT studies. At neutral and

slightly alkaline pH, the formation of the two diastereomers of spiroiminodihydantoin

(71) (Scheme 3.10), whose absolute configuration is still a matter of debate,84 was

favored for both free nucleosides and oligonucleotides. It was recently proposed that

the formation of 71 may be rationalized in terms of initial deprotonation of the

hydroxyl group of65 to generate69,which subsequently is converted into70 through a

1,2-acyl shift mechanism. Under acidic conditions (pH< 6.5), cleavage of N1--C6

pyrimidine bond (72) appears to be the preferential route giving rise to a guanidi-

nohydantoin compound (75) as a mixture of two diastereomers. This requires

decarboxylation of the resulting open pyrimidine base (73) prior and subsequent

to the tautomerization of 74.
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Evidence has been provided for the reaction of oxidizing radicals 66 obtained by

2-aminopurine-mediated bi-photonic electron abstraction from 48 in DNA fragments

on the one hand and O2
.� formed by quenching of photo-ejected electrons with

molecular oxygen on the other hand.85 The rate constant of the reaction of O2
.� with

66 was determined by flash photolysis to be (1.3� 0.2)� 108M�1 s�1 and

(1.0� 0.5) x 108M�1 s�1 in single- and double-stranded DNA, respectively.86 The

dehydrated guanidinohydantoin 78 is generated through opening of the 5,6 bond

of the resulting 5-hydroperoxide 76 followed by decarboxylation of 77 to give 78. The

transformation of unstable 78 into oxaluric acid (82) has been established for the

monosubstituted isomer of oxaluric acid once 78 is generated by specific singlet

oxygen oxidation of an 8-oxoGua-containing 15-mer. Itwas shown that the incubation

of modified oligonucleotides leads to the quantitative conversion of 78 into 82,

which may be accounted for by the initial formation of carbinolamine 79. In a

subsequent step, tautomerization of 79 gives rise to parabanic acid (81) with the

concomitant release of guanidine 80 (Scheme 3.11). In turn, the hydrolysis of 81

occurs in a specificway by cleavage of the 1,5 bond to generate 82.87, 88 A competitive

degradation pathway of 5-hydroperoxide, shown to be favored at alkali pH, appears

to be at the origin of the formation of imidazolone (46), through an as yet not fully

identifiedmechanism.These fewexamples illustrate the complexity inchemical terms

of purine radicals derived from the one-electron oxidation of 48. If O2 is not able to
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significantly react with 62 (k< 102M�1 s�1), C5 adducts may be observed in the

presence of either CO3
.� or NO2

.
,89 which are both decomposition radicals of

nitrosoperoxycarbonate, the product of the reaction of peroxynitrite and bicarbonate.

The reactivity of 8-oxo-7,8-dihydroguanine (48) residues toward various oxidizing

agentswas investigated in definedDNAfragmentswith different sequence contexts.90

Thus, when 48 was stacked in a duplex with a 30 neighboring guanine, it was more

susceptible to one-electron oxidation than the other possible doublets involving

the three other normal bases. This finding, which parallels the previously observed

higher reactivity of the 50 guanine in a GG doublet toward one-electron oxidants, is in

agreement with ab initio calculations of the ionization potential of nucleobases.

Insight into the one-electron oxidation at distant 8-oxo-7,8-dihydroguanine (48)

residues in duplex DNA was gained from a time-resolved photolysis study using

inserted 2-aminopurine (AP) as the one-electron oxidant.89 The rate constants of

electron transfer between the deprotonated radical cation of the photosensitizer and

48 were found to be strongly dependent on the distance between the two targeted

bases. The rate constant for AP and 48 separated by two molecules of thymidine (1)

was estimated to be 3.8� 0.5� 104 s�1. Interestingly, the rate was found to decrease

by more than 10-fold with the presence of four intervening nucleosides 1.89

3.4. ONE-ELECTRON OXIDATION REACTIONS OF CELLULAR DNA

It may be pointed out as a general remark that the measurement of oxidatively

generated base lesions in cellular DNA has been hampered until recently by the use

of inappropriate methods. As a typical example, application of the GC-MS assay for

more than 15 years led to an overestimation of the measured level of DNA lesions,

particularly with respect to ubiquitous 8-oxo-7,8-dihydro-20-deoxyguanosine (48),
by two to three orders of magnitude.1f Use of the more reliable HPLC with either

electrochemical detection91or tandemmass spectrometry technique,92 combinedwith

optimized conditions of DNA extraction that minimize adventitious metal-mediated

oxidation of normal DNA bases,93 represents a suitable alternative as shown by the

cooperative efforts of ESCODD network.94

3.4.1. Primary Oxidation Pathways

Only a fewexamples of one-electronoxidation reactions of cellularDNAare available

in contrast to the more abundant literature concerning oxidative pathways mediated

byOH. and 1O2
1f This is partly due to the difficulty of specifically inducing ionization

processes in the absence of reactive oxygen species such as OH.. Thus, potassium

bromate (KBrO3), a renal carcinogen, when reduced by thiol compounds, such as

glutathione and cysteine, was shown to preferentially oxidize 50-guanine in GG and

GGG of double-stranded DNA fragments.95 These results are a strong indication

for the one-electron oxidation of guanine, since neither OH. nor 1O2 exhibits the

same specificity. This conclusion received further support from the observation that

the incubation of mammalian cells with KBrO3 in the presence of GSH induced
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the predominant formation of Fpg-sensitive sites, mostly 8-oxo-7,8-dihydro-20-deox-
yguanosine (48) as detected by HPLC with electrochemical detection, which was

more abundant than either DNA strand breaks or endonuclease III type lesions.96

Pretreatment ofmicewith buthionine-(S,R)-sulfoximine, aGSH-depleting agent, was

found to increase the levels of 48 in both kidney and liver DNA upon exposure to

KBrO3.
97 Thesevarious observations are in agreementwith the formation of a reactive

intermediate such as BrO2, a reduction product of BrO3
� that is able to abstract one

electron from guanine. However, further work is required to substantiate this possi-

bility or to assess the eventual role of other species, such as BrO
.
or Br

.
.98

Another way to generate guanine radical cation 43 and other one-electron oxidized

base intermediates in cellular DNA involves photolysis with high intensity 266-nm

nanosecond pulses. Detailed model studies have shown that UVC laser irradiation of

free nucleosides and isolated DNA induces efficient bi-photonic photoionization of

purine and pyrimidine nucleobases. This may be accounted for by subsequent UV

photon absorption of nucleobases in their triplet state generated within the duration of

the UV pulse.9 The overall energy level of the excited species thus generated is higher

than the ionization threshold, and as a result, base radical cations are produced.

Exposure of THP1 neoplastic humanmonocytes to nanosecondUVCpulses led to the

predominant formation of 48 as measured by HPLC-MS/MS.99 In addition, smaller

amounts of three other oxidized nucleosides, including 5,6-dihydroxy-5,6-dihy-

drothymidine (7), 5-(hydroxymethyl)-20-deoxyuridine (15) and 5-formyl-20-deox-
yuridine (16)were also detected albeit their overall formation represented only 10%of

the amount of 48. The distribution pattern of photooxidized nucleosides is not

consistent with any significant contribution of OH. to the molecular effects of laser

irradiation since this radical induces higher levels of damage to thymine (1) than to

guanine (42).92a,100 Therefore, the photoinduced formation of 48 and 7 may be

rationalized in terms of the hydration of initially generated guanine and thymine

radical cations, respectively, followed by reaction pathways that have been depicted in

previous sections. Competitive deprotonation of thymine radical cations followed by

fast addition ofO2 to the resulting 5-methyl-centered thymine radicals is the sequence

of reactions giving rise to 15 and 16 through the intermediacy of 5-(hydroperox-

ymethyl)uracil (13). The preferential formation of 48 ismost likely explained in terms

of charge transfer of initially generated purine and pyrimidine radical cations to

guanine sites that act as sinks of positive holes as previously shown in model studies

involving double-stranded DNA fragments.

3.4.2. Secondary Oxidation Reaction of 8-Oxo-7,8-dihydroguanine

The well-documented high susceptibility of 8-oxo-7,8-dihydroguanine (48) to one-

electron oxidants has led one to consider the possible occurrence of secondary

oxidation of this ubiquitous marker of oxidative stress. The previous characterization

of diastereomeric spiroiminodihydantoin nucleosides 71 as the main degradation

products of 48 in oligonucleotides at neutral pH has facilitated the development of

HPLC-MS-based assays aimed at searching for a relevant marker of oxidation of 48

inDNA. Thus, the formation of 71was observed in isolatedDNAexposed toCr(VI) in
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the presence of ascorbic acid as a reducing agent.101 In a subsequent study, again using

HPLC-MS measurements performed in the selective ion monitoring mode, six

residues of oxidized nucleosides 71 per 103 guanines were detected in the DNA of

chromate-treated TK3D11 E. coli cells deficient in Nei,102 the base excision repair

enzymeable to excise71. This amount of damage is about 20-fold higher than theyield

determined in wild bacterial cells while the level of 48, the likely precursor of 71,

is much lower in both cell types. From a kinetic point of view, however, taking into

consideration the relative levels of 48 and 42 together with the reactivity of the two

bases toward chromate ions, the secondary oxidation of 48 is likely to be a rare

event unless the oxidant is located in close proximity to its target. A major concern is

the questionable use of HPLC-MS, which is much less specific than MS/MS, for

measuring low amounts of modified nucleosides due to the lack of specificity of

SIM detection under these conditions and thus the possible presence of interfering

compounds. In this respect, it may be noted that HPLC-MS/SIM measurements

of several radiation-induced oxidized nucleosides, including 48, 54, and purine

50,8-cyclonucleosides, in the DNA of human cells have led to overestimated values

by factors varying between two and three orders of magnitude.103 Therefore, it would

be of interest to search for the formation of 71 using the HPLC-MS/MS technique as

a more reliable analytical method.

It has also been suggested that due to the possible occurrence of hole migration

within DNA, the presence of 48 may have a sacrificial role allowing protection of

normal nucleobases against the damaging effects of one-electron oxidants.104

However, this hypothesis has been recently questioned.105 It is difficult to rationalize

how 48, with a frequency in human cells that does not exceed a few residues per 106,

can be preferentially oxidized with respect to overwhelming nucleobases because

efficient hole transfer processes within DNAhelix are limited to distances of less than

20 bp, depending on the sequence.

3.5. CONCLUSIONS AND PERSPECTIVES

Comprehensive one-electron oxidation pathways are now available for the five main

DNA bases and two oxidatively generated base lesions that exhibit low ionization

potentials. This was inferred in most cases from extensive studies of transient base

radical intermediates and characterization of final oxidation products using nucleo-

basesand/ornucleosidesasmodelcompounds.However, thesituation ismorecomplex

in DNA because of the occurrence of hole transfer, which may lead to a general

redistribution of the initially generated radical damage from purine and pyrimidine

bases to guanine sites. In addition, there is evidence that peroxyl radical generated

at pyrimidine bases may induce the formation of tandem lesions by interacting with

vicinal bases. There remains much work to assess the relative importance of the

formation of single and tandem lesions in duplex DNA upon one-electron oxidation.

Formation of oxidized bases mostly involving guanine has been shown to occur in

cellular DNA upon exposure to one-electron oxidants. There is also a need for further

studies to search more thoroughly for the formation of tandem lesions.
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4
REACTIVITY OF NUCLEIC ACID
SUGAR RADICALS

CHRYSSOSTOMOS CHATGILIALOGLU

ISOF, Consiglio Nazionale delle Ricerche, 40129 Bologna, Italy

4.1. INTRODUCTION

Reactive oxygen species (ROS)—and, in particular,OH. derived from themetabolism

of oxygen1—are known to cause chemical modifications to DNA through the for-

mation of strand breaks and nucleobase modifications. However, the majority of cells

also possess defense mechanisms against oxidative damage, such as base excision

repair (BER) and nucleotide excision repair (NER) enzymes, which remove these

lesions tomaintain the integrity of thegenome.2 Someof the lesions, particularly those

due to poorly repaired oxidative damage, may accumulate in cells over time through

errors in repair, replication, and recombination, and the levels of repair proteins may

decreasewith the cell aging.3 In addition to the induction of DNAdamage through the

metabolism of oxygen, DNA damage may also be induced through other environ-

mental insults such as ionizing radiation, UV light and chemical mutagens. Although

themajority of DNA lesions induced through oxidativemetabolism are single lesions,

there are also typesofmultiple lesions suchas tandemDNAlesions andclusteredDNA

damage that may challenge the repair machinery of the cell.

Diffusible hydroxyl radicals (HO.) are known to react with DNA either by

hydrogen abstraction from the 2-deoxyribose units or by addition to the basemoieties.

The majority of HO. attacks occur at the base moieties. However, there is growing

evidence that the oxidation of 2-deoxyribose inDNAplays a critical role in the genetic

toxicology of oxidative stress and inflammation.4 The order of reactivity of HO.
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radical toward the various hydrogen atoms of the 2-deoxyribose moiety is currently

under debate.4 A proposed order that also parallels the exposure to solvent of the

2-deoxyribose hydrogen atoms (i.e., H50 >H40 >H30 �H20 �H10) is generally

accepted.5 Indeed, the positioning of the C40 and C50 hydrogen atoms on the edge

of the minor groove renders them accessible to diffusible species. Experimental data

on the reaction of HO. radicals with simple nucleosides like 20-deoxyadenosine and
20-deoxyguanosine indicated that �25% of H-atom abstraction occurs at the sugar

moiety, �40% of which is at the H50 position.6 On the other hand, C10-, C40-, and
C50-hydrogen atoms are abstracted by several minor groove-binding molecules.7–9

Abstraction of a hydrogen atom from 2-deoxyribose produces a carbon-centered

radical whose fate depends upon the environment.Many of the recent studies focus on

the selective generation of these species that allowed quantitative data to be obtained.

Although the chemistry of all possible sugar radicals (i.e., C10, C20, C30 C40, and C50)
from nucleosides to DNAwill be discussed in this chapter, only the literature from the

last ten years has been covered due to space limitations. The reader is referred to some

excellent reviews7–11 and books12, 13 formore details of earlierwork. The chemistry of

2-deoxyribose oxidation in DNA has its roots in the literature of ionizing radiation, as

summarized in two books by von Sonntag.12, 13

4.2. OXIDATION OF THE C10 POSITION

The 2-deoxyribonolactone lesion (or C10-oxidized abasic site) results from oxidation

of the C10 position of DNA nucleotides and has been implicated in DNA strand

scission, mutagenesis, and covalent cross-linking to DNA binding proteins.3, 4 A

variety of toxic agents have been shown to produce the deoxyribonolactone lesion,

including enediyne antibiotics (e.g., neocarzinostatin chromophore, NCS), bis(phe-

nanthroline) copper, cationic manganese porphyrins, oxoruthenium complexes,

ultraviolet irradiation, and ionizing irradiation.7–9, 11–13 The chemical mechanisms

for oxidized abasic site generation by these agents have been the subject of intensive

investigation. Although the details vary among damage reagents and conditions,

central features of the damage process include hydrogen abstraction at the C10

position, nucleotide oxygenation, and extrusion of the nucleobase to produce the

2-deoxyribonolactone (L) lesion in duplex DNA.

In the last decade, significant efforts have been devoted to creating a site-specific

radical generating system and to the incorporation of the L lesion in duplex DNA.

Significant developments have also increased our understanding of its biological

implications.

4.2.1. Structural and Chemical Properties of C10 Radicals

The specific generation of the C10 radical has been achieved by two independent

synthetic routes of the corresponding tert-butyl ketone 1 subjected to photoinduced

cleavage (Scheme 4.1).14, 15 The 20-deoxyuridin-10-yl radical, generated by photolysis
of tert-butyl ketone 1 or 2 in water, was studied spectroscopically by electron
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paramagnetic resonance (EPR) and laser flash photolysis (LFP) methods.15, 16 DFT

calculations at the UB3LYP/6-311G�� level have also been carried out on this radical
to obtain information on its structural properties and to assign the hyperfine coupling

(hfs) constants determined by EPR and the optical transitions observed in the UV–vis

region of the LFP spectrum.15, 16 The radical center is not planar and the energy profile

for the interconversion of the two anomeric forms 3 and 4 (Scheme 4.1)

was determined computationally. A broad band in the region 290–370 nm with

lmax¼ 320 nm is characteristic of 20-deoxyuridin-10-yl radical. The vertical optical
transitions {spin} SOMO ! p�(uracil){a} and p(uracil) ! SOMO{b} are comput-

ed at 296 nm (oscillator strength f¼ 0.010) and 378 nm (f¼ 0.06), respectively.16

The 20-deoxyuridin-10-yl radical abstracts hydrogen from b-mercaptoethanol,

cysteine, and glutathione (GSH) with rate constants of 2.3� 106, 2.9� 106, and

4.4� 106M�1 s�1, respectively, to give a b:
_
a anomeric ratio in the 1.3–2.0 range.16

Since the b:
_
a ratio was insensitive to the initial concentration of thiol and the

precursor, it was suggested that the C-10 radical rapidly inverts (Scheme 4.1) and

that the b/a distribution depends on the degree of the shielding effect of the two

g-substituents in the sugar ring—that is, OH versus CH2OH. The tert-butyl ketone 1

has been incorporated into oligonucleotide sequences and the reactivity of the

C10-nucleotide radical toward thiols has been addressed.17 The b:
_
a ratios were found

to be about 4.2 and 6.5 for trapping of radical 5 (B¼ uracil) in single- and double-

strand oligonucleotides, respectively, using b-mercaptoethanol (Scheme 4.2). This

increase in stereoselectivity favors the restoration of the naturally occurring b-
deoxynucleotide. It is worth mentioning that a-deoxynucleotides, produced during

g-radiolysis of DNA under anaerobic conditions, have shown to be premutagenic

in vitro.18, 19 It has been proposed that theC10 radical 5 abstracts a hydrogen atom from

a thiol to give a mixture of b-anomer 6 and a-anomer 7 (Scheme 4.2).

In the presence of O2, radical 5 leads to abasic site damage with the formation of

the 2-deoxyribonolactone residue 10.4, 8, 11, 20 The reaction of selectively generated
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20-deoxyuridin-10-yl radical with molecular oxygen gives the corresponding peroxyl

radical with a rate constant of 1� 109M�1 s�1 (cf. structure 8 in Scheme 4.2).16 The

fate of this peroxyl radical has been investigated in some detail by 18O-labeling and

LFP experiments.21, 22 The labeled experiments demonstrated the partition between

two channels where the carbonyl oxygen in the ribonolactone derives frommolecular

oxygen and a water molecule.21 In the LFP experiment, the rapid release of O2
.�

from the peroxyl radical corresponds to a rate constant of 1.5� 104 s�1.22 Evidence

that similar reactions occur in double-stranded DNA was also reported earlier.17

Under biological conditions, oxygen and GSH trapping of C10 radicals are com-

petitive processes, due to the low O2 concentration in the nucleus. Since the rate

constant for reaction of the DNA-peroxyl radicals with GSH is� 400M�1 s�1,23 at

physiological GSH concentrations (approximately 5mM), superoxide release from

C10 nucleotide peroxyl radicals is orders of magnitude faster than peroxyl trapping.

Once formed, the C10 peroxyl radicals 8 expel superoxide radical anion to give C10

cations 9 that lead to 10 much faster than the respective trapping by GSH to give

hydroperoxides.24

As a strongly reducing species, theC10 radical 5 in the presence ofmetal complexes

undergoes oxidation to the corresponding cation 9 (Scheme 4.2).10, 11 Rate constants

for the reaction of the 20-deoxyuridin-10-yl radical 3withCuCl2 andFeCl3 are reported
as 7.9� 107 and 1� 108M�1 s�1, respectively.16

Therefore, 2-deoxyribonolactone (L) has been identified as the only C10 oxidation
product. Many radical-based DNA studies suggest radical translocation from the base
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unit toC10 position as the process for theL formation. For example, the photochemical

dehalogenation of 5-halouracil-containing DNA (see also Section 4.3) has been

investigated in detail.25 Hydrogen abstraction from the resulting uracil-5-yl radicals

is atom-specific and highly dependent on the DNA structure, suggesting that this

approach could also be applied as a probe for the DNA conformations in living cells.

4.2.2. Synthesis and Fate of the 2-Ribonolactone Lesion

2-Deoxyribonolactone (L) is an alkali-labile lesion and results in strand scission upon

subjection to alkaline conditions (Scheme 4.3), with formation of 30-phosphate 13 and
50-phosphate 14 termini. Therefore, L cannot be incorporated into chemically

synthesized oligonucleotides that are deprotected under basic conditions.

In addition to the photolysis of the corresponding oligonucleotides containing

the tert-butyl ketone 1,17, 24 a general method has been developed for the in situ

generation of the lesion at a defined site of oligonucleotides using known radical

translocation approaches. Efficient 1,5-radical translocation protocols for the

selective generation of C10 radicals 17 (Scheme 4.4) and the subsequent trapping

of these radicals in nucleosides were proposed.26, 27 In particular, an efficient

synthesis based upon the photochemical conversion of a nitroindole nucleoside

18, selectively incorporated in an oligonucleotide, to 19 with simultaneous expul-

sion of nitrosoindole 20 (Scheme 4.5) has been reported.28, 29 The single strands

containing L were hybridized with the complementary strand for biophysical and
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biochemical studies. NMR structural studies have illuminated aspects of the

conformation of the DNA containing this lesion.30 The procedurewas also extended

to double-strand synthesis by irradiation of the performed duplex in which one

strand contains the nitroindole residue.31

An alternative photochemical approach for the introduction of L in double-strand

oligonucleotides has also been developed.32, 33 A C10 nitroveratryl cyanohydrin

phosphoramidite analogue (21) was synthesized and used for the preparation of

single-strand oligonucleotides. Irradiation at 350 nm quantitatively converted 21 to

the 2-deoxyribonolactone lesion.

The chemistry of the degradation of L-containing DNAwas investigated in some

detail.31, 32 The cleavage through a,b- and g,d-elimination at the site of the lesion has

been established with identification of the reaction products (Scheme 4.3). The

degradation kinetics were investigated as a function of pH, temperature, length

and ionic strength.31 Incubation ofL-containing DNA under simulated physiological

conditions gave rise to DNA fragmentation by two consecutive elimination reactions:

DNA cleavage occurredwith a half-life of�20 h in single-strandedDNAand 32–54 h

in duplex DNA, depending on the identity of the deoxynucleotide paired opposite to

the lesion site (A>C>G>T).33The initiala,b-elimination reactionwas shown tobe

the rate-determining step for the formation ofmethylene furanone andphosphorylated

DNA products.

In the case of theminorgroovebinding copper-phenanthroline conjugate,Cu(OP)2,

the formation of 5-methylene furanone (15) and 30- and 50-terminus phosphates occurs

without alkali-labile conditions in a much faster kinetic regime than that expected

(cf. Scheme 4.3).24 A double-stranded oligonucleotide containingLwas produced by

photolysis of the corresponding oligonucleotide containing the tert-butyl ketone 1
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(Scheme 4.1).17, 24 It was shown that Cu(OP)2 produces direct strand scission by

effecting a,b-elimination from 10 (Scheme 4.3).34

Using the above-described approaches for the synthesis of DNA-containing L

lesions, several features of the toxicity,mutagenesis, and the biochemical fate of theL

lesion have been elucidated. This lesion is incised by AP endonucleases, suggesting a

BER pathway for L removal.35 The L lesion was found to induce DNA polymerase-

mediated mutagenesis36 and transcriptional inhibition.37 It was shown that L lesions

form covalent adducts with DNA repair proteins that metabolize AP sites suggesting

potential toxicity mechanisms,38, 39 and it was also reported that long-patch base

excision DNA repair of the L lesion prevents the formation of DNA–protein cross-

links with DNA pol b.40 The L lesion has been shown to have mutagenic properties

different from those of native abasic sites,41, 42 although caution is needed for the

interpretationof the experiments.4 It should alsobementioned that research toward the

development of analytical methods for quantifying 2-deoxyribose oxidation products

in isolated DNA and cells has been carried out.43, 44

4.3. OXIDATION OF THE C20 POSITION

4.3.1. Model Studies

The photoreaction of 20-a-iodo-20-deoxyuridine (22) as a site-specific radical gener-
ating system has been explored. The reaction affords a large number of products that

involve the formation of C20 radical 23 and C20 cation 24 (Scheme 4.6).45 It is well

known that photoinduced homolytic cleavage of the C–I bond is followed by single

electron transfer in the cage before the diffusion of some reactive species. Under
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anaerobic conditions, the solvolysis product 25 as an anomeric mixture prevails

together with other products derived from proton elimination or cation translocation

to give 26 and 27, respectively. In the presence of oxygen, the conversion of the C20

radical to the correspondingperoxyl radical28 is a consistent path that ultimately leads

to the formationoferythose29anduracil aswell as to theC20-hydroxylatedproduct25.
Thephotoirradiationof30 in adouble-strandedoligonucleotide produced31 (11%)

and 32 (5.6%) under aerobic conditions, whereas in the absence of oxygen the yield of

31 decreased upon the increase of 32 (Scheme 4.7).45 Detailed investigations have

focussed on the photochemical dehalogenation of 5-halouracil-containing DNA,

where the hydrogen abstraction from the resulting uracil-5-yl radicals is atom-specific

and highly dependent on the DNA structure.25 Competitive C10 and C20 hydrogen
abstraction were observed from the 2-deoxyribose of the 50 side in the B-form DNA,

affording the oligonucleotides 31 and 32.45, 46 In analogous experiments with Z-form

DNA, the product 32 is significantly suppressed and the formation of 31 is accompa-

nied by C20a-hydroxylation.47

Therefore, the formation of D-erythrose abasic site 31 and the hydroxylation at C20

position have been identified as the key C20 oxidation products. Early studies on the
g-irradiation of DNA also included a report of the formation of erythrose-containing

sites.48 Several mechanistic paths for the formation of 31 from the C20–OO. radicals

have been suggested, but confirmation/proof is not yet available.46, 47

4.3.2. Synthesis and Fate of the Erythrose Abasic Site

In addition to the 5-halouracil photochemical systemdescribed above for the synthesis

of oligonucleotides containing an erythrose abasic site, a system for the in situ

generation of the lesion at a defined of oligonucleotide site has been developed.49

Aphosphoramidite derivativeof a protected ribitolwas prepared,which, following the

incorporation into oligonucleotides, can be deprotected to give 33. Periodate oxidiza-

tion of the vicinal diol affords the erythrose abasic site 34, as shown in Scheme 4.8.
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While incorporation of the precursor into oligonucleotides has only a 50% efficiency,

the conversion of the precursor to the erythrose abasic site in situ was found to be

virtually quantitative.

This lesion is rapidly cleaved by piperidine at 90�C.49 One chemically interesting

feature of this abasic site is that heating under alkaline conditions causes a retroaldol

reaction, resulting in a strand break with formation of oligonucleotides 30-phospho-
glycolaldehyde 35 and 50-phosphoglycolaldehyde 36 (Scheme 4.8).46, 50 However,

cleavage by 0.1M NaOH at 37�C shows that the erythrose abasic site is considerably

less labile to hydrolysis (half-life of 3.3 h) than other abasic lesions.49 It is worth

noting that the30-residue (35) is chemically identical, butmechanisticallyunrelated, to

the 30-phosphoglycolaldehyde residue arising from the oxidation of C30 radical
(vide infra).

The results of two in vitro studies suggest possible biological consequences for the

erythrose abasic lesion.50, 51 Like other abasic lesions, deoxyadenosine is preferen-

tially incorporated opposite to the abasic site, but the lesion is a strong inhibitor to

polymerase extension. This lesion is incised by phosphodiesterases, but is not a

substrate for endonuclease III, even though a Schiff base is formed.

4.3.3. Ribo-Nucleosides

Compound 37 was synthesized as site-specific adenosin-20-yl radical-generating
system upon photolysis. The radical 38was generated andwas trapped by glutathione

(GSH) (Scheme 4.9),52 leading to the ribo- and arabino-products 39 and 40,
respectively, in a 1:3.5 ratio. The preferred attack of the thiol from the a-face of

the C20 radical is due to the efficient b-face shielding by the adenine moiety. Adenine

was also a reaction product. Competition kinetics afforded the ratio kH/kf¼ 4.3M�1,

suggesting a relatively fast b-elimination.

The same adenosin-20-yl radical was obtained by one-electron reduction of 8-

bromoadenosine (see Section 4.6) in pulse radiolysis experiments (Scheme 4.10).52

A value of kf¼ 1.1� 105 s�1 is obtained by measuring the oxidizing radical formed
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upon adenine release. It was suggested that the heterolysis of the glycosidic bond in

radical 41 produces the radical cation 42 and the adenine. Similar experiments and

results were reported for inosin-20-yl radical that produces the same radical cation 42

and hypoxanthine (Hy) upon heterolysis of the glycosidic bond.53

4.4. OXIDATION OF THE C30 POSITION

4.4.1. Model Studies

Metallointercalators generally bind to the minor groove of double-stranded DNA

and abstract mainly C10, C40, and C50 H atoms from the sugar backbone. However,

phenanthrenequinone diimine complexes of rhodium(III) intercalate in the major

groove of double-stranded DNA and, upon photoactivation, have been postulated to

abstract C30 Hatoms fromdeoxyribose,54 although evidence suggests that H20 may be

abstracted during photocleavage.55 The C30 chemistry of 43 under aerobic conditions
has thus been linked to the formation of 30-phosphoglycolaldehyde 44, base pro-

penoate 45, free base, and the oligonucleotide 30-phosphate and 50-phosphate termini

at the site of strand scission (Scheme 4.11).

Some research on site-specific radical generating systems has been carried out.

Initial work described the synthesis of tert-butyl ketone 46 or 47 and the conditions in

which Norrish-type I photocleavage gave the desired C30 radical 48.56 In the presence
of Bu3SnH as a hydrogen donor, both derivatives gave 49 a 1:1 mixture of isomers

(Scheme 4.12).

The tert-butyl ketone 47 (or its analogous acetyl derivative) has been incorporated

into oligonucleotides and used as a photoactivated precursor of C30 radicals in single-
stranded DNA.57, 58

Some products have been successfully identified, although the mechanism of their

formation is far frombeing understood. The thymidin-30-yl radical abstracts hydrogen
from GSH to give the reduced product in an undetermined b:

_
a anomeric ratio.57
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Under aerobic conditions, the thymidin-30-yl radical was found to produce the labile
30-ketodeoxynucleotide 51, which gives 53 and free base, as well as the 50- and
30-phosphate-terminated oligomers (52 and 54) (Scheme 4.13).58 The expected

30-phosphoglycolaldehyde (30-PGA) is accompanied by 30-phosphoglycolate
(30-PG), and 50-aldehyde terminated oligonucleotides. The formation of the last

two fragments has been explained by oxidation of the C40 radicals of the same

nucleotide and by oxidation of the C50 radicals of the 30-adjacent nucleotide. The
authors suggested the radical translocations from 56 shown in Scheme 4.14 with

formation of radicals 57 and 58, respectively. It should be noted that these findings are

based on single-stranded oligonucleotide experiments. From a mechanistic point of

view, the transformation of peroxyl radical 50 to 30-ketodeoxynucleotide 51 still

remains unclear. It could be suggested that the fate of this peroxyl radical is be similar

to that observed in the oxidation of C10 radicals—that is, release of O2
.� from the

peroxyl radical, trap of the corresponding cation by water, and b-elimination of the

phosphate. Since the electronic environment of the C10 cation versus the C30 cation is
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quite different, the O2
.� release in radical 50 should bemuch slower, thereby allowing

the intramolecular processes depicted in Scheme 4.14.

Themechanismof formationof30-phosphoglycolaldehyde (30-PGA,44) is notvery
clear. It was suggested that after formation of the hydroperoxide, a molecular

rearrangement occurs with insertion of an oxygen atom into the deoxyribose ring,

which further decomposes to form 30-PGA together with other products.54 The

degradation of the C30 radical may not be the only pathway leading to 30-PGA.
However, a method for the quantification of 30-PGA residues has also been reported.

After DNA irradiation and enzymatic digestion, this method exploits the aldehyde

moiety in 30-PGA by derivatization as a stable oxime with pentafluorobenzylhydrox-

ylamine, followed by solvent extraction and gas chromatography/negative chemical

ionization/mass spectrometry.59, 60 A stable isotopically labeled ½13C2	PGA was

synthesized and used as an internal standard. The limit of detection in the presence

of DNA was 30 fmol per sample, corresponding to two molecules of PGA in 106

nucleotides for 170mgofDNA.Theapplicationof thismethod for quantifying30-PGA
residues revealed different yields for g- and a-radiations.59

4.4.2. Ribo-Nucleosides

Ribonucleotide reductases are enzymes that catalyze the conversion of 50-(di or tri)
phosphate esters of ribo-nucleosides 59 to 20-deoxynucleotides 60 in all organisms

(Scheme 4.15). A radical-based mechanism derived from the information obtained

from numerous biological studies has been established.61, 62 The key steps involve
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formation of C-30 radical via hydrogen atom abstraction by a cofactor-induced thiyl

radical, and elimination of water prior to return of a hydrogen atom.

Biomimetic simulations of the free radical-initiated cascade reactions, postu-

lated to occur at the active site of ribonucleoside reductases, have also been

performed.63, 64 Site-specific generation of adenosin-30-yl radical was obtained by

the synthesis of selenol ester 61 and subsequent photolysis (Scheme 4.16).63 Using

competition kinetic methods, it could be demonstrated that this radical effects the

rapid elimination of the 20-hydroxy group, which is subjected to general base

catalysis. The rate coefficient for this reaction was determined as 1.5� 106 s�1

by competition kinetics in the presence of 1M triethylammonium acetate buffer at

pH 7. Without the catalyst, the elimination rate is about 103 times slower. It was

suggested that a similar mechanism is also feasible for the key steps of the enzyme-

catalyzed reaction.

4.5. OXIDATION OF THE C40 POSITION

The chemistry of 40 oxidation can follow several pathways depending on the

experimental conditions. For example, only the 40-hydrogen abstraction to give 66
has been observed with duplex DNA and iron bleomycin, and resulted mainly in two

paths (Scheme 4.17).65 Path A gives the C40-oxidized abasic site 67 (or 2-deoxy-

pentos-4-ulose lesion) and free base, whereas path B leads to a strand break with

formation of 30-phosphoglycolate residue 68, base propenal 69 and 50-phosphate
terminus 70.

4.5.1. Model Studies

The fate of the C40 radical, either in nucleosides or in oligonucleotides, has

been investigated in some detail under oxygen-free or aerobic conditions.66
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Oligonucleotides containing a modified unit 71 or 72, which allowed for the selective

generation of the C40 radical under photolytic conditions, were synthesized.

In the absence of added traps, the C40 radical 73 in ss- or ds-oligonucleotides

yields the oligonucleotide phosphates 77 and 80 as main products (Scheme 4.18).

The reaction starts with a heterolytic cleavage to give radical cation 76 and

50-phosphate 77with a rate constant of about 103 s�1 for a ss-oligonucleotide, whereas

theanalogous reaction in ads-oligonucleotidewas found tobeabout 10 times slower.67

Spectroscopic evidence for the radical cation intermediate was obtained by ESR and

CIDNP techniques.68, 69 This radical cation has oxidizing properties and is capable of

oxidizing a neighboring guanine base.70 The heterolytic cleavage is favored over a

homolytic b-cleavage due to the effective solvation of the ensuing ions.71 Trapping of
76byH2Ogenerates radical 78, which undergoes a second heterolytic cleavage to give

phosphate80 and radical cation 81. In the presence ofGSH, the heterolytic cleavage of

radicals 73 and 78 is in competition with hydrogen abstraction from GSH, when

present atmillimolar levels (Scheme 4.18). Radical 73 abstracts hydrogen from a thiol

with a rate constant of 1.9� 106M�1 s�1.72 The stereoselectivity of the H-trapping

reaction is remarkable. Radical 73 in ss-oligonucleotides reacts nearly unselectively

with GSH (74:75� 1.5), whereas radical 73 in ds-oligonucleotides leads predomi-

nantly to the natural 20-deoxyribonucleotides (74:75� 9).67

In the presence of O2, C4
0 radical 82 is trapped very rapidly (2� 109M�1 s�1) to

give peroxyl radical 83 (Scheme 4.19). However, this reaction was found to be

reversible. The rate constant from single-stranded 40-DNAperoxyl radical is 1.0 s�1 at

ambient temperature.72 Peroxyl radicals, detected by ESR,71 abstract hydrogen from
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GSH with a rate constant of �400M�1 s�1,23 and the product hydroperoxide 84 has

been isolated and characterized.72, 73 Subsequently, the hydroperoxide 84 is converted

to cation 85 (Criegee rearrangement), which after b-elimination (86) and subsequent

hydrolysis leads to 50-phosphate 89 and 30-phosphoglycolate 87 as oligomeric

cleavage products togetherwith base propenal 88. Therefore, strand cleavage depends

on the concentration of the hydrogen donor. At low GSH concentration, the strand

scission is the result of a spontaneous heterolytic cleavage that occurs even under

aerobic conditions. It should be emphasized that the 50-phosphate strand terminus

(77 or 89) is formed under both aerobic and anaerobic conditions (cf. Schemes 4.18

and 4.19). On the other hand, 30-phosphoglycolate 87 and 30-phosphate 80 strand

termini are the characteristic cleavage products, respectively, under aerobic and

anaerobic conditions.

According to the mechanism proposed by Stubbe et al.65, the 2-deoxypentos-4-

ulose lesion 93 is produced by oxidation of the C40 radical 90 to cation 91 that is

trapped byH2O to give the cyclic hemiacetal 92. Hydrolysis of 92 affords the observed

lesion (Scheme 4.20). The oxidation step was suggested to be carried out by the

bleomycin/Fe2þ/O2 complex afterH-abstraction fromDNA.The subsequent partition
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ratio depends on the concentration of O2 (cf. Scheme 4.17). Support in favor of the

mechanism in Scheme 4.20 comes also from model studies, suggesting that oxygen

does not oxidize C40 radical 90 to cation, while metal oxides can easily induce the

oxidation step.74

4.5.2. Synthesis and Fate of the 2-Deoxypentos-4-ulose Lesion

The C40-oxidized abasic site (know also as the 40-keto abasic site) is produced by a

variety of DNAdamaging agents. It accounts for�40%of the lesions produced by the

antitumor agent bleomycin and exhibits interesting and unique biochemical and

biological effects in DNA. The 40-keto abasic site, or 2-deoxypentos-4-ulose residue
94, may exist in the hydrated form 95, which is expected to be in equilibriumwith the

cyclic form 96 (Scheme 4.21).

Methods for the accessibility of oligonucleotides containing the C40-oxidized
abasic site at a defined position along the sequence have been developed, and

investigation of the lesion’s effects on DNA have been reported. Greenberg and

co-workers75 reported the first general method for the synthesis of oligonucleotide
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containing this lesion. Modified oligonucleotides 97 incorporating the nitroveratryl

group as protection were prepared and subsequent photolysis of the desired ss- or ds-

oligonucleotides afforded the C40-oxidized abasic site 98 (Scheme 4.22).

An alternative general method for the preparation of the C40-oxidized abasic site

was also reported.76 40-Azido-20-deoxyuridine-50-triphosphate is incorporated into
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duplex DNA using a primer and HIV-1 reverse transcriptase. The two strands of the

duplex are separated based on size after cleavage with the restriction enzyme. The

ss-DNA containing 40-azido-20-deoxyuridine 99, when treated with uracil-DNA

glycosylase, resulted in the quantitative release of uracil and azide and the generation

of ss-DNA containing the C40-oxidized abasic site. This lesion was characterized

directly by MALDI-TOF MS and indirectly by subsequent reduction, enzymatic

digestion, and GC/MS. Synthetic methods for the preparation of gapped 30-PG/50-P
lesions and the study of their structures by 2-D NMR methods were also reported.77

The stability of the C40-oxidized abasic site in both ss- and ds-DNA has been

studied.Ahalf-life of7.8 h (37�C,100mMNaCl at pH7.5)75was found in ss-DNAand

26 h (37�C, 100mMNaCl at pH 7) in ds-DNA.76 The rate constant is faster by a factor

of 3 in ss-DNA, suggesting that duplex DNA stabilizes the lesion, although pH

conditions and the sequences were different in the two studies. A similar effect due to

DNA structure has recently been reported for the 2-deoxyribonolactone lesion, whose

half-life was found to be 20 h in ss-DNA and 32-54 h in ds-DNA. Thus, the stability of

sugar lesions appears to be sensitive to both sequence and sequence context (ss-DNA

versus ds-DNA).

AGC/MS approach was proposed for the quantification of 2-deoxypentos-4-ulose

and 30-phosphoglycolate pathways.78 Another selective method for detecting femto-

mole amounts of the C40-oxidized abasic site in DNA, which takes advantage of the

selective reactivity of the 1,4-dicarbonyl groups in the lesions with a biotinylated

probe, has also been reported.79 The adducts are quantified using a fluorescent assay.

The ability to generate the 2-deoxypentos-4-ulose or the 30-PG/50-P lesions in any

sequence context should elucidate the lesions’ structure (both ss- and ds-DNA

lesions). The efficiency with which these lesions are repaired in vitro by the Ape1

protein (the major human abasic site endonuclease) and b-polymerase was ob-

served.80 Ape1 catalyzed effective incision at the C40-oxidized abasic site at a rate

thatmay be only a few-fold less than the for incision of hydrolytic native abasic sites at

the same location. Ape1 hydrolyzed 30-phosphoglycolates (30-PG) 25 times more

slowly than the abasic site. The repair of C40-oxidized abasic site lesion has been

studied with a variety of DNA polymerases in vitro.81

The C40-oxidized abasic site from intrastrand or interstrand cross-links in cellular

DNAwas detected by mass spectrometry.82 In particular, cyclic adducts were formed

with deoxycytidine. DNA interstrand cross-links are deleterious to cells because they

are potent blocks to replication and transcription.83 Bymeans of duplexes in which 98

is produced from a synthetic precursor, the lesion was shown to produce interstrand
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cross-links in which both strands were intact and cross-links in which the strand

containing the C40-oxidized abasic site were cleaved.84 The yields of these products
depend upon the surrounding nucleotide sequence. When the lesion 98 is opposed by

dA, cross-link formation occurs exclusively with an adjacent dA on the 50 side.

4.5.3. Ribo-Nucleotides

The site-specific generation of C40 radical in ribo-nucleosides and RNA has received

much less attention. It should be noted that iron bleomycin cleaves RNA much less

efficiently than DNA.85 An oligonucleotide containing the modified methyl ketone

100 as photolytic precursor (Scheme 4.23) has been synthesized.86 In the presence of

GSHand in competitionwith hydrogen abstraction fromGSH to give102, the 40-RNA
radical 101 cleaves heterolytically to give the radical cation 103 and phosphate 104.

Assuming a kH¼ 1� 107M�1 s�1 for the reaction of radical 101 with GSH, a rate

constant of kf¼ 5� 102 s�1 is calculated for the heterolytic cleavage of 101.
The cleavage rate of the corresponding 40-DNA radical is more than three times

faster. This decrease in the rate of cleavage of ribo-nucleotide radical has been

attributed to a destabilizing effect of the additional 20-OH group.87

Experiments carried out under aerobic conditions afforded the expected products

104 and 105 (Scheme 4.23).66However, the relative percentage changes substantially,

since the 105/104 ratio goes from 0.33 for 40-DNA radical to 3.0 for 40-RNA radical

101. This effect was assigned to the retardation of b-elimination after the Criegee

rearrangement (cf. Scheme 4.19).
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4.6. OXIDATION OF THE C50 POSITION

The chemistry of C50 radical 106 is very peculiar with respect to the other positions of
2-deoxyribose in the sense that (i) the peroxyl radical 107 does not generate an abasic

site and (ii) unique cyclic base–sugar adducts are formed (Scheme 4.24). In particular,

50,8-cyclo-20-deoxyadenosine and 50,8-cyclo-20-deoxyguanosine moieties, generally

referred to as 50,8-cyclopurines, are the result of the attack of C50 radical to the purine
moiety to give 108 more rapidly than its reaction with oxygen. These lesions are

observed among the DNA modifications.88, 89 They have also been identified in

mammalian cellularDNA in vivo.90, 91ThechemistryofC50 oxidationhas not received
the same attention as that of the C10 or C40 positions until recently. One reasonmay be

the lack of an abasic site and the associated interest in the polymerase bypass and

mutagenesis.4 The difficult access to 50,8-cyclopurines and their incorporation in

oligonucleotides are additional factors.

4.6.1. Model Studies

The typical 50-tert-butyl ketone modification as the site-specific generation of model

sugar radicals has recently been extended to theC50 position. Photolysis of derivatives
109and112 leads to the formationof thymidin-50-yl (110) and20-deoxyguanosin-50-yl
(113) radicals, respectively (Schemes 4.25 and 4.26).92 In the thymidine system, the

C50 radical 110 is fully quenched to give 111 in the presence of physiological

concentrations of thiols. In the 20-deoxyguanosine system, the C50 radical 113 is

partially quenched to give 114 and in competition undergoes intramolecular attack

onto the C8–N7 double bond of guanine, leading ultimately to the 50,8-cyclo-20-
deoxyguanosine derivative 116. The cyclization 112! 115 occurs with a rate

constant of � 1� 106 s�1 (based on kH¼ 5� 106M�1 s�1) and is highly stereose-

lective, affording only the (50S)-isomer.
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Both 50,8-cyclo-20-deoxyadenosine (117, 118) and 50,8-cyclo-20-deoxyguanosine
(119, 120) have two diastereoisomeric forms, the (50S) and (50R) isomers, which differ

in the configuration of the C50 position (Chart 4.1).

Both sets of diastereomeric forms have been synthesized and fully characterized.

The first report involves amultistep synthesis, but in overall poor yield.93, 94A one-pot
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synthesis was developed starting from the commercially available 8-bromopurine

derivatives under continuous radiolysis or photolysis.95–99 These procedures involve a

radical cascade reaction that mimics the DNA damage causing the formation of

these lesions. Furthermore, the mechanism of these reactions was investigated by

time-resolved spectroscopy to provide important information on the fate of C50

radicals.96, 97 Some of these findings, summarized in Scheme 4.27, are as follows:

8-Bromo-20-deoxyadenosine121 captures electrons and rapidly loses a bromide ion to

give the corresponding C8 radical 122.96 Radical 122 can also be obtained by

homolytic cleavage of C–Br bond under photolysis.97 This intermediate intramolec-

ularly abstracts a hydrogen atom from the C50 position selectively affording the

20-deoxyadenosin-50-yl radical 123. Radical 123 undergoes cyclization with a rate

constant of kc¼ 1.6� 105 s�1 to give the heteroaromatic radical 124. Furthermore,

the reactivity of C50 radical 123 toward GSH (k¼ 4.9� 107M�1 s�1), O2 (1.8�
109M�1 s�1), and K3Fe(CN)6 (4.2� 109M�1 s�1) was examined in competition
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with the cyclization process as shown in Scheme 4.26, 96 Similar experiments and

results were reported for 20-deoxyinosin-50-yl radical.53

Depending on the substrate and the experimental conditions, the isomeric ratio

(50S)/(50R) substantially changes in both sets. The effect of the solvent and the

nature of the substituents at the O50 position play an important role in the

stereoselectivity of the C50-radical cyclization.92, 98, 99 The (50S)/(50R) ratio depends

on the bulkiness of the C50-OR substituent and the water solvation through

intermolecular hydrogen bonding. Structures 128 and 129 show the chair transition

states of the pro-(50S) and pro-(50R) conformers, which have the 50- OH in the

equatorial in the axial position, respectively. In aqueous solution only the pro-(50R)
conformer can be stabilized by hydrogen bonding, involving either the N3 of the

base (129) or the oxygen of the sugar ring (not shown). The (50R)/(50S) ratios of 6:1
and 8:1 isomers were obtained in water for 50,8-cyclo-20-deoxyadenosine and 50,8-
cyclo-20-deoxyguanosine, respectively. In contrast, the (50S) stereoselectivity of the

cyclization reaction in Scheme 4.26 can be explained by the steric hindrance

between the guanine moiety and the 50-O-TBDMS substituent that forces the 50-O-
TBDMS into the equatorial position. The (50R)/(50S) ratios of approximately 2 and

0.3 were reported for 50,8-cyclo-20-deoxyadenosine and 50,8-cyclo-20-deoxygua-
nosine lesions, respectively, in double-stranded DNA.88, 89

Two interesting properties of (50S)-50,8-cyclo-20-deoxyadenosine (117) were

recently evidenced in aqueous medium. The glycosidic bond was found to be

<40-fold more resistant to acidic hydrolysis than that in 20-deoxyadenosine, and
no adenine was released, as evidenced by the intact C50–C8 covalent bond.100 Under
sunlight irradiation, 117 photoisomerizes to the (50R) isomer 118, whereas the latter
compound does not isomerize under the same conditions.101 This one-way photo-

isomerization of 117 to 118 has been explained by invoking a heterolytic cleavage of

the C--O bond leading to benzyl-type cations, which subsequently undergo nucleo-

philic trapping by water with concomitant isomerization. The isomer 118 is more

easily repaired when these cyclopurine lesions are formed in DNA (see below), and it

would be interesting to extend this study in ss- or ds-DNA.

The C50 radicals of pyrimidine nucleosides are also cyclized to give the analogous

diastereomeric mixtures of 50,6-cyclopyrimidines.102, 103 In addition, some of these

derivatives have been incorporated in oligonucleotides and their properties have been
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investigated.103, 104However, there is no evidence of 50,6-cyclopyrimidines formation

in vitro or in vivo in either ss- or ds-DNA. In this context, the rate constant of the

cyclizationof the substituted thymid-50-yl radicalwasmeasured and found tobe two to

threeorders ofmagnitude slower than the analogous substituted 2-deoxyguanosin-50yl
radical (cf. Scheme 4.25).102 In the pyrimidine series, therefore, the cyclization of C50

radicals remains an interesting reaction for synthetic applications in medicinal

chemistry,105whereas in oxidativeDNAdamage the chemistry ofC50 peroxyl radicals
is better understood (see below).

The reactivity of purine-substituted C50 radicals 130 under aerobic conditions

has also been elucidated (Scheme 4.28).6 Using an oxygen concentration in the

range of 13–266mM (typical for oxygenated tissues), the hydrated 50-aldehyde 133
is accompanied by the 50,8-cyclopurine nucleoside (Chart 4.1). The formation of

50,8-cyclopurines is relevant in all experiments, and the yields increased with

decreasing O2 concentration. The proposed mechanism involving the formation of

peroxyl radical 131 that decays either via a cyclic transition state leading to HOO.

radical and aldehyde 132 or via heterolytic cleavage to generate carbocation 134 and

superoxide radical anion is given in Scheme 4.27. The two pathways are formally

identical. Trapping C50 radicals with Fe(CN)6
3� gave the corresponding hydrated 50-

aldehydes in good yields (Scheme 4.28).6 Similar experiments and results were

reported for 20-deoxyinosin-50-yl radical.6

4.6.2. Biochemical Features of 50,8-Cyclopurine Lesions

Synthetic oligonucleotides containing (50S)- and (50R)-50,8-cyclo-20-deoxyadenosine
at selected sites were prepared using solid-phase synthesis to investigate the
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biochemical features of such lesions.106, 107 In 2000, two groups independently

reported that (50S)- and (50R)-50,8-cyclo-20-deoxyadenosine are substrates of the

nucleotide excision repair (NER) pathway, but not of other repair pathways.106, 107

Indeed, neither the (50S)- nor the (50R)-isomer is recognized by human DNA

glycosylases active in the base excision repair (BER) pathway. Furthermore, both

isomers were found to be relatively poor substrates for the NER pathway, the (50S)-
isomer being repaired more efficiently than the (50R)-isomer. The (50S)-isomer was

found to strongly block gene expression107 and to cause transcriptional mutagene-

sis.108 It was also reported that stereospecific differences between the (50S)- and (50R)-
isomer residues affect the relative resistance to exonucleolytic activity and give rise to

different efficiencies of translesion synthesis by human polymerase h.109 These

observations led both groups to propose that these lesions may be responsible for

the neurodegeneration suffered by xeroderma pigmentosum (XP) patients who lack

the capacity to carry outNER.106, 107 The clinical and neuropathological aspects of the

XP disease were recently described, and a reasonable set of criteria that indicate the

50,8-cyclopurine lesion as the best candidate of any currently knownDNA lesions for a

role in this neurological disease is provided.90, 110 The 50,8-cyclopurine lesions have
also been identified in mammalian cellular DNA in vivo, where their levels are

enhanced by conditions of oxidative stress.90, 91

4.6.3. The 50-Aldehyde Terminus and Other Oxidation Lesions

50-Aldehyde-terminated DNA, or oligonucleotide 137, has been observed during the
analysis of DNA oxidized by chemical nucleases, such as metalloporphyrins, or

natural products, such as enediyne compounds (Scheme 4.29). A second lesion

produced in lower yield results from cleavage of C40--C50 bond is the 2-phosphoryl-

1,4-dioxo butane residue 142. Several mechanistic aspects of the 50-oxidation
pathways under aerobic conditions are not well understood. All the proposed inter-

mediates are based on rationalization of the products observed in DNA degradation

by NCS-Chrom in the presence of glutathione.7, 8, 11 The forming C50 radical 135
(where B¼ thymine) reacts with oxygen to generate the peroxyl radical 136. The
peroxyl radical 136 should partition between two reaction channels to give the

corresponding hydroperoxide by reaction with GSH and the corresponding alkoxyl

radical by disproportionation. The hydroperoxide produces the 50-aldehyde terminus

137 and fragment 138, while the alkoxyl intermediate could be responsible for the

30-formyl phosphate residue 141 and the 50-(2-phosphoryl-1,4-dioxobutane) residue
142with the concomitant loss of base (Scheme 4.28). In other studies, a 50-aldehyde-
terminated oligonucleotide arising from the hydroxylation at C50 of a 2-deoxyribose
to give 143, where B¼ guanine.111 This hydroxylation promotes the spontaneous

elimination of the attached phosphate group and the cleavage of DNA accompanied

by the formation of two DNA products: a 50-aldehyde end (137) and a 30-phosphate
end (138).

Upon heating at 90�C for 30min or upon alkaline treatment, the 50-aldehyde 137
undergoes b,d-elimination reactions with the release of furfural 139 and of the

corresponding nucleobase, resulting in the formation of a one-nucleotide shorter
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50-phosphate DNA fragment (Scheme 4.29).111 Furthermore, the 50-aldehyde 137 is

found to give adducts with nucleophiles.

The 2-phosphoryl-1,4-dioxo butane residue 144 may exist in a hydrated form,

which is expected to be in equilibrium with the cyclic form 145 (Scheme 4.30). The

dialdehydic structure and b-elimination reaction that gives 2-phosphoryl-1,4-dioxo
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butane 146 and 50- phosphate-terminated oligomers 147 was investigated in de-

tail. 112, 113 Two analytical methods have also been developed for the detection and

quantification of 146.112 It was recently shown that 146 forms adducts with dA and

dC in oxidized DNA.113

Methods for the synthesis of oligonucleotides containing 50-aldehyde or 2-phos-
phoryl-1,4-dioxo butane termini, resulting from the C50-oxidation of thymidine in

DNA, have been developed and their cleavage labilities were determined.114

50-Aldehyde 137 does not destabilize duplex DNA compared to thymidine, whereas

144 affects the thermal stability of a duplex to an extent similar to that of the

tetrahydrofuran model of an abasic site.

4.6.4. Ribo-Nucleosides

The chemistry of 50,8-cyclopurine nucleosides has its origin in the literature of

ionizing radiation since they have been first observed as products in the reaction

of HO. radicals with adenosine.12, 13, 91

The site-specific generation of adenosin-50-yl radical 148 was obtained by

one-electron reduction of 8-bromoadenosine in pulse radiolysis experiments

(Scheme 4.31).52 8-Bromoadenosine captures electrons and rapidly loses a bromide

ion to give the corresponding C8 radical which intramolecularly abstracts a hydrogen

atom (cf. 122 in Scheme 4.27 for the analogous 20-deoxyadenosine). The reaction

is partitioned between the C50 and C20 positions in a 60:40 ratio leading to adenosin-
50-yl radical 148 and adenosin-20-yl radical (vide infra). Radical 148 attacks adenine
with a rate constant of 1.0� 104 s�1 and gives the aromatic aminyl radical 149. This

rate constant is more than one-order of magnitude slower than the cyclization of the

analogous 20-deoxyadenosin-50-yl radical, probably as a consequence of the confor-
mational changes in going from ribo to 20-deoxyribo derivatives. Product analysis of
these reactions evidenced the formation of 50,8-cycloadenosine in a (50R)/(50S)
diastereomeric ratio of 3.5:1. Similar experiments and results were reported for

the inosin-50-yl radical.53

4.7. CONCLUSIONS

In the last decade, the reactivity of nucleic acid sugar radicals has been an intensive

research subject as evidenced by the literature surveyed in this chapter. The site-
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specific generation of sugar radicals has been the key approach for a better under-

standing of chemical molecular mechanisms occurring at the biological level. It is

now clear that once a certain sugar radical is formed, it can partition among various

pathways. Unimolecular processes, such as fragmentations or cyclizations, compete

with bimolecular processes, such as reactions with oxygen, thiols, oxidants, or

reductants. Therefore, the local concentration of these components and pH are

extremely important in selecting the preferred pathway. However, important infor-

mation is still missing regarding radical reactions occurring at the supramolecular

level in duplex DNA. For example, questions concerning the role of oxygen in

the formation of 50,8-cyclopurines and their diastereomeric ratio and the fate of

DNA–peroxyl radicals in the presence of thiols remain unanswered.

The last decade has also been characterized by (a) the development of methods

for the synthesis of oligonucleotides incorporating specific lesions, which are of

great importance for clarifying the biochemical and biophysical aspects of these

lesions, and (b) the development of methods for the measurement of 2-deoxyribose

oxidation products in DNA. Research in these areas is also expected to expand in

view of the importance of metabolic fate of sugar oxidation products in genetic

toxicology.
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5
PYRIMIDINE NUCLEOBASE RADICAL
REACTIVITY

MARC M. GREENBERG

Department of Chemistry, Johns Hopkins University, Baltimore, MD 21218, USA

5.1. INTRODUCTION

Radical-mediated DNA damage is a ubiquitous process whose importance is evident

in chemistry and biology. Oxidative DNA damage can affect transcription and/or

replication, resulting in carcinogenesis. DNA damage can also result in cell death and

is the mechanism of action employed by some anticancer agents. Oxidative DNA

damage is also used for analytical purposes, to study the structure, macromolecular

interactions, and folding of nucleic acids.Nucleobase radicals are an important family

of reactive intermediates formedwhenDNA is oxidatively damaged. The reactivity of

pyrimidine nucleobase radicals is the focus of this chapter. Please note that for

simplicity a common identifying number regardless of whether they are present as

monomers, dinucleotides, oligonucleotides, and so on, is used to refer to allmolecules.

Nucleobase radicals are produced in a variety of ways, including radical addition

and hydrogen atom abstraction. Highly reactive s-radicals are produced upon

irradiation of nucleosides containing halogenated nucleobases. Nucleobase radicals

are themajor species producedwhen nucleic acids reactwith hydroxyl radical (OH.).1

Hydroxyl radicals are produced during the reaction of some metal complexes,

such as Fe.EDTA, with hydrogen peroxide.2 They are also produced from water

by g-radiolysis in what is termed the indirect effect of ionizing radiation.

Consequently, nucleobase radicals are typically associated with ionizing radiation

and are generally believed to be the major family of reactive intermediates formed

from the indirect effect of g-radiolysis.
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Nucleobase radical reactivity is complex. Nucleobase radicals may react with the

sugar backbone to produce strand breaks and alkali-labile lesions. They also yield

inter- and intrastrand cross-links by reacting with other nucleobases. In order to avoid

overlap with material covered in other chapters of this collection, this chapter focuses

on the reactivity of pyrimidine nucleobase radicals resulting from addition to the

p-bond and from hydrogen atom abstraction from the methyl group of thymidine and

5-methyl-20-deoxycytidine. The reactivity of purine nucleobase radicals is described
in Chapters 3, 4, and 11. The radical chemistry resulting from photolysis of 5-bromo-

20-deoxycytidine and to a lesser extent 5-bromo-20-deoxyuridine is also discussed in
this chapter. However, most of the reactivity of the 20-deoxyuracil-5-yl radical

produced from 5-bromo- and 5-iodo-20-deoxyuridine are described by Professor

Sugiyama (Chapter 6).

5.1.1. DNA Damage by g-Radiolysis

Exogenous alkylating and/or oxidizing reagents constantly attack nucleic acids. In

addition, reactive oxygen species that ultimately lead to nucleic acid damage are

produced as a consequence of respiration.3–6 One can think of DNA damage as

collateral damage resulting from living. Determining how nucleic acids are oxida-

tively damaged is a challenging endeavor because they are heterogeneous polymers

that are available in small quantities.Mechanistic studies are alsocomplicatedbecause

many DNA damaging agents generate multiple intermediates with little selectivity or

even randomly throughout the biopolymer. For instance, g-radiolysis, the most

commonly used cancer treatment that targets DNA, is also the most chemically

complex. Radiation scientists have contributed significantly to our understanding of

radiation induced DNA damage.1,7 However, the unselective nature of ionizing

radiation limits what can be learned about DNA damage chemistry by using it to

generate reactive intermediates. During the past 15 years, organic chemistry has been

used successfully to independently generate the reactive andmetastable intermediates

formed in DNA during oxidative stress under controlled conditions.8–16

5.1.2. Nucleobase-Centered Reactive Intermediates Resulting
from Addition to Double Bonds

Hydroxyl radical (OH.) adds to double bonds about an order of magnitude faster

than it abstracts hydrogen atoms from carbon–hydrogen bonds. The inherent differ-

ences in rate constants are reflected in the distribution of reactive intermediates

produced when hydroxyl radical reacts with DNA. By some estimates, nucleobase

radicals are believed to account for as much as 90% of the reactive intermediates

formed (e.g., 1 and 2, Figure 5.1).7Nucleobase radicals are also produced by the direct

ionization of DNA, followed by reaction with water. (See Chapter 3 for more

information.)

Radiation chemists have studied the reactivity of nucleobase radicals using

biopolymers, monomers, and short oligonucleotides substrates. The reactivity of

these substrates has been examined using an assortment of analytical and
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spectroscopic tools, including pulse radiolysis, EPR spectroscopy, and mass spec-

trometry.7,17–20 Based on these studies, it has been proposed that �40% of the

reactions between OH. and nucleic acids result in direct strand scission.21 If this

estimate for strand scission efficiency and the proposed predominance of nucleobase

radical formationare accurate, someof these reactive intermediatesmust lead to strand

cleavage. In order to yield a strand break, the radical center must be transferred to the

sugar backbone. Verification of such a process is difficult to come by using ionizing

radiation to generate radicals.

5.1.2.1. Nucleobase Radical Reactivity in Nucleosides and Dinucleotides.
Photolabile, synthetic nucleosides have been very useful for studying the reactivity of

pyrimidine nucleobase radicals. For instance, addition of electrophilic OH. to the C5

position (1) is favored over formation of the C5 radical (2) by as much as 4 or 5:1

(Figure 5.1). The major OH. adduct of thymidine (1) was originally generated from

trifluoromethyl benzoate 4 via a photochemical single-electron transfer process

(Figure 5.2).22, 23 The instability of 4 to the alkaline conditions of oligonucleotide

deprotection andmechanismof radical formation from it precludes it use to generate 1

under aerobic conditions or within oligonucleotides. However, the trifluoromethyl

benzoate ester (4) was useful for examining the ability of 1 to effect intranucleotidyl

hydrogen atom abstraction (6), as well as its ability to generate the cation radical

(3). The latter has also been proposed to be an intermediate in direct strand scission.19

Isotopic labeling and 2H NMR experiments indicated that neither of these processes

is competitive with the reaction of 1 with O2 or hydrogen atom donors such as

1,4-cyclohexadiene and thiols that produced 5.22, 23

More recently, 1 was produced by direct photolysis of a phenyl sulfide (7)

(Figure 5.3). Initial studies in di- and trinucleotides upon 254-nm irradiation led to

the proposal that the nucleobase radical added to the adjacent guanine (8), but that an

abasic site (9) was the major product.24 The reaction with an adjacent nucleotide

FIGURE 5.1. Formation of thymidine nucleobase radicals resulting from formal addition

of OH..
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produces two contiguously damaged nucleotides and is referred to as a tandem

lesion.25, 26 Tandem lesions are a subset of well-studied clustered lesions, which

are defined as two damaged nucleotides within �1.5 turns of duplex DNA.27–30

Although subsequent experiments in duplex DNA did not corroborate the initial

studies, it is possible that lesions such as 8 are formed, but were not detectable under

the reported conditions.31

The formal C5-hydrogen atom addition product of 20-deoxyuridine (10), which

was designed to model the major OH. radical adduct of a pyrimidine (e.g., 1) was

generated via a Norrish Type I photochemical reaction from 11 (Figure 5.4).32, 33 The

50-benzoyl group was used to facilitate HPLC detection. Radical 10 was generated

instead of the actual OH. adduct in part because of the greater ease with which 11

could be synthesized. Competitive kinetic studies between O2 (12) and b-mercap-

toethanol (BME, 13) established that monomeric 5,6-dihydro-20-deoxyuridin-6-yl
(10) reacts with the thiol with a rate constant (kBME¼ 8.8� 0.5� 106M�1 s�1) that

is typical of an alkyl radical.34, 35 Similar experiments were carried out to estimate

FIGURE 5.2. Independent generation of 5,6-dihydro-5-hydroxythymidin-6-yl (1) via photo-

induced electron transfer.

FIGURE5.3. Independent generation of 5,6-dihydro-5-hydroxythymidin-6-yl (1) via 254-nm

irradiation of a phenyl sulfide and tandem lesion formation.
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the rate constant for reaction of 10 with 2,5-dimethyltetrahydrofuran (MTHF,

kMTHF¼ 31.0� 2.5M�1 s�1). MTHF was used as a volatile model of deoxyribose

in DNA. The rate constant for hydrogen atom abstraction from MTHF (kMTHF) is

sufficiently slow, such that even if the effective molarity of the adjacent deoxyribose

ring(s) in DNA is as high as 10M, radical transfer from the nucleobase to the sugar

will not compete with trapping by O2 or thiol.

Photochemical generation of 10 under aerobic conditions enabled characterization

of the reactivity of the respective peroxyl radical (14, Figure 5.5).34 There was no

evidence for O2
.� (or OOH.) elimination from 14. However, 2-deoxyribonolactone

formation suggested that the peroxyl radical abstracts the C10-hydrogen atom.

Competition experiments with BME indicated that the rate constant for the product

determining abstraction stepwas comparable to that of related reactions (<1 s�1).36, 37

FIGURE 5.4. Independent generation of 5,6-dihydro-20-deoxyuridin-6-yl radical (10) and its
competitive reactions with O2 and thiol.

FIGURE 5.5. Reactivity of the peroxyl radical (14) derived from 5,6-dihydro-20-deoxyuridin-
6-yl radical (10).
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The detailed mechanism for the conversion of 15 into 2-deoxyribonolactone (16) is

discussed in Chapter 4.32,38 The formation of 16 is potentially significant because this

oxidized abasic lesion exhibits interesting and unusual biochemical properties,

including cross-link formation with repair proteins.39–41

The regioisomeric formal C6-hydrogen atom addition product of thymidine (17)
was also generated instead of the respective OH. adduct because of synthetic

expediency. The 5,6-dihydrothymidin-5-yl radical (17) was generated from 18 and

19 (Figure5.6).32, 33The reactivityof17withhydrogenatomdonorswas similar to that

of 5,6-dihydro-20-deoxyuridin-6-yl (10). For instance, reaction of 17 with volatile

hydrogen atom donors chosen to mimic the strength of the carbon–hydrogen bonds in

2-deoxyribose suggested that it too was highly unlikely to lead to direct strand breaks

and/or lesions resulting from hydrogen atom abstraction from the 20-deoxyribose in
DNA.33 Under aerobic conditions, 17 yielded a diastereomeric mixture of hydroper-

oxide 21, which could be reduced to thymidine C5-hydrate (22). Mechanistic studies

using 18 revealed the formation of superoxide (O2
.�) purportedly from the interme-

diate peroxyl radical (20) (Figure 5.7). The peroxyl radical was proposed to formally

eliminate hydroperoxyl radical (OOH.), which deprotonates at physiological pH.32

Elimination of OOH. from 20 produces thymidine and is competitive with reduction

FIGURE 5.6. Independent generation of 5,6-dihydrothymidin-5-yl radical (17).

FIGURE 5.7. Superoxide elimination from the peroxyl radical of 5,6-dihydrothymidin-5-yl

radical (20).

140 PYRIMIDINE NUCLEOBASE RADICAL REACTIVITY



by hydrogen atom donors (kElim/kRed¼ 1.3� 10�2M). This interesting reaction

protects the DNA against oxidative damage.

5.1.2.2. Nucleobase Radical Reactivity in Single- and Double-Stranded DNA.
Direct strand breaks and alkali-labile lesions were not observed when 19 was photo-

lyzed in single stranded oligonucleotides under anaerobic conditions, confirming that

5,6-dihydrothymidin-5-yl radical (17) does not abstract hydrogen atoms from nucleo-

tides.42, 43 In contrast, under aerobic conditions, alkali labile lesions were produced at

the nucleotidewhere 17was generated (intranucleotidyl) and at the 50- and 30-adjacent
nucleotides (internucleotidyl). Deuterium labeling of the 50-adjacent nucleotide indi-
cated that 19 selectively abstracted the C10-hydrogen atom from this site.

The 5,6-dihydro-20-deoxyuridin-6-yl radical (10) exhibited similar dependency

of strand scission on O2, and its reactivity in DNA largely paralleled the chemistry

described in the monomer.34,44, 45 For instance, there was no evidence for radical

transfer from the nucleobase in 10 to its sugar or the deoxyribose of an adjacent

nucleotide.44 In contrast, tandem lesions were the major types of damage resulting

from 5,6-dihydro-20-deoxyuridin-6-yl radical (10) in duplex DNA under aerobic

conditions via the respective peroxyl radical (23) (Figure 5.8).44 Tandem lesions

FIGURE 5.8. Representative tandem lesions produced from the peroxyl radical (23) of 5,6-

dihydro-20-deoxyuridin-6-yl radical (10).
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involving the 50-adjacent and 30-adjacent nucleotides were detected by gel

electrophoresis and accounted for at least 65% of the alkali-labile lesions derived

from 23. Modulation of the alkaline conditions indicated that tandem lesions

involving the 50-adjacent nucleotide resulted from addition to the pyrimidine ring

and hydrogen atom abstraction from the deoxyribose portion of the nucleotide;

whereas reaction with the 30-adjacent nucleotide involved only reaction with the

pyrimidine.

Deuterium isotope effects indicated that C10-hydrogen atom abstraction from the

50-adjacent nucleotide occurred selectively. Using previous studies as a guide, the

C10 radical was expected to yield 2-deoxyribonolactone (16).32,38 Several subse-

quent experiments confirmed this hypothesis. 2-Deoxyribonolactone was detected

by gel electrophoresis using a series of fingerprint reactions diagnostic for this

oxidized abasic site and subsequently by a biotinylated reagent that reacted

selectively with it.46–48 Unambiguous identification of this product was obtained

via MALDI-TOF MS analysis of photolyzed single-stranded DNA. Additional MS

evidence, including 2H and 18O isotopic labeling, was obtained by analyzing

photolyses of a trinucleotide containing 11 via ESI-MS/MS (Figure 5.8). These

experiments also confirmed that the lactone (16) was produced via elimination of

superoxide from the corresponding C10-peroxyl radical and that 23 reacts with the

50-adjacent nucleotide but not the 30-adjacent nucleotide to produce 2-deoxyribo-

nolactone.32,38 The ESI-MS/MS experiments also provided positive proof for a

variety of novel tandem lesions. Some of the lesions contained peroxide bonds

between adjacent nucleobases (e.g., 27), while others were consistent with the

intermediacy of peroxyl radical addition products (e.g., 25, 26). Deuterium-labeling

experiments also confirmed gel electrophoresis observations, which indicated that

23 abstracted the C10-hydrogen atom from the 50-adjacent nucleotide but not from

the 30-nucleotide.
Gel electrophoresis analysis indicated that 2-deoxyribonolactone (16) contain-

ing tandem lesions (e.g., 24) account for �15–25% of the tandem lesions derived

from 23. Selective C10 hydrogen atom abstraction by 23 was consistent with

predicted carbon–hydrogen bond strengths and the proximity of the peroxyl radical

oxygen atom, which is able to reach into the minor groove from its position in the

major groove.49, 50 The peroxyl radical oxygen of 23 can approach to within 1.5 A
�

of the C10-hydrogen atom of the 50-adjacent nucleotide without distorting the

duplex. Importantly, formation of 2-deoxyribonolactone (16) as part of a tandem

lesion via 23 provides a mechanism to explain the high yields of this lesion when

DNA is exposed to diffusible species, despite the C10-hydrogen atom’s poor

solvent accessibility.49,51–53 Studies on the mutagenicity of this tandem lesion

have not been reported. However, a related lesion significantly alters the activity of

some base excision repair enzymes and is a substrate for nucleotide excision

repair.54

Molecular modeling also revealed why tandem lesions involving the 30-adjacent
nucleotide resulted exclusively from reaction with the respective nucleobase. The

deoxyribose hydrogen atoms of the 30-adjacent nucleotide are considerably further

(>5A
�
) from the diastereomeric peroxyl radical (6S-23) due to the helical twist of
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the duplex.44 Furthermore, glycosidic bond rotation in the peroxyl radicals (6R-23,

6S-23) to adopt the syn- and anti-conformations, which trapping experiments

indicate are kinetically feasible, does not increase the accessibility of the

30-adjacent nucleotide’s deoxyribose ring (Figure 5.9).45 Overall, these experiments

revealed that tandem lesions are produced in higher yield than previously recog-

nized and that the reactivities of nucleobase peroxyl radicals are strongly influenced

by conformational constraints. The studies also suggest that direct strand breaks

may be formed less efficiently from g-radiolysis than is generally accepted if

nucleobase radicals are the major family of reactive species produced by ionizing

radiation.

5.1.3. Nucleotide Methyl Radicals Resulting from Formal Hydrogen Atom

Abstraction from C5-Pyrimidine Methyl Groups

Ionizing radiation experiments have suggested that 5-(20-deoxyuridinyl)methyl radical

(28) can account for as much as 7% of the reactions of OH. with thymidine.

Thermodynamics and DNA structure suggest that 5-(20-deoxyuridinyl)methyl (28)

and 5-(20-deoxycytidinyl)methyl radicals (29) are viable candidates for reactive inter-

mediatesproducedbyOH..Themethylgroupcarbon–hydrogenbonds in thenucleotides

are theweakest suchbonds inDNAbecause28and29 are stabilizedbydelocalizationof

theunpairedelectrons into the respectivepyrimidine rings. Inaddition, themethylgroup

hydrogen atoms are readily accessible in themajor groove ofDNA to diffusible species

suchasOH..Thenucleotidemethyl radicalscanalsobeproducedbydeprotonationofthe

radicalcationsthatareformedbyone-electronoxidationofthenucleotides.Thispathway

was recently proposed to explain 5-(20-deoxyuridinyl)methyl radical (28) formation

during electron transfer through DNA.55, 56

Radicals 28 and 29 have been independently produced from multiple photolabile

precursors (Figure 5.10). Although 28 was produced from a benzyl ketone (30) via a

NorrishType I reaction,most studies on it and the 5-(20-deoxycytidinyl)methyl radical

FIGURE 5.9. Conformational isomers of diastereomeric nucleobase peroxyl radicals.
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(29) have utilized phenyl selenides (31, 35) or aryl sulfides (32–34, 36) as stable

photochemical precursors.57–60 Phenyl sulfides 34 and 36 require irradiation at

254 nm to produce the corresponding radicals.61–63 However, the phenyl selenides

(31, 35) and electron-rich aryl sulfides (32, 33) produce 28 and 29when photolyzed at

350 nm, which is less likely to generate random damage throughout the DNA.

5.1.4. Tandem Lesion Formation from 5-(20-Deoxyuridinyl)methyl (28)
and 5-(20-Deoxycytidinyl)methyl Radicals (29)

Prior to the advent of methods for independently generating reactive intermediates

withinDNA, tandemlesions resulting fromthe formaladditionof5-(20-deoxyuridinyl)

FIGURE 5.10. Independent generation of (A) 5-(20-deoxyuridinyl)methyl (28) and (B) 5-(20-
deoxycytidinyl)methyl (29) radicals.
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methyl radical (28) to adjacent purines were identified in ionizing radiation

experiments.64, 65 Formal addition of 28 to a 30-adjacent 20-deoxyguanosine (37)

was observed upon 254-nm irradiation of 34 in single-stranded oligonucleotides

(Figure 5.11A).61, 62,66, 67 The respective tandem lesions between 28 and a 30-dA
(39), as well purine adducts bound to the 50-phosphate of 28 (38, 40), have also

been identified (Figure 5.11B).68 All four lesions were identified in DNA samples

subjected to ionizing radiation under anaerobic conditions or Fenton-type conditions

that are known to produce OH..66,68 However, dG containing tandem lesions are

produced in greater amounts than those involving reaction of dA. Furthermore,

both purines form tandem lesions more efficiently when they are bonded to the 50-
phosphate of thymidine. The regioselectivity for the proposed addition of the methyl

radical into the adjacent purine is consistent with the smaller distance between the

radical center of the 5-(20-deoxyuridinyl)methyl radical (28) and C8 of the 50-purine
(�3.6A

�
) compared to the respective carbon of the 30-purine (�6.3A

�
). The preferences

observed during in vitro studies are reflected in cellular experiments. Of the

four possible purine adducts, only 38was detected when Hela-S3 cells were exposed

to g-,radiolysis.67

Similarly, tandem lesions resulting from addition of the respective radical derived

from 5-methyl-20-deoxycytidine (29) into 20-deoxyguanosine bonded to either

phosphate (41, 42) were also detected when 36 was photolyzed at 254 nm

(Figure 5.12).14,69 Tandem lesions were obtained in �15-fold higher yields when

the purine was in the 50 position (41) than when the radical was bonded to dG via its

30-phosphate (42). In addition, the relative yields of the tandem lesions were similar

FIGURE 5.11. A. Tandem lesion formation from reaction of 5-(20-deoxyuridinyl)methyl

radical (28) and a 30-dG. B. Other purine tandem lesions from 28.
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to this when 29 was produced randomly in DNA by g-radiolysis or Fenton-type

reagents.70

Tandem lesions involving the addition of 28 or 29 into the double bond of dC or dT

have not been detected when DNA is irradiated in aqueous solution, and the spore

photoproduct (43) is not formed under these conditions.71, 72 The reason for selective

reaction with adjacent purines is not explained. However, molecular modeling

indicates that conformational constraints are not the limitation. It is interesting to

note that analogous lesions involving C50-radical addition into intranucleotidyl

nucleobases are also more favorable for purines than for pyrimidines, suggesting

that the pyrimidine rings are inherently less reactive.73, 74

Tandem lesions involving hydrogen atom abstraction from the deoxyribose compo-

nents of adjacent nucleotides also have not been detected. Studies on the monomeric

radicalsupporttheapparentkineticinefficiencyofthesereactions.57Kineticcompetition

studies involving 28were carried out under anaerobic conditions using 2,5-dimethylte-

trahydrofuran (kMTHF) and 2-propanol (kPr) as deoxyribose models. The estimated

bimolecular rate constants (kMTHF¼ 46.1� 15.4M�1 s�1, kPr¼ 13.6� 3.5M�1 s�1)

FIGURE 5.12. Tandem lesion formation from reaction between 5-(20-deoxycytidinyl)methyl

radical (29) and an adjacent dG.
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for hydrogen atom abstraction by 28 were too slow to compete with O2 trapping or

thiol quenching of the radical. However, the data indicated that the radical could

abstract hydrogen atoms from an adjacent nucleotide in DNA in the absence of these

reactantswith comparable efficiency as other nucleobase radicals. The absence of such

products suggested that another, much more rapid process must exist.

5.1.5. Interstrand Cross-Link Formation from 5-(20-Deoxyuridinyl)methyl
(28) and 5-(20-Deoxycytidinyl)methyl Radicals (29)

Interstrand cross-links (ICLs) are an important family ofDNAdamage because of their

abilitytoblockreplicationandtranscription.Theyareproducedbyanumberofantitumor

agents that bind in theminorgroove andalkylateDNAor rearrange to biradicals andare

strongly associated with these molecules’ cytotoxic effects.75, 76 Surprisingly, genera-

tionof28upon350-nmphotolysisofduplexescontainingphenylselenide31or themore

electron rich aryl sulfides (32, 33) produced interstrand cross-links in high yield.58, 59

ICLs are produced in very low yield when DNA is exposed to g-radiolysis and the

structure(s) or formation mechanism(s) had not been previously characterized.

Because of the unusual nature of the ICL, extensive studies were undertaken to

verify that the interstrand cross-links were due to 5-(20-deoxyuridinyl)methyl radical

(28).59Hydrogenatomdonor (e.g., glutathione,b-mercaptoethanol)quenchingof ICL

formation was consistent with a radical mediated process. In addition, cross-link

formation by all three photochemical precursors (31–33) was strong evidence for the

involvement of a common intermediate.Anunusual attribute for a radical reactionwas

the observation that cross-linking was independent of O2, which typically traps

radicals close to the diffusion controlled limit (kO2
¼ 2� 109 M�1 s�1). This unusual

observation was reconciled with a radical mechanism by using themonomeric radical

precursor (31) to demonstrate that O2 trapping of 28was reversible (Figure 5.13). The

FIGURE 5.13. Reversible O2 trapping of 5-(20-deoxyuridinyl)methyl radical (28).
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rate constant determined for loss of O2 (kO2
¼ 3:4 s�1) from 44 bymeasuring the ratio

of dT:45 as a function of glutathione concentration (GSH) was consistent with that

determined for other peroxyl radicals of similar structure.11,77

Multinuclear NMR, ESI-MS, and the OH. cleavagemethod developed byHopkins

were used to characterize the structure of the cross-linked product.58,78 ESI-MS

analysis of the isolated ICL formed under aerobic conditions revealed that O2 is not

incorporated in the product. This is consistent with the lack of ICL formation

dependence on O2. Hydroxyl radical cleavage revealed another unusual aspect of

cross-linking by 28. In contrast to alkylating agents, which typically react with

nucleotides that are 1–2 base pairs apart, the radical reacted exclusively with the

opposing deoxyadenosine.76 The atomic level structure of the cross-link was deter-

mined following digestion of the duplex. The product (47) obtained was the result of

formal addition to the N6-amino group of 20-deoxyadenosine (Figure 5.14).

The identical product was isolated whenmonomeric 28was generated in the presence

of 20-deoxyadenosine. It is difficult to formulate a mechanism by which 28 would

produce 47 directly, and kinetic studies revealed that it is not the primary product.59

Examination of molecular models led to the proposal that syn-28 added to the N1

position of the opposing dA resulting in 46, which ultimately rearranged to 47.59

Multinuclear NMR analysis of ICL formed from duplex DNA containing 5-13C-31

FIGURE 5.14. Interstrand cross-link formation between 5-(20-deoxyuridinyl)methyl radical

(28) and dA.
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and 1-15N-dA confirmed the structure of 46 by taking advantage of the coupling

between magnetically active labels.60 Furthermore, the labeling studies confirmed

that 46 rearranged to 47 via an associative mechanism in which the carbon derived

from the radical center and N1-dA remain bonded to one another (Figure 5.15). The

relevance of this elaborate mechanism was substantiated in g-radiolysis studies on
oligonucleotides, in which tritium was used to verify formation of 47.79

ICL formation requires rotation about the glycosidic bond to the less stable syn

conformation. The rate constant for ICL formation from 28 was estimated by using

thiols as competitors. The rate constants (kICL) showed some dependence on local

sequence but varied from 1.2� 103 s�1 when flanked by dT to�5–6� 103 s�1 when

flanked by dC.60 The estimated kICL were in the range of what is expected for

nucleotide flipping and suggests that rotation about theglycosidic bond topopulate the

syn-conformation of 26 is the rate-determining step.80–82

5.1.5.1. Protein Binding Effects on Interstrand Cross-Link Formation.
Protein–DNA interactions are important and prevalent in cells. For instance, the

wrapping of chromosomalDNAaround histone proteins creates nucleosomes.83More

transient protein binding controls transcription. Protein binding can affect the

accessibility of DNA to diffusible species such as OH..84, 85 However, the structural

alteration of DNA upon protein binding may also influence the reactivity of radicals

formed in the biopolymer. DNA bending is a common consequence of protein

binding.86 For instance, the histone like family of bacterial integration host factor

DNA bending proteins significantly reduce base stacking at the kink site.87, 88 One

such protein, Hbb, from the species (Borrelia burgdorferi) responsible for Lyme

disease in humanswas used to demonstrate how a disruption in base stacking can have

a profound effect on DNA radical reactivity.

FIGURE 5.15. Associative mechanism for rearrangement of ICL 46 to 47 using isotopic

labeling.
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Interstrand cross-linking by 5-(20-deoxyuridinyl)methyl radical (28) produced at

the Hbb bending site was significantly increased in the presence of the protein.89 The

approximately four-fold increase in the rate constant for cross-linkingwas ascribed to

a reduction in the barrier to adopt the syn-conformation, which as discussed above is

the rate determining step in ICL formation from 28. Hbb had an even more striking

effect on the reactivity of 5-(20-deoxycytidinyl)methyl radical (29).89 5-(20-
Deoxycytidinyl)methyl radical (29) does not yield ICLs in the absence of protein.

The absence of ICLs is attributed to the higher barrier to rotation about the glycosidic

bond due to the presence of 3 hydrogen bonds instead of 2, as is the case for 28.

However, the ICL yield is >10% when 29 is generated at the Hbb kink site in the

presence of protein.

5.1.5.2. A Change in Mechanism for Interstrand Cross-Link Formation and
ItsApplication. Dioxygen“fixes”DNAdamageby trapping the alkyl radicals formed

and preventing their repair by hydrogen atom donors. The requirement for O2 is why

radiation therapy is less effective in hypoxic (O2-deficient) tumor cells, and it provides

the driving force for the development of molecules (radiosensitizing agents) that can

enhance radical mediated DNA damage under O2-deficient conditions.
90 The obser-

vation that ICL formation by 28 was independent of O2 suggested that radical

precursors such as 31 could be useful as radiosensitizing agents if g-radiation could

substitute for ultraviolet light as radical generator. 5-(20-Deoxyuridinyl)methyl radical

(28) would have an advantage over other radiosensitizers, such as 5-bromo- and

5-iodo-20-deoxyuridine because cross-links aremore deleterious than the single strand

breaks and alkali-labile lesions produced by the 5-halopyrimidines.91–95 Irradiation

(137Cs) of DNA containing 31 produced cross-links in good yield.96 However, ICL

formation was dependent on O2, indicating a change in mechanism to one involving

reactive oxygen species (ROS). Experiments utilizing selective probes for variousROS

revealed that H2O2, produced from water by ionizing radiation, was required for ICL

formation.

A variety of experiments using monomeric and oligonucleotide substrates have

firmly established that H2O2 (and a variety of other oxidants) oxidizes 31 to the

selenoxide (48), which undergoes a [2,3]-sigmatropic rearrangement to form a highly

electrophilic quinone methide-like species (49, Figure 5.16).59 The monomeric

quinone methide like species (49) was detected directly by 1H NMR. The syn-

conformation of this molecule produces the identical primary product generated

from 28 (Figure 5.14) by alkylating N1 of the opposing deoxyadenosine. The

N1-alkylation product was observed directly in duplex DNA using 15N- and
13C-labeled DNA, as described above in the experiments in which the radical is

produced photochemically.60 Furthermore, kinetic studies on the monomer using

azide as a model nucleophile confirmed that alkylation occurs via an SN2

mechanism.60

These mechanistic studies revealed other potential applications for 31. For

instance, cross-linking through 31 under oxidative conditions suggested that 1O2

should also initiate this reaction, because this ROS oxidizes phenyl selenides to

selenoxides.97 Indeed, photosensitization by Rose Bengal produced high yields of

150 PYRIMIDINE NUCLEOBASE RADICAL REACTIVITY



cross-links, suggesting that 31 incorporated in DNA could be a useful adjuvant in

photodynamic therapy.98–100 The ability of Klenow fragment, a replicative DNA

polymerase to incorporate the phenyl selenide, is a positive sign that this reaction

could be used in cells. Although the polymerase accepts the respective nucleotide

triphosphate as a substrate �150 times less efficiently than dTTP, this is sufficient

for achieving sufficient incorporation levels of 31 in DNA.96

The requirement to incorporate 31 into cellular DNA is a demanding one that

has not yet been satisfied. However, facile oxidatively induced ICL formation from

the phenyl selenide (31) has proven useful in chemical applications, such as

selective detection of DNA sequences.101 Oligonucleotide probes containing 31

and a 50-biotin facilitated SNP detection by enabling one to use stringent washing

conditions to remove excess probe. Single nucleotide discrimination and fluores-

cent detection of target sequenceswas achieved at femtomole levels without PCRby

exploiting biotin binding to streptavidin conjugated horseradish peroxidase to

amplify the signal.

The facile cross-linking reactionwas also extended to triplex forming oligonucleo-

tides (TFOs), although not without additional surprises.89 Molecular models sug-

gested that incorporating 31 or 35 into theHoogsteen strand of the triplexwould result

in alkylation of theN7 position of dA or dG, respectively (Figure 5.17). The 5-methyl-

20-deoxycytidine derivative’s (35) reactivity under oxidative conditions proceeded as
expected. The opposing dG was alkylated at the N7 position, and the ICL yield was

unaffected by generation of the electrophile at an internal site or 50-terminus of

the TFO. In contrast, the ICL yield produced from 31 was much lower when the

electrophile was generated at an internal position than at the 50-terminus of the TFO.

Determination that N1 and not N7 of the opposing dA was alkylated by the TFO

explained this unexpected result. Reaction at this position requires disruption of the

triplex, which will be more energetically demanding at an internal site than when the

quinone methide-like species is at the terminus of the TFO. Finally, ICL formation

through 31 was also useful for resolving a mechanistic controversy concerning the

termination of DNA replication.102

FIGURE 5.16. Interstrand cross-link formation via a quinone-methide like intermediate

produced from 31 under oxidative conditions.
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5.2. FORMAL TANDEM LESION FORMATION FROM

NUCLEOBASE s-RADICALS

UV-irradiation of 5-halopyrimidines produces the respective s-radicals, which are

more reactive than the p-radicals discussed thus far (Figure 5.18). A significant

amount of the chemistry of 20-deoxyuridin-5-yl radical (52) is described in Chapter 6.
However, one recently elucidated reactivity mode that is not described in Chapter 6

concerns the additionof52 and20-deoxycytidin-5-yl radical (54) into thedoublebonds
of adjacent purines. The possibility for such a reaction was originally uncovered by

Box in ionizing radiation studies of short oligonucleotides.64,103 The structures of

these tandem lesions produced fromphotolysis of the halogenatednucleosides, aswell

as their formation from native DNA exposed to ionizing radiation, have been

thoroughly studied by Wang.

Several types of products that contain covalent bonds between nucleobases have

been detected when either 5-bromo-20-deoxycytidine (53) (Figure 5.19) or 5-bromo-

20-deoxyuridine (51) (Figure 5.20) flanked by purines is photolyzed. In initial studies,
five products (55–59) attributable to 20-deoxycytidin-5-yl (54) were identified when
dinucleotides and/or oligonucleotides containing 53 flanked by dAwere photolyzed

(Figure 5.19).104, 105 Formal products resulting from s-radical addition to C8 (55, 56)
and C2 of adenine (57, 58) were detected. In addition, a coupling product between the
pyrimidine’s C5 carbon and adenine’s exocyclic amine (59) was also detected. In a

subsequent study, products resulting fromadditionof54 toC8of guanine and coupling

to theN2 amino groupwere also identified (60–62).106 The products were proposed to

result from generation of the s-radical and the respective purine cation radical

following photoinduced electron transfer involving the 5-halopyrimidine (53).

Coupling to the purines’ exocyclic amines (59, 62) is proposed to involve prior

deprotonation of the cation radical. Formation of the aminyl radical is required for

FIGURE 5.18. Photochemical generation of (A) 20-deoxyuridin-5-yl radical (52) and (B) 20-
deoxycytidin-5-yl radical (54) from the respective 5-halopyrimidines.
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coupling to the s-radical. This is important in a broader sense concerning the

formation of this family of products from other reactive intermediates that are

produced from the native nucleotides (vide infra). In contrast, tandem lesions contain-

ing carbon–carbon bonds between nucleobases while suggested to involve coupling

FIGURE 5.19. Tandem lesions produced from reaction of 20-deoxycytidin-5-yl radical (54)
with dA and dG.

FIGURE 5.20. Tandem lesions produced from reaction of 20-deoxyuridin-5-yl radical (52)
with dA and dG.
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between pyrimidine radicals and purine cation radicals could form under other

conditions via radical addition directly to the undamaged purine.

Reaction between the pyrimidine and purine bases is directional. Coupling

products produced by carbon–carbon bond formation are formed in higher yield

when the purine is in the 50 position (e.g., 60 versus 61).105 These observations are
postulated to result from more favorable p-overlap in this arrangement, which

yields more efficient photochemical conversion. In addition, the proximity of the

reactive centers is greater in a 50-purine 30-pyrimidine sequence due to the helical

nature of duplex DNA. A subset of analogous tandem lesions (63–65) was

detected in photolyses of DNA containing 5-bromo-20-deoxyuridine (51)

(Figure 5.20).

One of these lesions, 60, was detected in DNA treated with Fenton reagents that

generate OH. and was also detected in cellular DNA isolated from HeLA cells

exposed to g-radiolysis.70,107 Under these conditions, and in the absence of 53, the

lesion is believed to result from the C6-hydroxyl radical adduct of dC instead of

directly from the s-radical 54. The yield of 60 in cells was much lower than single

lesions. However, it had a significant effect on replication in E. coli. 20-
Deoxyadenosine or dG were misincorporated opposite the portion of the lesion

derived from dG almost 10% of the time, resulting in 8.7% G ! T transversions and

1.2% G ! C transversions.107 These mutation frequencies are significantly greater

than the well-studied DNA lesion 8-oxoguanine (66) in E. coli.108, 109 In addition, as
one would expect for lesion that must distort the local duplex structure, 60 is incised

by UvrABC.110

5.3. SUMMARY AND FUTURE DIRECTIONS

Nucleobase radicals are major components of the collection of reactive intermediates

produced in nucleic acids by diffusible species, such as OH.. Their chemistry has

perhaps been somewhat obscured by their indirect connection to direct strand scission.

However, recent studies, many of which utilize organic photochemistry to indepen-

dently generate radical intermediates, have revealed the rich and biologically relevant

chemistry of nucleobase radicals. There is still much to learn about these radicals,

including their reactivity in the more biologically relevant context in which they are

bound by proteins. In addition, themore varied structure of RNA, aswell as the effects

of an additional hydroxyl group,may significantly alter the reactivity of the respective

nucleobase radicals of this biopolymer of increasing importance.
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5-Halouracils are analogues of thymine inwhich themethyl groupof thyminehasbeen

replacedwith a halogen atom.Thephotoreactive5-halouracils, bromouracil (BrU) and

iodouracil (IU), are widely used in medical applications and biological and chemical

research. Because of the similarity in size of 5-halouracils and thymine (Figure 6.1),

the thyminemoiety of DNA can be replacedwith a 5-halouracil without impairing the

in vivo functionality ofDNA.Such replacement enhances theUVsensitivity of the cell

with respect to DNA–protein cross-linking, DNA strand breakage, and the creation

of alkali-labile sites by forming uracil-5-yl radicals when exposed to UV irradiation.1

5-Halouracil-based photocrosslinking and photofootprintingmethods have been used

to investigate specific DNA–protein interfaces.2 The photoreactions of 5-halouracil-

containing DNAs have been extensively studied using DNA oligonucleotides and

DNA fragments with defined sequences. The reactivities of 5-halouracils in DNA

differ significantly from those ofmonomericmodel systems. It has been demonstrated

that hydrogen (H) abstraction by uracil-5-yl is atom specific and is highly dependent

on localDNAconformation (Figure 6.2). It has been suggested that the photoreactivity

of 5-halouracils could be used to detect various DNA structures.3 Oxidative lesions

generated by H abstraction and subsequent oxidation allow us to investigate stability

and reactivity of these sites in DNA, which could provide useful information to

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
Copyright � 2009 John Wiley & Sons, Inc.
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understandmolecular mechanisms of DNA damage. In addition to their H abstraction

properties, 5-halouracil residues in DNA can be used as electron acceptors 4 as they

rapidly eliminate halide anions and generate uracil-5-yl radicals when reduced to an

anion radical (Figure 6.2).4 The electron transfer and back electron transfer processes

are highly dependent on DNA conformation. This chapter discusses specific H

abstraction byuracil-5-yl radicals invariousDNAconformations, and it also discusses

5-halouracil studies on electron transfer in the B and Z forms of DNA and between

DNA–protein interfaces.

FIGURE 6.1. Chemical structures (a) and CPK models (b) of thymine, 5-bromouracil, and

5-iodouracil. (See color insert.)
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6.1. ELUCIDATION OF DNA STRUCTURE USING

THE 5-HALOURACIL PHOTOREACTION

WhenDNAthat contains BrU or IU is irradiatedwithUV light, the uracil-5-yl radical is

generated from 5-halouracil and abstracts H from the deoxyribose backbone of DNA.

Appropriate orbital overlapping of the uracil-5-yl radical and the target H–C bond

during the transition state of H abstraction is necessary for efficient H abstraction. As

local DNA structures differ in the proximity of H atoms to the uracil-5-yl radical, the

site of uracil-5-yl radical-inducedH abstraction and its degradation products is highly

dependent on the surrounding DNA conformation. Therefore, analysis of the degra-

dation products of DNA that contains 5-halouracil can provide information on its

structure.Habstraction reactions inDNAconformations such as theB,A, andZ forms,

bent DNA, and the G quadruplex have been studied and their degradation products

have been identified.3 The mechanisms by which these degradation products are

produced, and their properties, are described in the following sections.

6.1.1. H Abstraction in B-Form DNA

It has been shown that the major reactions that occur when B-formDNA that contains
BrU or IU is irradiated are formation of deoxyribonolactone- (1) and erythrose-

containing sites (2) on the 50 side of 5-halouracil (Scheme 6.1).5 Therefore, the

formation of these residues in irradiated DNA is indicative of a B-form structure. As

shown in Figure 6.3, the uracil-5-yl radical in B-form DNA is close enough to the C10

and C20aHs of the 50 side residue of the uracil-5-yl radical to induce H abstraction at

these sites. Fujimoto et al. proved that the ribonolactone residue in DNA is derived

from direct C10 H abstraction using a C10-deuterated deoxyadenine-containing

oligonucleotide with a kinetic isotope effect (kH/kD) of 1.7.6

Mass spectrometry of the ribonolactone-containing oligonucleotide (1) isolated

after photoreaction in H2
18O indicated that the 10 oxygen atom of ribonolactone is

derived fromH2O.Theproposedmechanismfor the formationof ribonolactone shown

in Scheme 6.2 is based on these observations. After H abstraction of the C10 H by the

uracil-5-yl radical, theC10 radical is oxidized, presumably by the cation radical ofGor

molecularO2, and theC1
0 cation that is formed reactswithwater to give1. Because the

formation of the uracil-5-yl radical and the subsequent oxidation of theC10 radical by a
base cation radical is related to the electron transfer process, this mechanism is

described in Section 6.2.1. Upon heating at neutral pH (90�C, 5–20min), the
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FIGURE 6.3. (a) Structure of B-form DNA. Close-up view of the ABrU sequence (b), and its

side view (c). C5 of the uracil-5-yl radical is depicted in yellow. (See color insert.)
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ribonolactone-containing site, such as 1, readily decomposes into a DNA fragment

with phosphate termini and generates methylenefuranone (3) (Scheme 6.2).5 This

facile heat degradation-inducing DNA strand scission is useful for identifying

ribonolactone residues in DNA by PAGE analysis.

The erythrose residue, such as 2, is produced upon C20aH abstraction by the

uracil-5-yl radical. H abstraction at C20a was demonstrated by photoreaction of the

stereospecifically C20 deuterated 5-halouracil-containing hexamer, dðGCAXUGCÞ2
as shown in Scheme 6.3. The kinetic isotope effect (kH/kD) for the formation of the

erythrose residue from irradiated BrU- and IU-containing strands was 7.5 and 7.2,

respectively.7 These kinetic isotope effects are significantly larger than that of 1.7 for

C10 H abstraction.

When treated with a hot alkaline solution (0.1N NaOH, 90�C), the erythrose-

containing hexamer 2 cleaves into two DNA fragments with phosphoglycoaldehyde

termini 4 and 5 (Scheme 6.4) via the retroaldol reaction.5b Strands 4 and 5 are reduced

to strands 6 and 7 upon treatment withNaBH4. It is proposed that erythrose residues in

DNA can be detected by reduction and enzymatic digestion of the products of the

retroaldol reaction (Scheme 6.5). After photoirradiation, the yield of erythrose

residues is usually greater for DNA that contains IU than for DNA that contains
BrU, indicating that qualitative differences are present in these reactions.

To investigate the fate of the radical at the C20 site of DNA, products from

the photoirradiation of 20a-iodo-20-deoxyuridine (8), which generates the deoxyur-

idine C20 radical, were analyzed (Scheme 6.6).8 Several photoproducts, including

erythrose, were produced by the irradiated 20a-iodo-20-deoxyuridine. Interestingly,
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ribonolactone, the typical oxidation product of C10 H abstraction, was also produced.

That the oxygen atom at C1 of ribonolactone is derived fromwater indicates that a C10

cation intermediate is formed from 8 during irradiation. These results indicate that a

1,2 hydride shift occurs from theC10 to theC20 cation, which is generated by oxidation
of the C20 radical by the iodide radical (I.) (Scheme 6.6).
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Photoreaction of a BrU-containing oligonucleotide under anaerobic conditions

reduces the formation of erythrose and increases direct strand cleavage. Product 10 in

Scheme 6.7 was detected, and it is suggested that this product is generated from

product 9with the release of adenine.Generation of 10 suggests that a 1,2 hydride shift

occurs from the C30 to the C20 cation (Scheme 6.7).9 It has also been reported that

furanyladenine (11) is formed at 30-phosphate termini under anaerobic conditions

(Scheme 6.7).10 These results clearly indicate that C20 H abstraction could also give

C10 andC30 oxidationproductswhenC20 radical is oxidized to aC20 cation and suggest
that such a possibility need to be considered in elucidation of the site of H abstraction

during the formation of DNA oxidative products.

6.1.2. Photoreaction of 5-Halouracil in A-Form DNA

Exposure to solutions containing high salt concentrations or ethanol induces the

A-form ofDNA,11 which contains a deep, narrowmajor groove. ADNA–RNAhybrid

has been shown to form a type ofA-form structure, the so-calledA-type structure. The

DNA–RNA hybrid that is produced during transcription of DNA forms an A-type

structure. In A-form DNA, the major photoproduct of irradiation of BrU- or
IU-containing DNA–RNA hybrid is ribonolactone (Scheme 6.8).12 Interestingly,

erythrose is not a product of the A-form reaction, indicating that C10 H is selectively

abstracted in A-formDNA. The structure of the AIU sequence in the A-type structure

is presented in Figure 6.4 and shows that the distance between C10 and the uracil-5-yl
radical is greater than the distance between C20a and the uracil-5-yl radical.

Therefore, there is no direct correlation between distance and selectivity of H

abstraction in the A-form.

The feasibility of a transition state of the H abstraction reaction in a DNA duplex

structure is an important component of the efficiency of the reaction (Scheme 6.9).

OpDNA

O
DNApO A

OpDNA

DNApO A

OpDNA

DNApO A

DNApO A

O

O
DNApO

O

A

109

1,2-H shiftO O

O

pDNA

O
dGTAGCpO A

11

SCHEME 6.7

ELUCIDATION OF DNA STRUCTURE USING THE 5-HALOURACIL PHOTOREACTION 169



To determine the conformational energy required to achieve a transition state in theA-

and B-forms, a putative transition state for H abstraction in a DNA duplex and a

DNA–RNA hybrid was constructed and conformational energy was evaluated. The

dinucleotide portions of the lowest two minimized structures in each structure that

contained the transition state for C10, C20a H abstraction in the DNA duplex and C10

and C20bH abstraction in the A formDNA–RNA hybrid are shown in Figure 6.5. The

AMBER energy for the putative transition structure for C10 in the DNA–RNA hybrid
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FIGURE 6.4. (a) Structure of A-form DNA. (b) Close-up view of ABrU step in the A-form

(black) and the B-form (red). (See color insert.)
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was lower than that for C20a and C20b H abstraction. These results explain the

observed selective C10 H abstraction in A-form DNA.

6.1.3. Photoreaction of 5-Halouracil in Z-Form DNA

The left-handed Z-form of DNA is one of the characteristic local structures of DNA in

X-ray crystallography and has been extensively studied in relation to regulation of

gene expression.13 Formation of the Z-form can effectively reduce torsional stress

induced by nucleosome formation. However, the biological relevance of Z-DNA is

still unclear, presumably because of its short lifetime under torsional stress caused by

unwinding of DNA during transcription.

In Z-DNA, 20-riboguanosine (12) is the major product of irradiated Z-

form 50-ðCGCGIUGCGÞ-30=50-ðCmGCACmGCGÞ-30 (mG ¼ 8-methylguanine)

(Scheme 6.10).14 Therefore, formation of guanosine from irradiated DNA that

contains 5-halouracil is indicative of a Z-DNA structure. Importantly, because

guanosine in DNA strands is readily hydrolyzed to 13 by ribonuclease T1, photo-

chemical exposure and subsequent enzymatic hydrolysis could be used to detect the

Z-form of DNA (Scheme 6.10). Stereospecific 20b H abstraction resulting in

20a-hydroxylation was demonstrated using a stereospecifically deuterated octanu-

cleotide in Z-formDNA. The resulting kinetic isotope effect (1.2) is similar to that for

C10Habstraction (1.7) and significantly smaller than that forC20aHabstraction (7.2),

suggesting the reaction with a lower level of transition state.15

A close-up view of the structure of the GU sequence in Z-DNA is shown in

Figure 6.6. The uracil-5-yl radical and the 20bH are in close proximity, and of Z DNA

containing transition state of C20b H abstraction gave the lowest minimized energy

which is consistent with selective C20bH abstraction.

The photochemical reaction of 5-halouracil in Z-DNA induced by the binding of

theN-terminus of ubiquitousRNAediting enzyme, adenosine deaminase 1 (ADAR1),

Za, efficiently resulted in 20a hydroxylation on the 50 side of IU (Figure 6.7). This

FIGURE 6.5. Estimated transition states of H abstraction in A- (a,b) and B-form (c,d) DNA.

RNA and DNA are shown in blue and magenta, respectively. A red ball indicates an abstracting

H atom. (See color insert.)
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suggests that Za packs tightly in Z-DNA, with the C30 endo-sugar puckering the 20-
deoxyguanosine of the duplex, andpromotes specificC20aHabstractionby the uracil-

5-yl radical.16

6.1.4. Photoreaction of 5-Halouracil in Bent DNA

DNA bending, which is induced by protein binding, is involved in the regulation of

gene expression. For example, the TATA-box binding protein induces DNA bending,

which is important for the initiation of prokaryotic transcription.17 To examine H
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FIGURE 6.6. (a) Structure of Z-form DNA. (b) Close-up views of the GU sequence and its

side view. (c) C5 of the uracil-5-yl radical is shaded yellow. (See color insert.)
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abstraction in bent DNA, the photoreaction of 5-halouracil-containing DNA in the

presence of Sso7d protein was examined.18 Sso7d is a small chromosomal protein

from the hyperthermophilic archaeabacterium, Sulfolobus solfataricus. The structure

of the complex of Sso7d and d(GTAATTAC)2 was solved by X-ray crystallographic

analysis at high resolution (Figure 6.8). The Sso7d protein binds in the minor groove,

causing a sharp bending at the TpT step; this kink results from intercalation of the

hydrophobic side chains of Val26 and Met29.

Scheme 6.11 depicts the formation of formyluracil- and hydroxymethyluracil-

containing oligomers 14, 15 in the presence of Sso7d.19 These results clearly indicate
that protein-induced DNA bending causes an intrastrand H abstraction from the

5-methyl group of thymine in the same strand. The crystal structure indicates that

the 5-methyl group in thymine is in close proximity to the uracil-5-yl radical. This

specific intrastrand methyl H abstraction suggests that DNA is similarly kinked by

Sso7d in solution and represents a new method for detecting DNA kinks in solution.

Sso7d protein was oxidized to Sso7dOH during irradiation with dðGTAATIUACÞ2.
Oxidation of Sso7d occurred mainly at the intercalating Val26 and Met 29 residues

FIGURE 6.7. Structure of the d(CGCGCG)2–Za complex. (See color insert.)

FIGURE 6.8. (a) Structure of the Sso7d–DNA complex. (b) Close-up view of the TU step and

(c) its side view. C5 of the uracil-5-yl radical is shaded yellow. (See color insert.)

ELUCIDATION OF DNA STRUCTURE USING THE 5-HALOURACIL PHOTOREACTION 173



(78%). TheX-ray crystal structure suggests that residuesVal26 andMet29 are in close

proximity to the uracil-5-yl radical, which is intercalated with the major groove at the

bending site. These results suggest that the interaction of DNA and Sso7d in solution

closely resembles their crystal structures.

6.1.5. Photoreaction of 5-Halouracil in G Quadruplexes

Gquadruplexes are four-strandedDNA structures formed by guanine-rich sequences.

Although the formation of G quadruplexes has only been studied in vitro, G

quadruplexes are attracting attention because of their postulated involvement in a

variety of biological processes.20 The DNA of human telomeres consists of repeat

units of the nucleotide sequence, 50-TTAGGG-30, which end with a single-stranded

segment that overhangs the end of the double-stranded DNA helix. The single-

stranded repeat units form four-stranded G quadruplex structures. NMR analysis

has demonstrated that a 22-mer of 50-d[AGGG(TTAGGG)3]-30 in solution in the

presence of Naþ ions adopts an antiparallel G quadruplex structure in which

the opposing GGG columns are antiparallel, with one diagonal and two lateral

TTA loops (Figure 6.9).21

In contrast, the same 22 mer adopts a completely different G quadruplex architec-

ture in a crystal grown in the presence ofKþ ions: The four coreGGGunits are parallel

and the three linking external loops are located on the exterior of the G quadruplex
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core.22 Three groups, including our group, have established that the topology of the

human telomere sequence in Kþ solution is that of a completely different hybrid

structure.23

To explore the structure-dependent abstraction of H atoms in antiparallel and

hybridGquadruplexes, one of the six thymine residues in the 22-mer human telomeric

DNA, 50-d(AGGGT1T2AGGGT3T4AGGGT5T6AGGG)-3
0, was substituted for IU to

generate six types of oligodeoxynucleotide.24 Upon irradiation with UV light, more

than 60% of the antiparallel DNA oligomer in which T4 in the middle of the

diagonal loop was substituted with IU was consumed. Analysis of the products

indicated that 20-deoxyribonolactone was efficiently produced with the release of

thymine from the photoirradiated T4-substituted DNA oligomer in the antiparallel

structure (Figure 6.10).

FIGURE 6.9. Structure of human telomere sequence 50-AGGG(TTAGGG)3-30 in an NaCl

solution and a close-up view of the diagonal TTA loop region. C5 of the uracil-5-yl radical is

shaded yellow. (See color insert.)
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FIGURE 6.10. The ribonolactone residue is formed at the diagonal loop of the antiparallel

basket form of the human telomere sequence, 50-AGGGTTAGGGTIUAGGGTTAGGG-30,
under irradiation at 302 nm. The hybrid structure does not produce ribonolactone residues in the

presence of Kþ ions. (See color insert.)
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Inmarked contrast to the large photoreactivity of the antiparallel form, IU in hybrid

form is not consumed (<2%) in the presence of Kþ ions under the same irradiation

conditions. The high photochemical reactivity of 50-AGGGTTAGGGTIUA

GGGTTAGGG-30 in the antiparallel G quadruplex and its poor photoreactivity in

the hybrid G quadruplex can be explained by the loop regions of the two structures

(Figure 6.10). The hybrid G quadruplex has one external loop and two lateral loops in

which neither H atom is directed to the C5 position of uracil. Thismay explain the low

reactivity of the hybrid structure. In contrast, the NMR structure suggests that the

uracil-5-yl radical is positioned closer to the 10-Hatomof the adjacent T3 than the other

H atoms in the diagonal loop.21 Examination of oligonucleotides with various loop

structures indicates that this type of efficient formation of ribonolactone residues only

occurs at the diagonal loop of the G quadruplex.

Several other guanine-rich sequences have also been proposed to form G quad-

ruplexes.25 To test the efficacy of the photochemical method of detection of diagonal

loops, we examined the photoreactions of the IU-substituted IgG switch regions and

the 50 termini of the Rb gene. Photoirradiation of 50-dðAGGGGAGCTGGG
GIUAGGTGGGAÞ-30 (IgG) and 50-dðCGGGGGGTTIUTGGGCGGCÞ-30 (Rb) indi-
cated that the ribonolactone-containing oligomers were the main products, and that

freeguanineor thyminewas released.Thehighly efficient productionof ribonolactone

residues is strongly indicative of the formation of an antiparallel G quadruplex with a

diagonal loop by these guanine-rich sequences.26

6.1.6. Summary of DNA Structure-Dependent Photoreaction of 5-Halouracil

In Section 6.1, photoreactivity of 5-halouracil in different DNA structures

fromB-DNAtoG-quadruplexeswasdescribed.RelationshipbetweenDNAstructures

and photoproducts of 5-halouracil is summarized in Scheme 6.12. These

results demonstrate the detailed relationships between the local DNA structures

and the products of photoinduced hydrogen abstraction by the resulting uracil-5-yl

radicals, and they show that this photochemical method can be used to detect DNA

structures.3

6.2. PHOTOREACTION OF 5-HALOURACIL FOR DETECTION

OF DNA-MEDIATED ELECTRON TRANSFER

The previous chapters have described the dependence ofH abstraction by the uracil-5-

yl radical on DNA structure and its potential use to elucidate the structure of DNA.

This chapter deals with the mechanism by which the uracil-5-yl radical is produced

from 5-halouracil. It has been known that p-stacking of DNA mediates electron

transfer. Electron transfer plays an important role in repairing damaged DNA.27

Generation of the uracil-5-yl radical from BrU is initiated by the acceptance of an

electron. Therefore, BrU has recently been used as a probe to detect DNA-mediated

excess electron transfer.28 The lifetimes of BrU and estimated as IU are 7 ns and 1.5

nsec, respectively.29
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6.2.1. Electron Transfer in B-DNA

In contrast to dðGCABrUGCÞ2, which results in efficient formation of C10 and C20

oxidation products after photoirradiation, hexanucleotides that do not have an ABrU

sequence, such as 50-dðGCGBrUCGÞ-30=50-dðCGACGCÞ-30, have very poor photo-

reactivity.5 This type ofABrU sequence-specific photoreactivity was also observed by

Greenberg group.30 Based on these results, a sequence-specific electron transfer from

the adjacent A at the 50 side to BrU to form the BrU anion radical in the duplex structure

was initially proposed.AsG is a better electron-donating base thanA, this reaction has

been labeled ‘‘contrathermodynamic.’’30 Thus, the sequence specificity of a long

DNA fragment that contained 5-halouracil was examined. Using PCR, we prepared

DNA fragments in which all thymine residues were substituted with BrU or IU.

The DNA fragments were irradiated with 302-nm UV light and then analyzed on

sequencing gels.31 Surprisingly, specific cleavage at the 50-ðG=CÞAAXUXU-30 and
50-ðG=CÞAXUXU-30 (X¼Br or I) sequences in both BrU- and IU-containing

DNA fragments was observed only after heat treatment. HPLC product analysis

of oligonucleotides containing hotspots indicated that the major products were

ribonolactone-containing octamers. When oligonucleotides were irradiated in the
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presence of H2
18O, 18O atoms were incorporated into the ribonolactone residues,

indicating that H2O is the source of the carbonyl oxygen of ribonolactone.31

As 50-dðCGAABrUTGCÞ-30=50-dðGCAATTCGÞ-30 produced a ribonolactone-

containing product, 50-d(CGALUTGC)-30 (L¼ ribonolactone residue), as a major

product with an efficiency similar to that of dðCGAABrUBrUCGÞ2, we examined the

photoreactivity of various oligonucleotides in which the putative electron donor, G,

was replaced with modified purine bases that differed in oxidation potential, namely,

hypoxanthine (I), 8-bromoguanine (BrG), 8-methoxyguanine (MeOG), and 7-deaza-

guanine (Z) (Figure 6.11).32

It was found that the yield of ribonolactone-containing products increased with

decreasing ionization potential (IP) of the purine base in the oligonucleotide, namely,
BrG < G < MeOG < Z; almost no ribonolactone was observed in the case of A and I.

These results clearly indicate that the G in the 50-GAABrUBrU-30 sequence acts as an
electron donor, even though it is not oxidized itself. From these observations, we

proposed a mechanism to explain the efficient photoreaction of 50-GAAXUXU-30

sequences (Figure 6.12).32

In the proposed mechanism, an initial electron transfer occurs from G to the

electron-deficient XUXU step through stacked AA and A. Release of the halide anion

from the XUXU anion radical generates uracil-5-yl radicals, which abstract the C10 H
from the adjacent A of the XUXU step. One-electron oxidation of the C10 radical of
dAby the cation radical ofG produces aC10 cation and regeneratesG. The intervening
A bases between G and the XUXU step are considered to act as a bridge between the

electron donor and acceptor for charge separation after electron transfer from G to

the XUXU step, thus preventing rapid back electron transfer.When the number of A/T

base pairs betweenGand the acceptor, XUT, is zero or one, the back electron transfer is

much faster than the release of bromide ions. When two A/T base pairs are present
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FIGURE 6.11. Chemical structures of purine derivatives and their oxidation potentials. The

ionization potential of BrG was estimated ab initio.32
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between G and XUT, back electron transfer is slow enough to allow the release of

bromide ions from the anion radicals of BrU. These results further confirm that the G

located 50 upstream from BrU acts as an electron donor for BrU and that the intervening

A/T base pairs act as a bridge for the electron-transfer process (Figure 6.13).
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Prevention of back electron transfer by A/T base pairs may be responsible for the

results obtained for the dðGCABrUGCÞ2.5a,9

6.2.2. Electron Transfer in Z-DNA

In the B-form, 50-dðC1G2C3G4
BrU5G6C7G8Þ-30=50-ðC9

mG10C11A12C13
mG14C15G16Þ-

30 had no photoreactivity, whereas in the Z-form it underwent efficient photoreaction

and produced rG-containing DNA. The results clearly indicate that structural

changes associated with a B–Z transition increased the photoreactivity of
BrU-containingDNA.33. Inspectionof themolecular structure of theZ-formsuggested

that unique four-base p-stacks were formed at the G4
BrU5C11

mG10 sequence

(Figure 6.14a), whereas there is a continuous p-stack along each strand in B-DNA

(Figure 6.14b). Interestingly, mG in the complementary strand was oxidized

to imidazolone (Im)-containing DNA. Im is an oxidation product of guanine deri-

vatives, and forms a stable base pair with G, suggesting that one of the oxidation

products ofG causes aCG ! GC transversionmutation.34 The oxidation of mG in the

complementary strand suggests that the mG10 in a complementary strand located at the

end of the four-base p-stacks acts as an electron donor. In addition, this indicates that
the interstrand charge transfer from mG10 to BrU5 initiates the photoreaction.

A proposed mechanism for the photoreaction of BrU-containing Z-DNA is shown

in Figure 6.14.

In the proposed mechanism, efficient electron transfer from mG10 to
BrU5 in four-

base p-stacks produces cationic and anionic radicals under irradiation. The anionic

radical of BrU eliminates bromine to generate a uracil-5-yl radical, which abstracts H

to produce the rG residue. The cation radical of mG reacts with molecular oxygen to

generate Im. Although electron transfer from mG in the complementary strand would

not occur in B-form DNA, electron transfer from adjacent Gs would occur. However,

rapid back electron transfer would prevent the reaction from proceeding. Elucidation

of these differences in the electronic properties of B- andZ-formDNAs has resulted in

the development of amolecular thermometer and biomolecular switching devices that

respond inversely to thermal stimuli.35

6.2.3. Electron Transfer Between Protein and DNA

In living cells, many proteins interact directly with DNA. Therefore, detection of

electron transfer between proteins and DNA is important to understand the mechan-

isms of DNA damage and repair. Cullis et al.36 demonstrated that guanine radicals in

DNA are reduced by electron transfer from histone. It is well-documented that a

photoreactivating enzyme, photolyase, repairs Th iT by a one-electron reduction

mechanism. Barton and colleagues proposed that some repair enzymes use electron

transfer from redox cofactors to detect oxidative DNA damage.37

Electron transfer between a protein and the DNA interface was investigated using

Sso7d and DNA that contained BrU.38 Photoirradiation of dðGTAATBrUACÞ2 alone
mainly resulted in the production of ribonolactone-containing octamers, indicating

that electron transfer from 50G to BrU initiates the reaction. Compared with
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dðGTAATBrUACÞ2, dðITAATBrUACÞ2 had very low photoreactivity. Interestingly,

the addition of Sso7d enhanced the photoreactivity of dðITAATBrUACÞ2 by 10-fold
andproduced formyluracil and hydroxymethyluracil,which is similar to the results for

Sso7d-dðGTAATIUACÞ2 described in Section 6.1.4. These results clearly indicate

thatSso7dactivates thephotoreactivityof dðITAATBrUACÞ2 by servingas anelectron
donor to activate BrU in this DNA strand (Figure 6.15).

Product analysis showed that Trp-24 of Sso7d,which is located at theDNA–protein

interface, is oxidized to produce N0-formylkynurenine during photoirradiation, indi-

cating that Trp-24 acts as an electron source (Figure 6.16).

To provide further confirmation of electron transfer from Sso7d to DNA, the

photochemical repair of a thymine dimer (Th iT)bySso7dwas examined. Itwas found

that underUVirradiationat 295 nmfor1 h, d(GTAATh iTAC)2was efficiently repaired
only in the presence of Sso7d, and produced 50-d(GTAATTAC)-30, indicating that

electron transfer from Sso7d repaired the Th iT dimer (Scheme 6.13). During this

reaction, Trp-24was not oxidized to the same extent as in the Sso7d-dðITAATBrACÞ2
system. The results indicate that the anion radical of the repaired TT sequence is

oxidized by the cation radical of Trp-24 and that a so-called ‘‘circular electron

transfer’’ mechanism operates in this system.

FIGURE 6.15. Electron transfer from Sso7d to BrU in the 50-d(ITAATBrUAC)-30 sequence.
(See color insert.)

FIGURE 6.16. Close-up view of the structure of the Sso7d-d(GTAATTAC)2 complex. Trp24

moiety (electron donnor) and BrU (acceptor) are shown in pink and blue, respectively. (See

color insert.)
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6.2.4. Photoreactivity of IU

The analogous hotspot sequences, 50-ðG=CÞAAIUIU-30 and 50-ðG=CÞAIUIU-30, were
observed during photoirradiation of IU-substituted duplex DNA.31 The Greenberg

group has observed AIU sequence specificity of photoreaction of IU in a 32-mer

oligonucleotide and suggested that electron transfer is involved in this photoreac-

tion.30 These results clearly indicate that an electron transfer mechanism is

operating in the IU-containing hotspot sequence. Although homolytic cleavage is

expected to occur in IU-containing DNA, with some sequences such as

50-dðGCGIUCGÞ-30=50-dðCGACGCÞ-30, the photoreactivity of the IU-containing

oligonucleotide differs from that of the BrU-containing oligonucleotide and produces

ribonolactone and erythrose upon photoirradiation.

To investigate thedistancedependencyofdonors andacceptors, the photoreactivities

of various oligonucleotides containing the 50-GðAÞnIUT-30 sequencewere examined.39

As shown in Figure 6.17, the amount of free adenine increased as the number of A/Ts

increased from zero to two, and gradually decreased when more than three A/Ts were

present. This reactivity of IU can be explained by an electron transfer mechanism

analogous to the distance dependency of BrU-containing oligomers (Figure 6.13).

However, a significantly different reactivity for IU relative to that of BrU was observed

when the number ofAswas 0, 6, or 7 (Figure 6.17a).With BrU, almost no reactivitywas

observed in such sequences. Moreover, substitution of the electron-donating G for

hypoxantin (I) completelyeliminated theelectron transferprocess (Figure6.17b).These

results are indicative of the coexistence of a distance-independent homolytic process

during the generation of the uracil-5-yl radical by IU photoreaction.
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FIGURE6.17. Amount of free bases produced with various numbers (n) of intervening bridge

AT base pairs. (a) G-containing oligomer and (b) IU-containing oligomer.
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It was demonstrated that both homolytic and heterolytic pathways are involved in

the C–I bond cleavage mechanism of IU in DNA duplexes. In addition, the ratio of

these pathways is highly dependent on the sequence of theDNA. Previously, we found

that IU and BrU have different sequence dependencies in that the photoreaction occurs

at the GIU sequence but not at the GBrU sequence. These results imply that the GIU

sequence produces H abstraction products via the homolytic pathway.

6.3. CONCLUSIONS

The uracil-5-yl radical generated in DNA abstracts specific H atoms from the

deoxyribose backbone and base in accordance with the local DNA conformation.

Although there are limited in vitro data, it is anticipated that knowledge derived from

model systemswill facilitate the development of newmethods for probing local DNA

conformation in vivo. Incorporation of 5-halouracil in DNA can be used to map the

landscape of the anion radical ofDNA. It is clear that excess electronsmove around the

DNA duplex and that in anion radical situations 5-halouracil prevents rapid back

electron transfer and eliminates the halogen anion. Knowledge of these fundamental

properties of the 5-halouracils is useful for choosing 5-halouracils for photochemical

applications such as photocrosslinking or photofootprinting. For example, when

electron donors are not expected to be in close proximity to 5-halouracil after it is

incorporated into DNA, IU is more suitable because the uracil-5-yl radical is

efficiently generated via the homolytic pathway.
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7
KINETICS OF LONG-RANGE
OXIDATIVE ELECTRON TRANSFER
THROUGH DNA

KIYOHIKO KAWAI AND TETSURO MAJIMA

The Institute of Scientific and Industrial Research (SANKEN), Osaka University,

Ibaraki, Osaka 567–0047, Japan

7.1. INTRODUCTION

Double-helical DNA carries information controlling our heredity by means of linear

sequence of its nucleotide, G, A, C, and T. The oxidation potential of nucleotides

increases in the order of G: 1.47 <A: 1.96 <C�T: 2.1 (V versus NHE),1 and thus G is

the most subjective to one-electron oxidation.2 As a consequence, one-electron

oxidation of DNA leads to the formation of G radical cation (G.þ), a hole, in

DNA. Based on the gel electrophoresis strand cleavage experiments, it has been

demonstrated that a hole can migrate through DNA over long distance (> 100A
�
).3–7

A model of a multistep hole transfer mechanism, in which G acts as charge carriers,

is the most widely adopted to describe the long-range hole-transfer process. The

kinetics of hole transfer process in DNA was first reported by Lewis et al.,7 who

determined the kinetics of single-step hole transfer between Gs across A–T base pair.

We have established the method for the observation of long-range hole transfer

through DNA and determined the rate constants of hole transfer through various

sequence patterns.8–10 Based on the determined rate constants, we can now estimate

the hole transfer kinetics for a certain sequence and length of DNA. In other words,

DNA can be considered to have additional information—that is, how fast a hole can

migrate through it—and it would be possible to read out the sequence information of

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
Copyright � 2009 John Wiley & Sons, Inc.
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DNA by measuring the hole transfer kinetics. In this chapter, we will present an

overview of our strategy for the measurements of long-range hole transfer kinetics

through DNA and will summarize our efforts in reading out the stored information of

DNA, especially the sequence information about single-nucleotide polymorphisms

(SNPs), by measuring the hole transfer kinetics.11

7.2. DIRECT OBSERVATION OF LONG-RANGE OXIDATIVE

ELECTRON TRANSFER

DNA is a versatile molecule that can be used to construct nanometer-sized higher-

ordered assemblies and architectures based on the stored information.12–15 In view of

the potential use of DNA as a molecular wire for electrochemical biosensor

and nanoelectronic devices, mechanistic studies of charge transfer in DNA have

attracted considerable attention.3–10, 16–52 Additionally, there has been much interest

in understanding whether the charge transfer through DNA is relevant to biological

consequences.53–59

The mechanism of the hole transfer process in DNA has been intensively studied

both theoretically and experimentally. Hole transfer through DNA p-stack arrays has
been mainly investigated by strand cleavage analysis using polyacrylamide gel

electrophoresis strand cleavage experiments, which has provided information

about the relative rates of hole migration against reaction of G.þ with water and/or

molecular oxygen as a function of base sequence.3–7 However, the gel electrophoresis

technique is not suitable for the investigation of the kinetics and dynamics of hole

transfer process through DNA.

Time-resolved measurements during the laser flash photolysis (LFP) are useful

techniques to investigate the kinetics of charge transfer process in DNA. The kinetic

study of single-step hole transfer in DNAwas reported by Lewis et al.7, 30–34 bymeans

of time-resolved transient absorption measurements in which stilbene was used as a

photosensitizer. They determined the hole transfer rate fromG toGG across A–T base

pair(s) by monitoring the decay of stilbene radical anion. By means of two-photon

ionization of 2-aminopurine followed by monitoring the transient absorption of

2-aminopurine radical cation and G.þ, Shafirovich et al.28, 29 have investigated

the distance dependence of single-step hole transfer from the radical cation of

2-aminopurine to G across variable numbers of AT base pairs. These methods

were limited to the measurements of kinetics of the single-step or short-distance

hole transfer in DNA. In this section, we present our strategy for the measurements of

long-range hole transfer kinetics through DNA using LFP transient absorption

measurement techniques.

7.2.1. Hole Injection

We used naphthalimide (NI) as a photosensitizer to inject a hole into DNA

upon laser flash excitation.8–10, 41–46 NI is likely to stack well with neighboring

nucleobases because of its hydrophobicity and planar structure (Figure 7.1a). NI
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shows an absorption peak at wavelength around 340 nm, and it can be selectively

excited with a 355-nm laser pulse because DNA shows no absorption at wavelength

longer than 310 nm. Photophysical properties of naphthalimide (NI) have been well-

characterized by Kelly and co-workers. From the reduction potential of �1.01V

(versus NHE) and singlet-state energy of 3.4 eV for NI,60, 61 reduction potential of NI

in the singlet excited state is calculated tobe2.4 eV(versusNHE),whichmeans thatNI

in the singlet excited state can oxidize both G–C base pair and A–T base pair

(Eox¼ 1.47 and 1.96V versus NHE for G and A, respectively1). Therefore, when

NI was attached to A-stretch sequences, irradiation of the NI site with a 355-nm laser

flash triggers the electron transfer between NI in the singlet excited state and adjacent

A to give NI radical anion (NI.�) and A radical cation (A.þ), respectively. Previously
we have demonstrated that hole transfer between adjacent As proceeds with a rate

constant of >109 s�1 and can compete with the charge recombination to produce a

long-lived charge-separated state.41 That is, a part of a hole escapes from the initial

charge recombination process between NI.� and A.þvia fast sequential hole transfer
betweenAs, and then the hole is trapped atG.OnceG radical cation (G.þ) is generated

FIGURE 7.1. (a) Chemical structure of naphthalimide (NI) attached to the 50-end of DNA,

sequences of the NI-modified DNA, and the kinetic scheme for photoinduced one-electron

oxidation of A, hole transfer throughAs, hole trapping at G, and charge recombination in DNA.

(b) Transient absorption spectrum for NI–A6–G, observed 200 ns after laser flash excitation

(100mMDNA in 20mMNa phosphate buffer (pH 7.0) and 100mMNaCl). Inset: Time profile

monitored at 400 nm. (c)Decay profiles forNI–An–G (n¼ 4–8)monitored at 400 nm, following

excitation of NI with a 355-nm laser pulse. (See color insert.)
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far from NI.�, charge recombination proceeds mainly by a strongly distance-depen-

dent super-exchange mechanism, thus forming a long-lived charge-separated state.

DNA conjugates, NI–An–G sequences, were designed to investigate the effect of

the number of As on the charge separation process via hole transfer between As

(Figure 7.1a).9 Figure 7.1b shows the transient absorption spectrumobserved at 200 ns

for NI–A6–G after the excitation of NI with a 355-nm laser pulse. A strong absorption

around 400 nm and weak absorption around 500 nm were observed. These two

absorption bands can be assigned to an NI radical anion (NI.�)60, 61 and to G.þ or

deprotonated G.þ (G.(-Hþ)),2 respectively. This result clearly shows that the charge

separation betweenNI andG occurred upon the excitation of NI within the laser pulse

duration of 10 ns. The yields of formation of the charge-separated state, which was

determined from the absorption of NI.� observed after the excitation, decreased with

increasing of the distance between NI and G, but weakly depended upon the distance;

this was consistent with our previous report using naphthaldiimide as a photosensi-

tizer41 (Figure 7.1c). The weak distance dependence of the charge separation yields

indicates that the charge separation process between NI and G occurred through

sequential hole transfer processes between As. Except for NI–A4–G sequence, the

charge-separated state persisted for several hundred microseconds. Because NI is

close to G in the case of the NI–A4–G sequence, charge recombination between NI.�

and G.þ occurred in this time scale mainly through a super-exchange mechanism.

These results clearly demonstrated that hole transfer between As is useful for rapid

hole injection into DNA. In order to ensure the formation of the long-lived charge-

separated state upon laser excitation, NIwas attached toDNAvia six consecutiveA–T

base pairs in the following sections.

7.2.2. Observation of Long-range Hole Transfer

Our approach for the time-resolved transient absorption measurements of the long-

range hole transfer is schematically depicted in Figure 7.2.8 NI was attached to the six

consecutive A–T base pairs at one end of the duplex in order to inject a hole on G

nearest to NI via fast hole transfer between As upon laser irradiation. Phenothiazine

(PTZ), which has a lower oxidation potential than G (PTZ: Eox¼ 0.76V versus

NHE62, 63), was attached at the other end of the duplex as a hole trap. PTZ is a suitable

molecule for probing the hole transfer process in this system because the ground-state

absorption of PTZ at wavelength shorter than 320 nm allows us to excite NI site

selectivelywith 355-nm laser pulse. In addition, the PTZ radical cation (PTZ.þ) shows
a strong absorption around 520 nm and almost no spectral overlap withNI.�. Thus the
kinetics hole transfer betweenGs through theDNAcanbemeasuredbymonitoring the

formation of transient absorption of PTZ.þ at 520 nm.

Excitation of the NI site of (GT)4 with a 355-nm laser resulted in the immediate

formation of NI radical anion (NI.�) with a peak at 400 nm and G.þ or G.(-Hþ) with a
broad absorption around 500 nm (Figure 7.3). Then, a transient absorption spectrum

with a peak at 520 nm, assigned to PTZ.þ, emerged in the several-microsecond

time scale, which corresponded to the hole transfer through DNA to the PTZ site.

Time profiles of the transient absorption of PTZ.þ monitored at 520 nm for (GT)n
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and (GA)n sequences are shown inFigures 7.4a and7.4b, respectively.With increasing

numberofGAandGTrepeats, the formation rate ofPTZ.þ for these sequences slightly
decreased. Assuming an average distance of 3.4 A

�
between base pairs, total distance

reaches 100A
�
for n¼ 12 for both (GA)n and (GT)n sequences. Namely, these results

clearly show the direct observation of long-distance hole transfer over 100A
�
.

Apparent hole-transfer rate constants (ka) for (GT)n and (GA)n sequences were

obtained by single exponential fits of the formation of PTZ.þ. Though it may be
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6

ΔA /
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TTTTTT− CT −PTZ
NI− AAAAAA− GA

n

(GA)n (n = 2, 3, 4, 6, 8, 12)

TTTTTT− CA −PTZ
NI− AAAAAA− GT

n

(GT)n (n = 2, 3, 4, 6, 8, 12)

400 nm

520 nm

Time

(GT)4
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ΔA

Time (μs) 

FIGURE 7.3. Transient absorption spectra observed at 200 ns (black), 2 (red), 5 (green), and

10ms (blue) after a 355-nm laser flash (4 ns, 20mJ pulse�1) with excitation of the NI site during

the laser flash photolysis ofNI- andPTZ-modifiedDNA (GT)4. Inset: Time profiles observed at

400 (black) and 520 nm (blue) assigned to the transient absorption peak for NI
.� and PTZ

.þ,
respectively. Sample solution contained 100mMduplexDNA, 20mMNa phosphate buffer (pH

7.0), and 100mM NaCl. (See color insert.)

FIGURE 7.2. Strategy for the kinetic study of long-distance hole transfer process. Molecular

representation for 30-mer DNA conjugated with naphthalimide (NI) and phenothiazine (PTZ),

which work as a photosensitizer and hole acceptor, respectively, and schematic illustration for

hole injection via hole transfer between As and long-distance hole transfer process via hole

transfer between G through DNA. (See color insert.)
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inappropriate to analyze the data with single-exponential fitting because long-range

hole transfer occurs through multistep processes, simple analysis based on single-

exponential fitting was applied to approximately evaluate the observed long-range

hole-transfer process. If the hole transfer from G.þ nearest NI to PTZ occurs by

random walk process via multistep hole transfer processes between Gs, the observed

rate constant ka follows Eq. (7.1):

ka ¼ k0N
�h ð7:1Þ

where k0 is the rate constant of the single-step hole transfer between Gs,N is a hopping

number, andh is a proportional factor that takes thevalueof2 in the ideal caseof random

walk process. Plots of ln kht versus lnN are shown in Figure 7.5.21, 64–66 The h value of

2.0� 0.1 for both (GT)n and (GA)n sequences obtained from the slopes was nearly the

ka = k0 N –η

(GT)n

(GA)n
TTTTTT− CT −PTZ

NI− AAAAAA− GA
n

(GA)n (n = 2, 3, 4, 6, 8, 12)

TTTTTT− CA −PTZ
NI− AAAAAA− GT

n

(GT)n (n = 2, 3, 4, 6, 8, 12)

2.52.01.51.00.50.0
8

12

16

ln N 

ln k ht

FIGURE 7.5. Plots of ln kht versus ln N for (GA)n (filled circle) and (GT)n (open circle)

sequences. Apparent rate constants of hole transfer (kht) were obtained with a single exponen-

tial fit of the time profiles of the formation of PTZ
.þmonitored at 520 nm, andN corresponds to

the hopping number.
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FIGURE7.4. Time profiles of the transient absorptionmonitored at 520 nmassigned to PTZ
.þ

after the 355-nm laser flash excitation for (a) (GA)n and (b) (GT)n sequences. Sample solution

contained 100mM duplex DNA, 20mM Na phosphate buffer (pH 7.0), and 100mM NaCl.

(See color insert.)

196 KINETICS OF LONG-RANGE OXIDATIVE ELECTRON TRANSFER THROUGH DNA



same as the ideal value, providing the kinetic evidence that the long-distance hole

transfer occurs though the multistep hole transfer process between Gs.

7.3. SEQUENCE DEPENDENCE OF OXIDATIVE

ELECTRON TRANSFER

Consistent with the gel electrophoresis strand cleavage experiments, the long-range

hole transfer process through DNA was demonstrated spectroscopically to proceed

via a sequential hole transfer process betweenGs as presented in the previous section.8

Thus, it would be possible to describe the kinetics of long-range hole transfer

through DNA based on the rate constants of each hole transfer process between

Gs. Accordingly, given a certain sequence and length of DNA, a unique hole transfer

kineticwould be obtained. In otherwords, itmight be possible to read out the sequence

information of DNA by measuring the rate constants of hole transfer though DNA.

In this section, we present the measurement of the rate constants of hole transfer

between Gs (kht) through various intervening base pairs and discuss the factors that

determine the hole transfer rate between Gs.

7.3.1. Intervening Sequences Between Gs

The sequences used for the determination of the kht are schematically shown in

Figure 7.6.9 Time profiles of the transient absorption of PTZ.þ after the flash

excitation of NI was monitored. The formation profiles of PTZ.þ corresponds to

the hole transfer from G nearest to NI to PTZ and includes several kinds of hole

FIGURE 7.6. Schematic representation, kinetic model, and simultaneous differential equa-

tions for hole transfer process through DNA of various sequence patterns. (See color insert.)
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transfer steps. Therefore, rate constants of the single-step hole transfer between Gs

(kht) through various intervening base pairs were determined from the kinetic

modeling. The example of kinetic modeling and the simultaneous differential

equations are shown in Figure 7.6. All the hole transfer rates measured in this section

were summarized in Table 7.1. The kht increased in the order G–A–G >G–T–C,
G–A–C >G–T–G. It is known that the energy gap between the donor and bridge

states affects the electronic coupling—that is, the electron transfer rate in the

donor–bridge–acceptor system.67 Considering that the ionization potential of A

(A: Eox¼ 1.96V versus NHE1) is lower than that of T (T: Eox¼ 2.1V versus

TABLE7.1. RateConstants(kht) forHoleTransferthroughDNAs

kht [s
�1]

−C−T−C−

−G−A−G−
•+

kGAG 4.8� 107

−C−T−T−C−

−G−A−A−G−
•+

kGAAG 9.7� 104

−C−T−T−T−C−

−G−A−A−A−G−
•+

kGAAAG 1.4� 104

−C−A−C−

−G−T−G−
•+

kGTG 4.6� 105

−C−A−A−C−

−G−T−T−G−
•+

kGTTG 3.6� 104

−C−A−A−A−C−

−G−T−T−T−G−
•+

kGTTTG 9.1� 103

−C−T−G−

−G−A−C−
•+

kGAC 1.4� 106

−C−T−T−G−

−G−A−A−C−
•+

kGAAC 4.5� 104

−C−A−G−

−G−T−C−
•+

kGTC 1.6� 106

−C−A−A−G−

−G−T−T−C−
•+

kGTTC 3.1� 104

−C−G−C−

−G−C−G−
•+

kGC 2.2� 108
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NHE1), the hole transfer for G–A–G sequence is expected to be faster than that for

G–T–G sequence. In addition, the p-stacking between the base pairs is considered to
be of crucial importance in the charge transfer processes throughDNA. Thus, the hole

transfer rate through the two-ring purine A is expected to be faster than that through

single-ring pyrimidine T. Our results are in good agreement with the prediction, and

similar results were reported in other photoinduced electron transfer system.32 The

hole transfer rate through G–T–C and G–A–C sequences in which one G is stacked

with A and the other G is stacked with T showed intermediate values betweenG–A–G

and G–T–G sequences. It is noteworthy that hole transfer between Gs occurs in an

interstrand fashion as well as in an intrastrand fashion.

7.3.2. Distance Between Gs

Distance dependence of hole transfer is conventionally evaluated by Eq. (7.2):

kht ¼ k0 expð�brÞ ð7:2Þ

where k0 is the preexponential factor, b is the attenuation factor of kht, and r is the

distance between hole donor and acceptor (here the distance between Gs). Time

profiles of PTZ.þ monitored at 520 nm for G–An–G (n¼ 1–3) are shown in

Figure 7.7a. Apparently, the formation rate constant decreased with increasing

of the distance between Gs, demonstrating that each hole transfer process between

Gs proceeds by a super-exchange mechanism. Plots of ln kht versus r for G–An–G

and G–Tn–G provide the b value (Figure 7.7b). Interestingly, a considerable decrease
of ln kht from n¼ 1 to n¼ 2 (b¼ 1.8A

� �1) and a slight decrease from n¼ 2 to n¼ 3

(b¼ 0.6A
� �1) were found for G–An–G, whereas a linear relationship was obtained for

G–Tn–G sequence (b¼ 0.6A
� �1). The slope of the plot for n¼ 2–3 of G–An–G

(b¼ 0.6A
� �1) was almost the same as that of G–Tn–G. The b value of 0.6 A

� �1 is

n = 1 n = 2

n = 3

G-An-G

G-Tn-G

(b)(a)
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FIGURE 7.7. (a) Time profiles of the transient absorption of PTZ
.þ monitored at 520 nm

for G–An–G (n¼ 1–3). (b) Plots of logarithm of the hole transfer rate versus distance between

Gs (r) for G–An–G (black) and G–Tn–G (red). (See color insert.)
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consistent with the b values previously reported for single-step charge transfer in

DNA.39, 68, 69 Thus, the mechanism of hole transfer might be different for G–A–G

comparedwith other sequences resulting in an especially faster kinetic than expected.

7.3.3. GC Repeat Sequences

Thekhtwas alsomeasured forGC repeat sequence inwhichG–Cbase pair are adjacent

to each other.10 The sequences used for the determination of the kht throughGC repeat

sequence are shown in Figure 7.8. Interestingly, the hole transfer through GC repeat

sequence proceeded much faster compared with sequences having intervening A–T

base pair between Gs, and in the case of the shortest sequence (GC)-3 the hole moved

faster than the time resolution of our experimental setup. The formation rate of PTZ.þ

decreased with increasing number of GC repeats, and a kinetic analysis for (GC)-n

(n¼ 5, 7, 9) provided a kht value of 2.2� 108 s�1 for hole transfer rate through GC

repeat sequence.

Xu et al.49 reported the conductance for GC repeat sequences by using direct

electricalmeasurementswhere the conductance is inverselyproportional to the length.

On the other hand, the conductance decreases exponentially with a decay constant of

0.43A
� �1 by inserting A–T base pairs into GC repeat domains. Our results are

consistent with the conductance measurements reported by Xu et al. showing that

a hole is mainly carried by G having the lowest HOMO among the four nucleobases

and that the hole transfer rate between Gs strongly depends on the distance or the

number of intervening A–T base pair between Gs.

7.4. KINETIC SNP DISCRIMINATION BASED ON OXIDATIVE

ELECTRON TRANSFER

Single-nucleotide polymorphisms (SNPs) are single nucleotide differences in a

gene.70, 71 A single Watson–Crick base pair in the wild-type DNA is replaced by

TAAAAA− CG −G−PTZ
NI− ATTTTT− GC −C

n

(GC)n (n = 1–4)

n = 1 n = 2

n = 3
n = 4

1.00.80.60.40.20.0

0

2

4

6

Time (μs) 

ΔA
520

(10–2)

FIGURE 7.8. Sequences and time profiles of the transient absorption of PTZ
.þ monitored at

520 nm during the 355-nm laser flash photolysis of an Ar-saturated solution of NI- and

PTZ-modified DNAs with GC repeat sequences. (See color insert.)
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the other base pair in the SNPmutant DNA. The SNPs of a gene are related to the risks

of various diseases and differences in drug responses. Consequently, detecting the

SNPs in a gene has become more important from a clinical point of view.72, 73

Although several enzyme-coupled SNP typing methods based on the high fidelity

of DNA polymerase have been reported, a new conceptual method is required for the

new solution in SNP typing74 due to the difficulty in discriminating the small

difference in the sequence between the wild-type and SNP mutant DNAs. Thus,

several techniques for SNP genotyping on the chemical basis have been reported.74, 75

Chemical SNP typing methods usually employ allele-specific oligonucleotides that

hybridize to the targetSNPsequence.Hybridizationof theoligonucleotides results in a

full matched duplex formation for the wild-type target, whereas the mismatched

duplex forms for the SNP mutant target. Utilizing the mismatched DNA duplex

formation like this, several DNAmismatch detectionmethods have been developed.76

Most of the reported methods so far rely on the hybridization assay based on the

difference in the thermal stability between the full matched DNA and corresponding

mismatched DNA. However, those methods could not be applied to the long DNA

molecules because it is difficult to distinguish a difference in the thermostability

induced bya single-basemismatch embedded in the thermostable longDNAduplex.74

Since the p-stacking between the base pairs is considered to be crucially important

in the charge transfer processes through DNA, it was suggested that once the

p-stacking of theDNAbases is perturbed by the presence of amismatch, the efficiency

of charge transfer through DNA would be significantly decreased. Therefore, mea-

surements of long-range hole transfer rates throughDNAmay offer a unique approach

for the detection of a single-base mismatch, especially effective in a long DNA

molecule. Themechanisms of hole transfer throughDNAcontaining amismatch have

been examined by experimental and theoretical studies. Indeed, based on gel

electrophoresis experiments, Giese and co-workers demonstrated that the presence

of amismatchedGdecreases thehole transfer efficiency.25, 26Schuster andco-workers

reported that the hole transfer efficiency across TT tandem mismatches is decreased,

while the hole transfer efficiency is not altered across the AA tandem mismatches.37

Depending on the charge transport through the p-stack of the DNA duplex,

electrochemical detection of the mismatched DNA, which enables SNP discrimina-

tion, has been demonstrated.77, 78 Kelley et al.77 developed a strategy for the

electrochemical detection of a single-base mismatch based on charge transport

through the DNA films.77 They reported that the signal obtained from the redox-

active intercalators bound to DNA modified on gold faces exhibits a remarkable

sensitivity to the presence of amismatchedDNAbasewithin the immobilized duplex.

Recently, Okamoto et al.78 developed a new SNP photoelectrochemical detection

method that relied on the photoinduced hole transfer in aDNAduplex immobilized on

a gold electrode. They designed the DNA probes that contain anthraquinone as a

photosensitizer that was hybridized with the target DNA. They reported that the

cathodic photocurrent signal markedly changes, depending on the presence of a

mismatch. Thus, the charge transfer process provides a method for a mismatch

detection or anSNPdiscrimination.However, these electrochemical detections access

the relative values of the electrode response that may be significantly affected by the
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experimental conditions.Thus, it is desired todevelopanewmethod for distinguishing

the mismatched sequence from the fully matched sequence based on the absolute

values.

As described in the previous sections, we can now estimate the unique hole transfer

rate throughDNAof a certain sequence and length. By further elucidating the kinetics

throughmismatched sequences, it may be possible to transform the information about

aDNAmismatched sequence into an absolutevalue of rate constant. In this section,we

describe the kinetic SNP discrimination approach based on the measurements of the

kinetics of the hole transfer through mismatched DNA.

7.4.1. Sequence Design

The DNA sequences used for the measurements of the hole transfer rates through

mismatches are given in Figure 7.9.11 The 12- or 13-base-pair assembly contains the

following three parts: the charge injection part (photosensitizer NI and consecutive

adenine sequence), the charge detection part (GC repeats and PTZ), and bridge

parts with two Gs separated by one or two bases. Eighteen assemblies were prepared.

= C (GC-1)
= T (GT-1)
= A (GA-1)

X

T−(A)5−C−
NI−A−(T)5−G−

−G−C−G−C−PTZ
−X−G−C−G

T
A

T−(A)5−C−
NI−A−(T)5−G−

−G−C−G−C−PTZ
−C−G−C−G

Y

= A/A (AA-1)
= T/T (TT-1)
= A/C (AC-1)

Y

= C (GC-2)
= T (GT-2)
= A (GA-2)

X

T−(A)5−C−
NI−A−(T)5−G−

−G−C−G−C−PTZ
−X−G−C−G

A
T

= C (GC-3)
= T (GT-3)
= A (GA-3)

X

T−(A)5−C−
NI−A−(T)5−G−

−X−G−C−G−PTZ
−G−C−G−C

T−T
A−A

T−(A)5−C−
NI−A−(T)5−G−

−C−G−C−G−PTZ
−G−C−G−C

Y

= AA/AA (AA-2)
= TT/TT (TT-2)

Y

Hole transfer from matched G to mismatched G: GT and GA mismatches

= T (GT-6)X

T−(A)5−X−
NI−A−(T)5−G−

−G−C−G−C−PTZ
−C−G−C−G

A

T

= T (GT-5)X

T−(A)5−X−
NI−A−(T)5−G−

−G−C−G−C−PTZ
−C−G−C−G

T

A

T−(A)5−C−A−X−G−C−G−PTZ
NI−A−(T)5−G−T−G−C−G−C

T−(A)5−X−A−C−G−C−G−PTZ
NI−A−(T)5−G−T−G−C−G−C

Hole transfer from mismatched G to matched G : GT mismatch

= T (GT-4)X

= T (GT-7)X

AA, TT, and AC mismatches

= A/T (GC-1) = AA/AA (GC-3)

FIGURE 7.9. Sequences of NI- and PTZ-modified DNA used for the investigation of hole

transfer through mismatched sequences. (See color insert.)
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Theywere classified into three groups: hole transfer frommatchedG tomismatchedG

(GT and GA mismatches), hole transfer from mismatched G to matched G (GT

mismatch), and hole transfer through AA, TT, and AC mismatches (Figure 7.9).

7.4.2. GT and GA Mismatches

The formation of the absorption of PTZ.þmonitored at 520 nm for the fully matched

sequences, GC-1,GC-2, and GC-3, was in good agreement with the results of the

kineticmodeling using the hole transfer rates between the fullymatchedGs reported in

the previous section.9, 10 The kinetics of the hole transfer between Gs is slowed by the

introduction of a GT or GA mismatch. Employing the kinetic modeling based on

the assumption that the back hole transfer from the mismatched G to G through the

intervening AT base pairs is slow compared to the rapid hole transfer through the GC

repeats,wedetermined the rate constants of thehole transfer fromG to themismatched

G (Table 7.2). The kht is slowed by about an order of magnitude by the GT or GA

mismatch (Table 7.2). It is noteworthy that a 2.7-fold difference in kht between GT-1

andGT-2was observed, which is caused by the inversion of the AT base pair to the TA

base pair betweenmatchedGandGTmismatch. Similar to theGTmismatch, a change

in the intervening base pair between Gs also results in a 1.7-fold difference in kht for

the GA mismatch. The hole transfer from the mismatched G to the matched G across

the AT or TA sequence was also examined (GT-5 and GT-6). Interestingly, the hole

transfer rate constants from the mismatched G to a matched G is four- to five-fold

faster than those in the fully matched sequences (GC-1 and GC-2). Comparing the

GT-5 and GT-6, a 1.3-fold difference in the hole transfer rate was observed, resulting

from a change in the intervening base pair between Gs, consistent with the kinetics

from the matched G to mismatched G. Taken together, these results indicate that the

hole transfer frommatchedG to themismatchedG is slower than that for fullymatched

assembly, while the hole transfer from the mismatched G to matched G is faster than

that for fully matched assembly.

7.4.3. AA, TT, and AC Mismatches

The hole transfer rates between Gs across AA, TT, and AC mismatch were also

measured. Interestingly, replacement of an AT base pair with TT or AC mismatch

slowed the hole transfer kinetics, while hole transfer rate between the Gs across AA

mismatch is similar to or rather faster than those across fully matched sequences

(Table 7.2). Asmentioned in the previous section, Lewis et al.67 demonstrated that the

hole transfer kinetics between the Gs depends on the intervening bridge base between

the Gs, and the lower oxidation potential bases produce a small tunneling energy gap

and increase the hole transfer rate. TheAAmismatches, which have a lower oxidation

potential and a higher stacking ability than T,1 producing smaller tunneling energy

gaps, may lead to the increase of the hole transfer rate. On the other hand, the TT

mismatch, which has a higher oxidation potential and a lower stacking ability

producing higher tunneling energy gaps than A, may lead to the suppression of the

hole transfer rate.67
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TABLE 7.2. Rate Constants (kht) for Hole Transfer through

Mismatched DNAs

kht [s
�1]

−C−T−G−

−G−A−T−
•+

kGT-1 7.1� 104

−C−T−G−

−G−A−A−
•+

kGA-1 9.2� 104

−C−A−G−

−G−T−T−
•+

kGT-2 1.9� 105

−C−A−G−

−G−T−A−
•+

kGA-2 1.6� 105

−C−T−T−T−

−G−A−A−G−
•+

kGT-3 1.0� 104

−C−T−T−A−

−G−A−A−G−
•+

kGA-3 9.5� 103

−C−A−T−

−G−T−G−
•+

kGT-4 5.0� 105

−T−T−G−

−G−A−C−
•+

kGT-5 5.2� 106

−T−A−G−

−G−T−C−
•+

kGT-6 6.9� 106

−T−A−C−

−G−T−G−
•+

kGT-7 8.2� 106

−C−A−G−

−G−A−C−
•+

kAA-1 9.7� 105

−C−T−G−

−G−T−C−
•+

kTT-1 1.6� 105

−C−C−G−      

−G−A−C−
•+

kAC-1 1.3� 105

−C−A−A−C−

−G−A−A−G−
•+

kAA-2 1.3� 105

−C−T−T−C−

−G−T−T−G−
•+

kTT-2 2.7� 104



7.4.4. Kinetic SNP Typing

For the kinetic discrimination of SNPs,we investigatedwhether the information about

the SNP sequences can be transformed into the absolute values of hole transfer rate

constants. The sequences used in this study are shown in Figure 7.10. DNAsmodified

with NI and PTZ at the 50 end which have an A consecutive sequence and a part of

the coding sequences for the nuclear LIM interactor-interacting factor 2 and

DNA-binding domain T-box 22, carrying SNP rs12392145 (M1) and rs1965744

(M2) C to T substitution, were employed in this study. These SNPs were chosen as a

model for the kinetic SNP discrimination because we can carry out the kinetic

modeling using the rate constants determined in this chapter. First, the time-resolved

transient absorption measurement and kinetic modeling of M1-C and M1-T were

performed. Of special interest, the decreased hole transfer kinetics were observed

for the M1-T with a mismatch, in agreement with the kinetic modeling. We then

examined M2-C and M2-T using the transient absorption method and kinetic

NI−A−T−T−T−T−T−C−T−G−T−C−T−G−T−C
T−A−A−A−A−A−GG−−AA−−CC−−AA−−GG−−AA−−CC−−AA−−GG−PTZ

•+

NI−A−T−T−T−T−T−C−T−G−T−C−T−G−T−C
T−A−A−A−A−A−GG−−AA−−TT−−AA−−GG−−AA−−CC−−AA−−GG−PTZ•+

NI−A−T−T−T−T−T−G−T−G−T−G−T−C−T−G
T−A−A−A−A−A−CC−−AA−−CC−−AA−−CC−−AA−−GG−−AA−−CC−PTZ

•+

NI−A−T−T−T−T−T−G−T−G−T−G−T−C−T−G
T−A−A−A−A−A−TT−−AA−−CC−−AA−−CC−−AA−−GG−−AA−−CC−PTZ

•+

kGT-4 kGTG kGAC

kGT-7 kGTG kGTC

kGTC

kGAC

kGTG kGTG kGAC

kGTG kGTG kGTC

kGTC

kGAC

kPTZkGTC kGAC kGTC

kGAC kGTC kGAC

kGAC

kGTC

kGT-6 kGT-1 kGTC

kGT-1 kGT-6 kGAC

kGAC

M1-C

M1-T

M2-C

M2-T

kPTZ

kGTC

kPTZ

kPTZ

M1-C

M1-T

M2-C

M2-T

403020100

0.0

0.5

1.0

ΔA
520

Norm.

100500

0.0

0.5

1.0

 Time (μs) 

ΔA
520

Norm.

 Time (μs) 

FIGURE 7.10. Discrimination of mismatch DNA related to SNP by hole transfer kinetics

through DNAs. Bold letters shown in blue indicate the SNP sequences. Time profiles of the

transient absorption of PTZ
.þ at 520 nm during the 355-nm laser flash photolysis of

Ar-saturated aqueous solution containing 100mM NaCl and 20mM sodium phosphate

(pH 7.0) at a strand concentration of 50mM. The green smooth curves superimposed on the

curves are the fit derived from the kinetic model using the hole transfer rates depicted in

Tables 7.1 and 7.2. (See color insert.)
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modeling. Interestingly, the hole transfer rate constants for theM2-Twith amismatch

was higher compared to that of fully matched M2-C, consistent with the kinetic

modeling. These results demonstrate that it is possible to discriminate SNP sequences

based on the absolute values of hole transfer rate constants.11

7.5. CONCLUSIONS

In this chapter, we described our approach for the measurements of the rate constants

of long-range hole transfer through DNA. Time-resolved transient absorption mea-

surements unequivocally demonstrated that long-range hole transfer through DNA

proceeds via a series of short-range, hole transfer processes between Gs. The hole

transfer rate constants for various sequence patterns were determined, and it became

possible to estimate how fast a hole migrate along DNA of a certain sequence and

length based on these rate constants. In view of discriminating the SNPs based on the

hole transfer rate constants, we also extended our work for mismatched DNA. It was

demonstrated that the information about a DNA mismatched sequence can be

transformed into an absolute value of rate constant that allows the discrimination

of the SNPs. Further improvement in the quantumyield of the charge injection and the

hole detectionmethodmayopen the door to the readout of the sequence information of

DNA by measuring the rate constants of hole transfer through DNA.
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8
RADICAL INTERMEDIATES DURING
REDUCTIVE ELECTRON TRANSFER
THROUGH DNA

REJI VARGHESE AND HANS-ACHIM WAGENKNECHT

Institute of Organic Chemistry, University of Regensburg, D-93040 Regensburg, Germany

8.1. INTRODUCTION

The regularly stacked aromatic heterocycles inside DNA let Eley and Spivey propose

over 40 years ago that DNA themight serve as a pathway for chargemigration.1 In the

early 1990s, Barton and co-workers phrased provocatively that DNA might serve as

a molecular wire and pushed the research in this area quite significantly.2, 3 They

reported about many donor–acceptor systems and derived mechanisms to describe

photoactivated charge transfer in DNA.2–4 In fact, one of the first publications of the

Barton group described a reductive electron transfer over 40A
�
between an intercalat-

ing Ru(II) complex and an Rh(III) complex, both covalently attached to the two

opposite 50-ends of the short duplex. Since then, the subject grew to an important

research field considering DNA as a charge-transporting biopolymer for potential

applications in biotechnology, nanotechnology. The biological relevance of charge

transfer as the precursor for DNA radicals enroute to DNA damages is obvious.

However, the role of charge transfer in sensing DNA damages and repair by proteins

has been proposed recently and supported by experimental results.5 In the 1990s, the

enormous interest in DNA-mediated charge transfer was motivated mainly by the

interest in the mechanisms regarding the formation of oxidative DNA damage, which

may cause apoptosis, mutations, and cancer.6–10 Thus, most research groups have

focused their work on the photochemically induced or initiated oxidation of DNA,

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
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in which one electron is removed from the DNA and transferred to the photoexcited

charge donor. Such a process can be termed chemically as an oxidative hole transfer.

From the extensive investigations, it is now well established that a positive charge

can move through DNA over a significant distance (at least 200A
�
) and that guanines

or adenines serve as the hole carrier in form of radical cations as intermediates in this

charge transfer process (details are discussed in Chapter 7).11–13 It is still a matter

of debate as to how far the positive charge can actually be transferred, especially in

the presence of DNA-binding proteins or inside the nucleosomes, and how DNA

dynamics influence these processes.

Reductive electron transfer occurs if an electron from the photoexcited donor is

injected into the DNA. In contrast to the broad knowledge about the oxidative hole

transfer in DNA, the mechanistic details of the transfer of excess electrons remained

unclear until the early 2000s. Although the knowledge has been increased signifi-

cantly over the last few years (as described in this chapter), a well-defined

donor–acceptor system for time-resolved spectroscopic investigation is still elusive

but obligatory to bring out the clear picture of the dynamics of these processes. The

motivation to study the reductive mode of DNA-mediated charge transfer was the

vision that these processes could play a growing role in biotechnological applica-

tions. For instance, reductive electron transfer through DNA in a self-assembled

monolayer together with an electrochemical readout is suitable for the sensitive

detection of single-base mutations.14 Moreover, the knowledge about reductive

electron transfer in DNA has the potential to be considered for the development

of nanotechnological applications, such as new DNA-based electronic devices.15

Here, the research moves away from the natural biological role of DNA to a

supramolecular architecture that features unique properties that cannot be found

in other nanowires. Mainly the self-assembly of the regular helix as encoded by the

DNA base sequence looked very attractive for the advanced nanostructures and

nanomachines.16, 17

Assuming the analogy between the oxidative and reductive mode of charge

transfer, a hopping mechanism was also proposed for the DNA-mediated transfer

of excess electrons over long distances.18 Despite the problemwith all experimentally

determined redox potentials of DNA bases, mainly that the absolute values vary

significantly depending on the solvent and that the applied experimental method

influences the result, the relative reducibility of DNA bases follows the order

T � uridine (dU)>C � A>G,19, 20 showing that the pyrimidines C and T (or

dU) are reduced more easily than the purines A and G. Thus, it was suggested that an

electron hopping occurs over all base pairs (T–A and C–G) involving the pyrimidine

radical anions C.� and T.� as intermediate electron carriers.18

In this chapter we briefly discuss the current knowledge about the reductive

electron transfer and the involvement of charged radical intermediates that originates

from g-pulse radiolysis studies (Section 8.2), photochemical assays that involves

the chemical trapping of the excess electron (Section 8.3), and time-resolved

spectroscopic studies of electron donor–acceptor modified DNA (Section 8.4).

Finally, we give an outlook for the further studies toward molecular electronics using

metallated DNA (M-DNA, Section 8.5).
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8.2. g-PULSE RADIOLYSIS STUDIES

Before any of the photochemical assays were developed in order to study reductive

electron transfer inDNA,most of the knowledge came from g-pulse radiolysis studies
carried out mainly by Sevilla and co-workers.21–30 These studies were performed in

frozen ice or glassy aqueous LiBr solutions of duplex DNA using randomly interca-

lated electron-poor aromatic heterocycles like mitoxantrone (MX, Figure 8.1).

Solvated electrons that have been generated by g-radiation reduce the DNA in order

to initiate the DNA-mediated electron transfer to the doped acceptors. It is important

to point out that solvated electrons are thermodynamically able to potentially reduce

all four of the natural DNA bases. The actual intermediate charged radicals inside

DNA bases were studied by ESR spectroscopy since the radical intermediates are

formed in a sufficiently high steady-state concentration. However, the major disad-

vantage of this experimental setup is that the electron injection (by the solvated

electrons) and the electron trapping (on the intercalators) do not occur site-selectively.

Hence any result regarding the distance dependence has to be based on the average

distance between the non-covalently bound intercalators. Nevertheless, a few remark-

able deductions can be drawn from these studies, as followed.

Below 77K, reductive electron transfer in DNA occurs via a superexchange

mechanism.Thismechanismhas been known for years for the description of oxidative

hole transfer processes through the DNA. A rather simplified view of the super-

exchange mechanism tells us that the electron tunnels in one coherent step from the

donor to the acceptor and never resides on any of the DNA bases as part of the bridge

between donor and acceptor.31, 32 According to an again simplified consideration of
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FIGURE 8.1. Principle of the g-pulse radiolysis studies using mitoxantrone (MX), and

acridine as non-covalently bound electron acceptors.
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the Marcus equation,33 the rate kET of such a single-step process depends exponen-

tially on the distance R between donor and acceptor, kET / exp(-b.R), where

b represents the critical parameter that characterizes the distance dependence of

electron transfer and depends on the nature of the bridge and its coupling with donor

and acceptor (DNA in this case). In order to give an idea about the numbers, typical

values of b for charge transfer through proteins are found typically in the range of

1.0–1.4A
� �1.34–36

Coming back to the g-pulse radiolysis studies, the average value of the distance
dependence of the electron transfer rate was found to be b¼ 0.9A

� �1 and not to be

temperature-dependent. In comparison with the b value in proteins, representing

rather unordered structuresbyelectronicalmeans, thebvalue inDNAclearly indicates

that DNA at 77K is not an especially effectivemedium for reductive electron transfer,

although duplex DNA looks indeed electronically well-ordered. This result stands in

agreement with oxidative hole transfer via the superexchange mechanism (see

Chapter 7). The distance dependence of the electron transfer rate varies remarkably

on the base composition of the applied synthetic duplexes. The b values of electron

tunneling were found to be 0.75A
� -1 in poly(dA–dT)�poly(dA–dT) and 1.4A� -1 for poly

(dI–dC)�poly(dI–dC), eachmeasured inD2O. Thebvalue for random-sequenceDNA

(calf-thymus DNA) lies somewhere in the middle, 0.92A
� �1 in D2O. Comparable

measurements in H2O gave a b of 0.83A
� �1, indicating a moderate isotope effect that

could be the result of deuteron or proton transfer from inosine (I) or guanine to the

cytosine radical anion C.� which significantly slows but does not stop electron

transfer. However, this interpretation contradicts significantly the superexchange

mechanism.Accordingly, the electron shouldnever reside on theDNAbridge between

donor and acceptor and the cytosine radical anion C.� should not occur as an

observable intermediate.

Above 130K, it was shown that irreversible deuteration of the thymine radical

anion T.� in D2O competes with electron tunneling and acts as an irreversible sink for

the electron. The one-electron-reduced cytosine (C.�) was not observable. Above
170K the electron transfer mechanism changes completely to a thermally activated

processwhich involves also the cytosine radical anionC.� as the intermediate electron

carrier. Protonation of C.� by the complementary base guaninewas suggested. It was

found that this proton transfer is reversible and thermally activated, suggesting that

the proton transfer in a C–G radical anion base pair does not limit significantly the

range of electron hopping in DNA.

Anderson andWright37 used nitroacridines and nitroquinolines as randomly bound

electron acceptors in their g-pulse radiolysis experiments.23 In accordance with the

previously discussed results, those studies revealed that electron migration in DNA is

a highly activation-energy-controlled process. Thework by Bernhard and co-workers

in this field is discussed separately in Chapter 2. They showed that crystalline DNA at

4K acts as an extraordinary efficient trap for electrons.24 Interestingly, the qualitative

features of the recorded spectra are consistent with a radical population dominated

by one-electron-reduced cytosine. In a similar fashion, Pezeshk et al.39 concluded that

injected electrons in the duplex DNA can travel over many base pairs before being

trapped at one of the pyrimidine bases, probably via proton transfer.
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8.3. PHOTOCHEMICAL ASSAY FOR REDUCTIVE ELECTRON

TRANSFER AND CHEMICAL TRAPPING

It looks reasonable to study electron transfer in DNA in a photochemical or photoin-

duced fashion: (i) The starting time for the electron transfer is clearly defined by the

absorption of a photon. (ii) The photoexcitation pumps a significant amount of energy

driving force into the electron donor and shifts the endergonic process toward an

exergonic situation. Electron transfer does not occur without light. Hence for the

investigations of photoinduced charge transfer processes throughDNA, it is necessary

to modify oligonucleotides with suitable photochemically activatable compounds.

The whole spectrum of different methods of the building-block strategy via the

phosphoramidite chemistry as well as protocols for postsynthetic oligonucleotide

modifications were applied or further developed in order to prepare best possible

structurally well-defined DNA systems. Recent studies of photoinduced electron

transfer in DNA were carried out using a broad variety of organic chromophores

(Figure 8.2), including derivatives of flavine (Fl), naphthalene diamine (Nd), stilbene

diether (Sd), phenothiazine (Pz), pyrene (Py), thymine (Tx), ethidium (Et), and

thiazole orange (To). All photoexcitable electron donors were covalently attached

to oligonucleotides in order to ensure the site-selective injection of electrons into the

DNA, which is a prerequisite for the clear elucidation of the distance and sequence

dependence of the electron transfer processes. They differ significantly in their

structures and, more importantly, in their redox properties. In principle, the photoex-

cited flavine and naphthalene diamine nucleotide analogs or surrogates could reduce

all four DNA bases, whereas stilbene diether, thymine, phenothiazine, and pyrene

nucleoside analogs or surrogates are able to reduce selectively the pyrimidine bases

C and T in order to initiate an electron hopping process within the DNA. On the other

hand, ethidium and thiazole orange represent important exceptions in this series of

chromophores since their photoexcited states are not able to reduce any of the DNA

bases in order to initiate electron hopping. Hence, a suitable acceptor is crucial and

has to be provided to promote the electron transfer process.

The major part of the photochemical assays focus on the chemical trapping of the

transferred excess electron. It is important to point out that the quantification of

the resultingDNAstrand cleavages that can be performedby either gel electrophoresis

or HPLC analysis allows us only to compare the electron transfer efficiency but does

not give any information about the rates and dynamics of electron transfer. Only the

comparative application of radical clocks as chemical electron traps that work on

different timescales allows us to potentially elucidate some information about the

timescale ranges of the electron transfer processes that occurs prior to the electron

trapping. The two different chemical electron traps that have been employed to

investigate the excess electron transfer do not really fit into these criteria. They are

(Figure 8.3): (i) a special T–T dimer lacking the phosphodiester bridge (T̂T)38–40 and

(ii) 5-bromo-20-deoxyuridine (Br–dU).41–44 Even though both radical clocks lead to
a strand cleavage at or nearby the actual site of electron trapping the kinetic regime

of the radical intermediate is significantly different. The exact dynamics have only

been determined with the isolated nucleoside monomers. Accordingly, the radical
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anion of Br–dU loses its bromide with a rate of 7 ns�1 45 or even faster, whereas the

radical anion of the natural (!) T–T dimer splits with amuch slower rate of 556 ns�1.46

It is important to note that Br–dU induces a strand cleavage only after piperidine

treatment at elevated temperature. More recently, Carell and co-workers analyzed

the electron transfer efficiency by using simply the debromination reaction from the

Br-dU to the dU moiety within the oligonucleotide without further cleavage.47

In addition to the difference in the kinetics, there is another important difference

between the two electron traps. The cleavage of the T̂T dimer involves an electron-

transfer-induced cycloreversion of the cyclobutane ring system. Hence there still

exists an electron even after the cleavagewhich can subsequently be transferred either

back to the electron donor, to a second T̂T modification site, or somewhere else.

Thus, it is important to point out that the cleavage of the T̂T dimer does not consume

this excess electron. It is a redoxneutral reaction. In contrast, theBr–dU electron trap

consumes the electron during the trapping process. Greenberg and co-workers as well

as Sugiyama and co-workers investigated in detail the mechanism of UV-induced

cleavage of duplex DNA containing 5-bromodeoxyuridine under anaerobic condi-

tions by product analysis and kinetic isotope effect measurements using gel electro-

phoresis,48, 49 as discussed in Chapters 5 and 6. They suggest that the strand breaks

result from abstraction of the C-20 H atom from the 50-adjacent nucleotide that forms

a 20-deoxyuridin-5-yl radical yielding an alkaline labile lesion. The ribolactone

product was identified after UV irradiation of Br–dU in duplex DNA.44 DFT

calculations have shown that the base pairing does not change the reactive nature

of the intermediate uracil-5-yl radical, suggesting that the photosensitization proper-

ties of halogenated uracils should be effective also in duplex DNA.50Br–dU was
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originally used in the radical-induced photocrosslinking in DNA and between DNA

and bound proteins.51

This significant difference in the mechanism has important consequences for the

elucidation of the distance dependence and DNA base sequence dependence of the

excess electron transfer efficiency since the hopping rates are expected to occur on

the fast nanosecond or even picosecond timescale. In this regard, it is understandable

that in the DNA assay of Carell and co-workers the amount of T̂T dimer cleavage

depends little on the distance to the donor, flavine derivatives (Fl) in this case.38, 39 On

the other hand, Rokita et al. and our group have observed a significant dependence

of strand cleavage efficiency on the intervening DNA base sequences whenBr–dU is

used as the electron acceptor.41, 42 This is even more remarkable since the electron

donors, the naphthalene diamine (Nd) and phenothiazine-modified uridine (Pz–dU),

represent significantly different photoexcitable electron donors with respect to their

reduction potential aswell as their interactionwith theDNA.Therefore,Br–dU seems

to be more meaningful as a kinetic electron trap since the timescale is suitable for the

resolution of details of a presumably fast electron transfer process.

The photochemical DNA assay by the group of Carell and co-workers38, 39 is based

on knowledge about the repair mechanism of DNA photolyases,52–54 and the

corresponding model compounds.55–57 Accordingly, the DNA system consists of

two DNA modifications (Figure 8.4).58, 59 (i) Flavine derivatives (Fl) were syntheti-

cally incorporated into oligonucleotides either as an artificial DNA base into duplex
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DNA or as a cap into DNA hairpins.60 Notably the reduced, deprotonated, and

photoexcited flavine represents oneof themost potent reductants inbiological systems

with a redox potential of �2.8V that is capable of reducing all four DNA bases.46

(ii) Additionally, the above-mentioned T̂T dimer was incorporated into the oligo-

nucleotides, and it is important to mention that the T̂T dimer lacks the connecting

phosphodiester bridge between the 30-and the 50-hydroxy groups of the two

20-deoxyribofuranoside moieties.61 As a result, cycloreversion of the T̂T dimmer,

which is initiated by the one-electron reduction, yields a strand break of the

oligonucleotide which can easily be analyzed and quantified by HPLC. Based on

the constant irradiation conditions and the assumption that the electron injection

efficiency is the same in all DNA duplexes, the observed yields of T̂T dimer cleavage

have been attributed to the different electron transfer efficiencies. Such investigations

have been performed inDNAduplexes,61 in stableDNAhairpins,64 and inDNA–PNA

hybrids.63 It was shown that the amount of T̂T dimer cleavage depends rather weakly

on the distance to the flavine. In addition, the electron transfer efficiency was found

to be independent of both DNA sequences (A–T versus C–G base pairs) and electron

transfer direction (30 ! 50 versus 50 ! 30). In fact, the yields of T̂T dimer cleavage

were found essentially to be the same for electron transfer in the 50 ! 30 direction
as well as in the 30 ! 50 direction if the sequence composition of both duplexes is

the same in an antiparallel DNA–PNA hybdrid. In short, these observations fit pretty

well into the model of a thermally activated electron hopping process that stands

clearly in agreement with the previously discussed g-pulse radiolysis studies.
The next photochemical DNA assay comes from the group of Rokita and co-

workers (Figure 8.5).64, 65 They employed naphthalene diimide derivatives (Nd) as

electron donors were attached covalently and regioselectively to abasic sites in DNA.

Even though the Nd chromophore is structurally different from the Fl chromophore,

the former is comparable to the latter electronically since Nd has an excited-state

reduction potential of�2.6V which is also able to reduce any of the four DNA bases.

In contrast to the previously describedCarell’swork,Br–dUwas used as the chemical

electron trap. The different electron traps in combination with comparable potent

reductants as electron donorsmake the twoDNA systems interesting alternativeswith

respect to the resolution of electron transfer efficiencies. Accordingly, Rokita and
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co-workers detected a significant distance and sequence dependence of the electron

transfer efficiency. The distance-dependent strand cleavage in Rokita’s set of experi-

ments exhibits a slope of 0.3A
� -1, although it must be mentioned that the b value is not

the appropriate parameter to describe the distance dependence of electron hopping.

Moreover, G–C base pairs inhibit the electron transfer efficiency significantly.

As discussed in more detail using the result of our own group and in accordance

with radical studies by Steenken et al.,66 the authors suspected that protonation of the

cytosine radical anion (C.�) limits participation of cytosine and leaves thymine as the

onlymajor and efficient electron carrier inDNA (T.�).Moreover, interstrand crossing

and, particularly, orientation can also significantly influence the efficiency of excess

electron transfer.

In our group, Pz was used as the photochemical electron donor (Figure 8.6).67, 68

Since the reduction potential of Pz in the excited state is �2.0V, the selective

photoreduction of thymine and cytosine is possible within the DNA. In order to inject

the electron selectively through a uridine radical anion (C.�, structurally very similar

to the thymine radical anion T.�), we synthesized the Pz-modified uridine (Pz–dU)

and incorporated it as an analogue of T into oligonucleotides. In our investigation we

used Br–dU as the electron acceptor that was placed either two, three, or four base

pairs away from thePz–dU group. The intervening base pairs were chosen to be either

T–A or C–G. Interestingly, we observed both a distance and a sequence dependence

of DNA-mediated electron transfer efficiency in both sets of duplexes: The DNA

duplexes with the intervening T–A base pairs show significantly higher cleavage
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efficiencies compared to the C–G base pairs. In fact, in our DNA system three

intervening C–G base pairs transfer the electron as efficiently as just one intervening

T–A base pair. Similar to the results of Rokita and co-workers, our results imply that

the cytosine radical anion C.� is not likely to play a major role as an intermediate

electron carrier during electron hopping.

The next photochemical DNA system goes back to the cleavage of the T̂T dimer

which is a redox neutral process as already pointed out above. This means that

subsequent to the T̂T dimer cleavage, the excess electron could be transferred further

away. In fact, Giese and Carell and co-workers have shown in their joined set of

experiments that a single electron that has been injected into DNA can cleave more

than one T̂T dimer in the sameDNAduplex. Accordingly, they called it the “catalytic

electron.”40 In contrast to the organic chromophores that have been introduced

as electron donors above, the design of the electron injector in this study is different.

That means the electron injection does not occur from a photoexcited state but instead

from a ground-state radical that has been formed by photoinitiation. This is an

important detail for the mechanistic description since back electron transfer does

not provide any thermodynamic preference. It is based on a photoinitiated Norrish-

type cleavage of the tert-butyl ketone attached toTx and subsequent electron transfer

to the thymine part of the modified nucleotide (Figure 8.7). The photolysis of the

ketone moiety and the formation of the thymine radical anion have been experimen-

tally supported by ESRmeasurements. Themeasured ESR signals are similar to those

that have been obtained for the unsubstituted thymine radical in frozen solution.

The less negative redox potential of thymine compared to those of dialkyl ketones

provides the thermodynamic driving force to reduce an adjacent thymine base.

The most recent study by Carell et al. reveals the importance considering the

timescales of the radical clocks in order to resolve and experimentally obtain sequence
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and distance dependence of the electron transfer efficiencies in DNA.69 As already

investigated by this group, the splitting of T̂T dimerwas found to be too slow (106 s�1)

compared to the electron hopping (108–109 s�1). On the other hand, Br–dU is a very

fast radical clock (108–1010 s�1) and in this case a significant dependence of the

electron transfer efficiency with respect to intervening sequence and distance was

observed by other groups, as discussed above. Carell et al. investigated the influence

of the radical clock further by applying 8-bromo-2-deoxyguanosine (Br–dG) and

8-bromo-2-deoxyadenosine (Br–dA) in addition to Br–dU in Fl-modified DNA

hairpins (Figure 8.8). These radical clocks have been previously investigated by

Majima and co-workers spectroscopically70 and by Chatgilialoglu and co-workers

chemically.71 Even though the exact reduction potentials of the halogenated DNA

bases are not known, the authors assumed the following order of potentials for the

bases Br–dU>Br–dA¼Br–dG. Accordingly, the most efficient (fastest) debromi-

nation was observed with Br–dU, followed by Br–dA and Br–dG. According to

the literature, the reaction rates of the brominated bases are approximately 1010 s�1.72

The results of this set of experiments show that for the multistep process of reductive

electron transfer in DNA consisting of electron injection, electron transfer, and

electron trapping; the latter step can in fact represent the rate-limiting step. Very

importantly, it has also been observed in the latter set of experiments that electron

transfer efficiency dropped by 50% after the replacement of a single intervening T–A

base pair by aC–Gbase pair. However, this difference could only be observedwith the

fastest radical clock (Br–dU). The latter result supports again the idea of a proton-

coupled electron transfer (PCET) mechanism that influences G–C base pairs more

significantly than A–T base pairs. Even more remarkable is the observation that the
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position of the G–C base pair between electron donor and acceptor seems to play

a significant role, too. Obviously, as observed in the cases of electron trapping in

50-TTT-30 and 50-TCT-30 sequences,73 and in analogy to hole trapping inGG doublets,

a modulation of the redox potential of the donor and acceptor by stacking interactions

with the adjacent DNA bases is observed to be significant.74

8.4. SPECTROSCOPIC INVESTIGATION OF PHOTOINDUCED

REDUCTIVE ELECTRON TRANSFER IN DNA

Four years after Barton’s first publication on reductive electron transfer,75

Shafirovich’s group reported a nanosecond time-resolved study of electron injection

into DNA by using a benz[a]pyrene-modified guanosine adduct and by applying

non-covalently bound methyl viologen (Mv) as the electron acceptor.76 A main

drawback of the latter study is the non-site-selective electron trapping and hence lack

of an interpretation of the sequence and distance dependence of electron transfer.

The most important spectroscopic investigations on DNA-mediated reductive elec-

tron transfer processes were carried out using either stilbene diether-capped DNA

hairpins or pyrene-modified DNA duplexes which will be described in this section.

Lewis, Wasielewski, and co-workers investigated the energetic and kinetics of the

photoinduced electron injection into stilbene diether (Sd) capped DNA hairpins

(Figure 8.9).77–80 Based on the oxidation potential (1.16V versus NHE) and the

singlet energy (E00¼ 3.45 eV) of Sd the reduction of cytosine and thymine to the

corresponding radical anions in DNA should be exergonic whereas the reduction of

adenine and guanine should be endergonic. Hence, Sd was used in combination with

thymine, cytosine, and Br–dU as electron acceptors. The dynamics of the electron

injection were followed by picosecond time-resolved laser spectroscopy. It is remark-

able that the electron injection rates are larger using thymine (7.7� 1011 s�1) as the

electron acceptor in comparison to cytosine (3.3� 1011 s�1) and reveals the higher

reduction potential for C than for T in duplex DNA. This result is in accordance with
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FIGURE 8.9. Photochemical assay for the spectroscopic investigation of electron injection

and transfer in DNA consisting of stilbene diether (Sd)-capped DNA hairpins in combination

with Br–dU, thymine, and cytosine as first electron acceptor intermediates.
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recent femtosecond time-resolved studies on the reduction of cytosine and thymine

using 2-aminopurine as the electron donor,81 as well as recent calculations of single

DNA base electron affinities,82 but not with recent calculations carried out by R€osch
and co-workers.73 Interestingly, Lewis et al. detected a small difference of the electron

injection rate using cytosine as the electron acceptor in two different base-paired

situations (C–G versus C–I). The C–G base pair has a stronger hydrogen-bonding

network compared to the C–I base pair. As a result, the electron injection into the C–G

base pair is slower (3.3� 1011 s�1) than the electron injection into the C–I base pair

(1.4� 1012 s�1). This indicates a small influence of the reduction potential of cytosine

by the hydrogen-bonding strength. In fact, all measured rates for charge separation

(electron injection) and charge recombination could be correlated with the reduction

potentials of the base pairs that are adjacent to the stilbene diether chromophore. This

correlation follows the order Br–dU<T<C<A<G. A decrease in reduction

potential yields a more exergonic charge separation and an increased rate of charge

separation. This result shows that Br–dU, which has been considered mainly as a

kinetic electron trap as described in the previous section, also should exhibit the

characteristics of a thermodynamicelectron sinkwith a lower reductionpotential. This

result is supported by calculations of the electron affinities of pyrimidine base that

increase in the order T<U<F–dU<Cl–dU<Br–dU.83

Pyrene-labeled oligonucleotides were used initially by Netzel and co-workers to

investigate how the quenching efficiency of the photoexcited pyrene emission (Py	)
depends on the flanking DNA base sequence.84 The authors established the following

order for the quenching efficiencies: A<G<T<C. Hence, if the energetics are

favorable, the locally excited state of pyrene (Py	) can act as a precursor state for an
electron transfer to the DNA bases yielding the charge-separated state which consists

of the pyrenyl radical cation Py.þ and the corresponding base radical anion. Based on

the redox potential (1.5 V versus NHE) and the singlet energy of pyrene

(E00¼ 3.25 eV), and the reduction potential of �1.1 and �1.2V for uracil and

cytosine respectively, the driving force of the electron transfer was estimated to be

0.5–0.6 eV. However, the reduction potentials of nucleobases probably do not refer to

thepyrimidine radical anions,C.�andT.�, but rather to their protonatedneutral forms,

C(H) and T(H). Recently, Fiebig et al. reported a time-resolved study of the reduction

of thymine and cytosine by photoexcited 2-aminopurine and derived redox potentials

(versus NHE) of �1.8V and �1.9V for the nonprotonated pairs C.�–C and T.�–T,
respectively.81 The significant pHdependence of the electrochemical redox potentials

suggests that proton transfer is substantially involved in the reductive electron transfer

in DNA andmust be interpreted as a proton-coupled or at least proton-driven electron

transfer. Steady-state and time-resolved fluorescence measurements provided evi-

dence for an electron transfer occurring from the photoexcited Py	 selectively to the
pyrimidine bases cytosine or thymine which has been supported by the nanosecond

fluorescence lifetime measurements with 5-pyren-1-yl)-2-deoxyuridine (Py–dU).

The photoexcited state of pyrene is also able to induce a hole transfer in DNA

by oxidizing nearby guanines. In particular, the photoexcitation of the pyrene group in

8-(pyren-1-yl)-2-deoxyguanosine (Py–dG) results in the formation of the guanine

radical cation as a result of an intramolecular hole transfer (Py.�–dG.þ) representing
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an electron transfer in the opposite direction compared to Py–dU. In this case also,

charge transfer assignment has been proven by picosecond transient absorption

experiments using benzo[a]pyrenyl-2-deoxyguanosine conjugates. Based on

E00¼ 3.25 eV for Py	 and using E0(Py/Py
.�)¼�1.9V and E(dG.þ/dG)¼ 1.3V,

the driving force DG of this charge transfer process in Py–dG is max. �0.1 eV.

In a more recent study, Netzel and co-workers investigated the excited-state

dynamics in DNA hairpins equipped with a 5-(2-pyren-1-yl-ethylenyl)-2-deoxyur-

idine (Pe–dU). In comparison with the previously mentioned Py–dU, the ethylenyl

linker in Pe–dU electronically decouples the pyrene chromophore from the uridine

moiety and thereby facilitates the interpretation and the assignment of the pyrene

radical intermediates in the spectroscopic studies. Br–dU was considered as the

thermodynamicelectron trap (Figure8.10).84Thehairpinswere18–24bases longwith

a central tetra-T loop and a single Pe–dU substitution in the central region of their

stems.Nine different DNAhairpinswere analyzedwith respect to their corresponding

Pe.þ–dU.� states as the electron transfer product upon photoexcitation of the pyrene

group at 355 nm. In particular, the results imply that externally injected electrons

can migrate back and forth between the Pe.þ–dU.� state and the adjacent thymines

and the Br–dU group. The authors did not investigate the final electron trapping by

strand cleavage at the Br–dU site.

Most recently, we synthesized Py–dU and 5-(pyren-1-yl)-2-deoxycytidine

(Py–dC) to investigate the properties anddynamics of intramolecular electron transfer

in these nucleosides by steady-state fluorescence and femtosecond transient absorp-

tion spectroscopy in aqueous media at different pH values (Figure 8.11).85–87 Both

nucleosides, Py–dC and Py–dU, were compared as models for electron transfer in

DNA and more importantly to address the question of PCET. Most importantly, we

detected a huge difference in the basicity of the generated pyrimidine radical anions

which implies significance for the understanding of electron migration in DNA

as originally put forward by Steenken.66 Our investigations showed clearly that the
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cal DNA hairpins consisting of the Pe–dU nucleotide and Br–dU as the major electron

acceptors.
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C.� is being protonated even in basic aqueous solution on a picosecond timescale

or even faster. We observed only a small energetic difference between the electron

transfer rates for the formation of U.� (comparable to U.�v) versus C.�. The time-

resolved measurements at pH 5 reveal that the intramolecular electron transfer and

protonation occurs within 4.7 ps and 40 ps in Py–dU and Py–dC, respectively. In

addition, these results suggest that protonation of the C.� may also occur in DNA.

In contrast, efficient intramolecular electron transfer could be observed in Py–dU.

Although the situation in water cannot be directly compared with DNA, they provide

strong evidence that protonation of C.� by the complementary DNA base guanine or

the surrounding water molecules will occur rapidly. During this time the hydrogen-

bonding interface can readjust and stabilize the excess electron on the base by

separating its spin from charge. Although these processes must be microscopically

reversible, they may limit or ultimately terminate electron migration in DNA. From

the above observations, we propose that only T.� but not C.� can participate as an

intermediate charge carrier for excess electron migration in DNA. However, we

suggested that C.� cannot play a major role as an intermediate charge carrier. This

result is supported also by the study ofMajima et al., which showed that the reduction

potential is lowered by the base pairing with guanine.88 In contrast, T.� can act as a

stepping stone for electron hopping in DNA since protonation of these radical anions

does not occur.

Going from the isolated model nucleosides Py–dU and Py–dC to the correspond-

ing modified DNA duplexes, one must consider the fact of diverse conformational

states present in DNA and the dependence of electron transfer rate on themicroscopic

environment. One might not observe single kinetic rate constants for DNA-mediated

electron transfer but rather a distribution of rates. In fact, from recent studies of
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FIGURE 8.11. 5-(Pyren-1-yl)-2-deoxyuridine (Py–dU) and 5-(pyren-1-yl)-2-deoxycytidine

(Py–dC) as model nucleosides for the spectroscopic investigation of the intermediate electron

carriers and the question of proton-transfer process during reductive electron transfer in DNA.
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oxidative hole transfer in DNA, it is known that DNA has to be considered as a

structurally flexible medium and DNA-mediated electron transfer cannot be reduced

to a static donor–bridge–acceptor situation. This structural scenario was termed the

“base gating effect”.89 In particular, there is strong experimental evidence for an

involvement of base stacking fluctuations and hydrogen-bonding interactions (not

necessarily proton transfer) inside the DNA helix which we observed during the

combination of spectroscopic investigation of reductive electron transfer in the

Py–dU-modified DNA samples and chemical probing using the Br–dU radical clock

(Figure 8.12).

Important conclusions were deduced from this latter combination of spectroscopic

and chemical studies: (i) The electron injection process in the Py–dU/Br–dU-

functionalized duplexes show only minor variations due to conformational fluctua-

tions because it occurs between the covalently connected Py and dUmoieties. (ii) The

charge-separated state Py.þ–dU.� which is formed after excitation and subsequent

electron injection exhibits a strong kinetic dispersion in its lifetimes which is

consistent with multiconformational DNA. In fact, DNA as a conformationally

flexible medium yields awide range of electron transfer rate constants. (iii) It became

clear that probing both the early time events and the product states is absolutely crucial

for obtaining conclusive mechanistic insights. Moreover, the electron injection rates

may not simply correlate with the strand degradation as the chemical result of

DNA-mediated electron transfer since the electron transfer is a multistep process

on various timescales. (iv) Finally, the electron shift from the Py.þ–dU.� state to the

Br–dU moiety occurs on the timescale of several hundred picoseconds, thereby

competing with charge recombination in these duplexes. It is reasonable to assume

that subsequent migration steps during further electron hopping will be faster since
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the Coulomb interaction between the excess electron and Py.þ decreases drastically

with distance. Hence, our results provide a lower limit for the rate of reductive electron

transfer between single bases in DNA.

All thephotochemical studies described so far inSections8.3 and8.4 focusedon the

reductive electron transfer interpreted as a hopping process. All results suggest

conclusively a thermally activated electron-hopping mechanism over the intervening

base pairs. Both pyrimidine radical anions, T.� and C.�, can play the role of

intermediate charge carriers (Figure 8.14). The electron hopping via T.� seems to

be more favorable since the reduction potential of T is slightly lower than that of C

in double-helical B-DNA (according to our studies). Moreover, C.� and T.�exhibit a
large difference in terms of their basicity. Thus, protonation of C.� by the comple-

mentary DNA bases or the surrounding water molecules probably interferes with the

electron hopping (Figure 8.13). As a result, it can be assumed that the protonation of

C.� in C–G base pairs decreases the efficiency and rate of electron transfer but does

not stop electron migration in DNA. However, the occurrence of PCET, especially if

the electron resides onC–Gbase pairs, a rises important doubts about the applicability

of reductive electron transfer in nanotechnological applications and devices that

would require long distances between the electron injector and the acceptor.

Ethidium (Et) and thiazole orange (To) behave remarkably different from the

above-mentioned electron donors since the photoexcited state of both chromophores

are not able neither to oxidise nor to reduce any of the DNA bases.90–92 Hence,

it is expected that the reductive electron transfer in those systems follows the

superexchange mechanism, but only if a suitable electron acceptor is present as

the second modification site. A well-known acceptor represents methyl viologen

(E(Mv2þ/Mv.þ)¼�0.42V), especially in combination with photoexcited Et	 as the
electron donor93 because the radical that is formed after the one-electron reduction

is spectroscopically observable. Unfortunately, incorporation of viologens into DNA

remains elusive due to the instability viologens under DNAworkup conditions.94 In

a more convincing set of experiments, we have incorporated Et as an artificial DNA
base substitute and combined it either with 7-deazaguanine (dZ) as the hole acceptor

or with 5-nitroindole (Ni) as the electron acceptor.95 Hence this DNA assay allows for

the first time a direct spectroscopic comparison of DNA-mediated reductive electron
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FIGURE8.13. DNA-mediated reductive electron transfer via electron hopping over cytosines

and thymines and the influence of proton transfer.
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transfer and oxidative hole transfer in a structurally and electronically very similar

donor–acceptor system. The charge acceptors were placed in a distance of one up to

three intervening base pairs from the Et base (Figure 8.14). Over three base pairs, the

fluorescence quenching drops down to less than 10% for both types of charge transfer.

This observation stands in agreement with a Marcus-type of charge transfer and

is typically limited to a distance of three to four base pairs. Fluorescence measure-

ments revealed lifetimes in the nanonsecond range and a distance dependence of

b¼ 0.3A
� �1 for the DNA-mediated reductive electron transfer between Et	 and Ni,

and b¼ 0.41A
� �1 for the DNA-mediated oxidative hole transfer between Et	 and dZ.

Among the powerful and broadly applied cyanine dyes, such as Cy3 and Cy5,96

thiazole orange (To) exhibits an oxidation potential (Toþ/To.2þ) of 1.4 V (versus

NHE).97 Together with E00¼ 2.4V for To, the excitation is not sufficient for the

photoreduction or photooxidation of DNA, similar to the Et dye. We recently

presented the fluorescent properties of To as an artificial DNA base in combination

with short-range reductive electron transfer.98 In contrast to the previously discussed

Et chromophore that has a high tendency to intercalate into the base stack, the To

chromophore tends to bind in the minor groove and can only be forced into

intercalation using high salt concentrations in the applied buffer solution. Due to

the covalent fixation of the To dye as a DNA base surrogate, the To-modified

oligonucleotides do not exhibit a significant increase of fluorescence upon hybrid-

ization with the counterstrand. However, if 5-nitroindole is present as a second

artificial DNA base (two base pairs away from the To dye), the fluorescence increase

upon DNA hybridization can be observed. The fluorescence quenching occurs

mainly in the single strand and is caused by a short-range photoinduced electron

transfer (Figure 8.15). A similar result has been observed with the commercially

available Cy3 label. In fact, it enables the Cy3 fluorophore to display the DNA

hybridization by a fluorescence increase that is normally not observed with this dye.

To and Cy3 represents electron donors for the nonintercalative mode of reductive

electron transfer.
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8.5. TOWARD DNA DEVICES FOR MOLECULAR ELECTRONICS:

IS M-DNA AN OPTION?

For the realization of the concept of molecular and supramolecular electronics with

the use of p-conjugated systems, a detailed understanding of the organization and

interaction of p-conjugated systems is essential.99 In this regard, DNA plays an

important role as a bioorganic material since the unique supramolecular properties of

DNA provides a suitable basis in order to use duplex DNA or DNA like architecture

as structural scaffold for electronic devices. In principle, both oxidative hole transfer

and reductive electron transfer could be applied in molecular electronics. However,

one of the major drawbacks of the former with respect to the electronic devices is the

DNA irreversible damage that occurs as a side product of the guanine radical cation.

On the other hand, excess electron transfer has significantly higher potential because

of the proposed lack of DNA damage and the involvement of all base pairs (A–Tand

C–G) during the electron hopping process. A few measurements of the electronic

conductivity ofDNAhave alreadybeen carriedout, and theyhave shown that electrons

can transfer through the DNA even though in most systems the observed conductivity

is very poor.15 Taken together with the results from the photoinduced electron

transfer experiments in which a diffusive thermal electron hopping can occur over

a few nanometers, it becomes clear that electron transfer through longer single DNA

molecules (>20 nm) requires more research effort. Hence in order to use DNA as a

molecular wire, it is necessary to develop DNA-inspired materials that contain the

DNA-typical structural features but exhibit improved electron transfer capabilities.

At the moment it looks most promising in this respect to involve metal ions in

coordinationwithDNA.100 There are three possibleways to developmetal-containing

DNA (M-DNA).101–103 (1) Metal-mediated base pairing in which nucleoside mimics

as chelators replace the hydrogen-bonding interface by metal-mediated base pairing.

(2) Metals complexed along the DNA duplex: This very general approach utilizes

the polyanionic character of the phosphodiester-linked oligonucleotide in order to

coordinate metal ions along the DNA helix. The exact position of the metal ions is

unclear. (3)Metals coating the duplex:Newmethods allow the full coating of theDNA

duplex with metals for electrochemical devices. Among these structural approaches,

option (1) would be superior for the development of M-DNA-based molecular

electronics due to the advantage that the metal ions can be placed site-selectively

in the interior of the DNA duplex. Until now, experimental examples for this proposal

are rare in the literature. One of the most recent examples showed that metal binding

(Hg2þ and Agþ) to mismatched base pairs effects negatively the DNA-mediated

charge transfer.104
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8.6. CONCLUSIONS

In summary, it has become almost apparent that photoinduced electron transfer

occurs via a thermally activated electronhoppingmechanismorvia the superexchange

mechanism, depending on the potential of the photoexcitated state of the electron

donor. Both mechanistic regimes are influenced by the DNA dynamics such as base

fluctuations up to situation that can be considered as base gating. Despite these efforts

in understanding electron migration in DNA, a well-defined donor–acceptor DNA

system for time-resolved spectroscopic investigations is still elusive. With such a

system, the rates of electron transfer could be measured directly by the absorption

of the product radical. The electron hopping in DNA occurs via a mixed cytosine and

thymine hopping with some preference for the thymine radical anion as the interme-

diate electron carriers. The transfer equilibrium of the cytosine radical anion C.� in

C–G base pairs decreases the electron transfer efficiency and rate but does not stop

the electron migration completely. However, the PCET problem raises important

questions and doubts about the applicability of reductive electron transfer in nano-

technological applications and devices that would require long distances between the

electron injector and the acceptor. Future experiments include the application of

metal-mediated base pairs as artificial charge carriers during electron transfer through

M-DNA.
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9.1. INTRODUCTION

The biological effects of high-energy radiation are not produced by the mere impact of

the primary particles in cellular medium, but rather by intermediate secondary species

generated along radiation tracks.1 These species are created at different times after

the initial energy deposit in irradiated cells. Reactive species formed at early times are

transformed into others, and so on, until stable chemical conditions in the cell are

reached. At this point, the cell responds to the chemical transformations in its environ-

ment. Thus, to arrive at a complete description of the biological effects of radiation, the

entire sequence of events leading to the final chemical state of the cellmust beknownand

the mechanisms involved must be understood. This sequence of events occurs on a

timescale ranging from attoseconds to macroscopic times. Efforts to establish these

various steps have led to the development of several disciplines involved with the

investigation of the primary physical interactions and the chemical stages. Fields of

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
Copyright � 2009 John Wiley & Sons, Inc.
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research involving the intermediate stage between radiation physics and chemistry have

been more difficult to develop owing particularly to the presence of ultra short-lived

species generated within the irradiated cell at times shorter than a picosecond.

Although in radiobiological physics and chemistry the molecules concerned are

large and complex, this introduction first attempts to describe femtosecond events in a

simple manner. Such events can be divided into three major groups: primary,

secondary, and reactive. The first two are considered in Figure 9.1 for the case of

a simple hypothetical diatomic molecule ABwhich could be considered to be located

in a cell. Single reactions producing multiple charges are omitted from this figure.

The primary ionizations and excitations may be considered to occur as the result

of the propagation within the irradiated substance of the initial charged particles or

of other fast charged particles produced by the primary radiation (e.g., photo-

electrons, Compton electrons, d-rays, etc.). As one of these particles passes near a

molecule AB, this latter is perturbed by the rapid change of electromagnetic field

produced by the moving charge. Since this perturbation leaves the energy

and momentum of the fast moving charge practically unchanged, the interaction

can be described within the first Born approximation.2–4 It follows that the energy

dependence of the probability amplitudes for primary reactions 1–6 in Figure 9.1

can essentially be obtained from optical data5 or high-energy electron-energy-loss

experiments.6 About 80% of the energy deposited leads to reaction 1 producing

cations and secondary electrons (SE).7 When the molecular ions are formed in a

dissociative state, they can proceed to reaction 4. SE have energies much less

than those of the primaries. The major portion of the energy distribution lies below

30 eV with a most probable energy between 9 and 10 eV.8, 9 Thus by this interaction,

low-energy electrons (LEE, E< 30 eV) are created in large numbers (i.e.,�3� 104/

MeV of deposited energy) and carry a large portion of the primary radiation

energy. The rest of the absorbed radiation energy (�20%) produces excited

molecules (reaction 2) which may dissociate to produce neutral (reaction 5) or

AB + rad.

AB+ + e¯

AB*

A+ + B + e¯
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FIGURE 9.1. Reactions induced by primary ionizing radiation and secondary electrons on a

molecule AB.
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ionized (reaction 6) atoms (Figure 9.1). If the energy of the molecular excited state

lies within its own ionization continuum, it may autoionize (reaction 3), yielding

one or many SE.

Reactions 7–14 inFigure 9.1 represent the interactions ofSEwith anothermolecule

AB. Apart from reaction 7 (elastic scattering), SE lose energy by reproducing some or

any of reactions 1–6, depending on their energies. Geminate recombination (reaction

14) is also considered in Figure 9.1, as away to produce excitedmolecules. In the case

of SE, the relative and absolute magnitudes of each process (reactions 1–6) are much

different from those for the equivalent reactions produced by the primary particles.

This arises from the fact that at low energies, multiple electron scattering among

molecules can no longer be neglected in the condensed phase. Besides, the molecular

orbitals are strongly perturbed by the presence of slow electrons, allowing for

exchange interactions and multiple electron scattering within the molecules. This

perturbation not only favors optically forbidden transitions, but leads to energetically

localized phenomena such as electron resonances (i.e., formation of transient anions,

reaction 8).9, 10 These can lead to reactions 9–11 in Figure 9.111–19—that is, resonance

stabilization (reaction 9), dissociative electron attachment (DEA) (reaction 10) and

vibrational and electronic excitation (reaction 11). If dissociative, an electronically

excited stateAB� formed by autoionization ofAB� can separate into neutral and ionic

products (reactions 12 and 13). In both the gas phase and condensed phase, the

magnitude of these processes often dominates all other energy losses by LEE at the

resonance energies.10–13 Transient anions have typical lifetimes lying between 10�15

and 10�3 s, though their effectsmaygenerally be seen to occurwithin the femtosecond

timescale.14–16

Electron–molecule interactions below �30 eV can be described in terms of

nonresonant or direct scattering (vertical arrow in Figure 9.1 leading to reactions

1–6) or via resonance scattering10 (i.e., the formation of transient anions) depicted by

pathway 8 leading to reactions 9–13 in Figure 9.1. Thus, electrons of energy of less

than30 eVcandamagemolecules by direct scattering or via transient anion formation.

Geminate recombination (reaction 14) can also lead to fragmentation via pathways 5

and 6 in Figure 9.1. Direct scattering occurs at all energies above the energy threshold

for the observed phenomenon, because the interaction potential is always present.

Since this latter interaction changes slowly with incident electron energy, direct

scattering produces a smooth, usually rising, signal that does not exhibit any

particular features in the electron energy dependence of the yield of molecular

fragments resulting from LEE impact (i.e., the yield function). In contrast, resonance

scattering occurs only when the incoming electron occupies a previously unfilled

orbital, which exists at a precise energy,12, 13 so as to form a transient anion. At a

resonance energy, the formation of a product is usually enhanced, so that the yield

function exhibits a pronouncedmaximum superimposed on an increasingmonotonic

background from direct scattering.

Electron resonances arewell-described in the literature, andmany reviews contain

information relevant to this scattering phenomenon.10–19 There are twomajor types of

electron resonances or transient anions.10 If the additional electron occupies a

previously unfilled orbital of the target in its ground state, then the transitory anion
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state is referred to as a “shape” or single-particle resonance. The term “shape”

indicates that the electron trapping is due to the shape of the electron–molecule

potential. When the transitory anion involves two electrons that occupy previously

unfilled orbitals, this transitory state is referred to as a “core-excited” or two-particle,

one-hole resonance. Inprinciple, such resonancesmay lie belowor above theenergyof

their parent neutral state. In the former case, the incoming electron is captured

essentially by the electron affinity of an electronically excited state of themolecule. In

the latter case, the capture is aided by the angularmomentum barrier from the nonzero

momentum partial wave content of the attaching electron; in this case the resonance

state is called a core-excited shape resonance.

A third group of reactions is also expected to occur within times shorter than a

picosecond. Radical anions, cations, and neutrals created by dissociative processes

4–6 and 10–13 can possess energies of a few electron volts and can react rapidly with

surroundingmolecules in cells. Such reactive scattering iswell known fromgas-phase

experiments20 and has recently been demonstrated to occur in condensed organic

matter21 including biomolecular films.22

In a cell, the number of possibilities is much larger than those shown in Figure 9.1,

but the basic principles remain the same. Reactive species created within femtose-

conds produce new compounds and damage biomolecules within irradiated cells. In

the vicinity of cellular DNA, these species arise from DNA itself, water, and other

biomolecules in close contact with DNA such as histone proteins. They can cause

mutagenic, genotoxic, and other potentially lethal DNA lesions,23–26 such as base and

sugar modifications, base release, single-strand breaks (SSB), and cluster lesions,

including a combination of two single modifications—for example, double-strand

breaks (DSB) and cross-links (CL).26, 27

This chapter focuses on the study of reactions 2, 5, 6, 8, and 10–13 in Figure 9.1,

when they are initiated by the collision of LEE with the DNA molecule. These

reactions are usually localized on the molecular subunits of DNA (i.e., the bases and

the sugar and phosphate groups). The immediate products are usually not thermalized

and are extremely short-lived. They include ions, excited vibrational and electronic

states, neutral radicals, and transient anions of the subunits. To date, these reactions

have been investigated by measuring the neutral and anion radicals formed by LEE

impact onDNAaswell as strand breaks andbase release. The experimental techniques

behind these observations are reviewed in the present chapter. The experimental

results obtained are also reviewed, and examples of those which are most instructive

aregiven.The abbreviations used in this chapter are collected at the endof the text.The

theoretical studies, which have greatly helped in the interpretation of the experimental

results, are reviewed in Chapter 1 of this book.

9.2. EXPERIMENTAL METHODS

9.2.1. Deposition of Thin DNA Films

The DNA molecule consists28 of two polynucleotide antiparallel strands having the

form of a right-handed helix. Depending on the genetic information encoded within
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the molecule, it may contain thousands up to billions of atoms. Within DNA, the

strands are composed of repeated sugar–phosphate units, which are covalently linked

to the sugarmoiety of the backbone. The bases guanine (G) and adenine (A), aswell as

cytosine (C) and thymine (T), are chemically linked to the sugar–phosphate backbone

andare hydrogen-bonded to eachother to formadouble helix.A short double-stranded

segment of DNA is illustrated in Figure 9.2. With such a complex and massive

molecule, LEE investigationsmust be performed in the condensed phase, on thin films

grown on a conductive substrate, so as to avoid charging of the surface by the incident

electrons. Even as a thin film condensed on a substrate in ultra-high vacuum (UHV),
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DNA still contains, on average, 2.5 water molecules per nucleotide.29 These H2O

molecules, which easily fit in the grooves of the helix, are an integral part of the DNA

structure. The negative charge on one of the oxygens of the phosphate group is

counterbalanced by a cation. The nature of the latter depends on the buffer used in the

procedure to prepare a solution of DNA (i.e., Naþ if the salt is NaCl). In B-type DNA,

the crystallographic (averaged) structure resembles that of a twisted ladder with base

pairs defining the rungs and the backbone providing the side support. The helical

pitch—that is, the distance for a full turn of the helix—is 3.4 nm and there are 10 rungs

per turn. The base pairs lie in a plane perpendicular to the helix axis. In A-type DNA,

however, the vertical stacking is appreciably smaller. There are 11 base pairs per turn

and the pitch is 2.8 nm. Moreover, in A-type DNA, there is an important tilt of 20� of
the plane of the base pairs with respect to the helix axis. In the cell, DNA is in the B

form, whereas in its dehydrated state the molecule adapts the A configuration.28

For compounds that might be decomposed by sublimation into vacuum, such as

DNA, two different techniques have been developed to prepare thin biomolecular

films on metal substrates. When multilayer films are required, the molecules are

placed in a solution, a small aliquot is deposited on a tantalum substrate, and the

solvent is removed by lyophilization.30 The sample preparation and manipulations

are performed within a sealed glove box under a pure dry nitrogen atmosphere. The

average film thickness is usually estimated from the amount of biomolecular material

deposited and its density.30 Relatively thick films of DNA of about five monolayers

(ML) are prepared to ensure that the measured signal arises from electron interaction

with biomolecules that lie close to the film–vacuum interface.

When only a single layer of DNA is needed, a uniform and clean layer can be

chemisorbed on a gold substrate by the technique utilized to prepare self-assembled

monolayers (SAM).31, 32 The gold substrate is usually prepared by vacuum evapora-

tion of high-purity gold (99.9%) onto freshly cleaved preheated mica slides.32 These

slides are dipped for at least 24 h in an aqueous solution of highly purified thiolated

DNA. After removal of the mica–Au–oligo slide from the solution, it is rinsed with a

copious amount of nanopurewater and dried under nitrogen flow.Each slide is divided

into smaller samples, which are afterwardsmounted on amultiple sample holder, such

as that shown in Figure 9.3. With this procedure, one monolayer 32, 33 is chemically

anchored to the gold substrate via a phosphothiolate modification on one or many

nucleotides (i.e., substitution of the double-bonded oxygen atoms by double-bonded

sulfur at the phosphorus). Considering that the chemisorbed oligos are well-ordered

and densely packed, an upper limit for the surface coverage (i.e., 1.7� 1014 oligos/

cm2)34 is obtained, regardless of the nature and number of the bases. The reproduc-

ibility of the results obtained so far32–34 suggests that the surface coverage can be

estimated within an error of 20%. Owing to the bonding selectivity of chemisorption,

SAMofDNAcanbepreparedwithout significant amounts of impurities. Furthermore,

molecular orientation within the layer is fairly well-defined.31 (Two orientations are

possible.) Terminal thiolation of DNAwould give an upright orientation of the DNA

relative to the gold surface, while thiolation throughout the DNA strand would place

the strand parallel to the surface of the substrate. Because of all these characteristics,

SAM films of DNA are particularly useful in the determination of absolute yields and
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cross sections for specific damages.When extracting attenuation lengths (AL)or cross

sections from electron-scattering experiments on thinmolecular films, by far themost

difficult parameter todetermineand control is the film thickness and its variation along

the plane of the supporting substrate. This problem is particularly acute in the case of

vacuum-dried DNA films,30, 35–38 where clustering of the DNA molecules induces

variations in the thickness of the film. These variations translate into uncertainty in the

determination of the cross sections for strand break (SB) by LEE impact.30 SAM

virtually eliminate this major source of error, since in the layer the molecules are

uniformly oriented with a regular density over the substrate to which they are

chemisorbed31.

Other techniques to prepare DNA as a target for LEE impact experiments are

presently being developed. Those with which LEE induced damage has already been

measured are mentioned here. Denifl et al.39 have been able to study the negative ions

formed via free electron attachment to nucleobases embedded in helium clusters. In

their experiments, pure and mixed clusters of adenine and thymine have been formed

by pickup of isolatedmolecules by cold helium droplets. It may soon become possible

to seed short DNA strands in such a cooled helium beam. Another approach being

developed by Tanabe et al.40 consists of collimating charged biomolecules as an ion

beam in an accelerator. The results of their study of LEE collisions with short

oligonucleotide anions and cations are reported in Section 9.3.2.

FIGURE 9.3. Schematic overview of the type of apparatus used to investigate the desorption

of ions and neutral species induced by electron impact on thin biomolecular films. The films are

usually formed by the condensation of molecules evaporated from an oven in front of a metal

substrate or by lyophilization outside vacuum. The samples are fitted to a rotary holder.
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9.2.2. Electron Bombardment

Once prepared as thin films, the DNA samples are placed either directly into an UHV

chamber or into a load lock UHV chamber. A schematic diagram of a system having a

load-lockchamber isshowninFigure9.3.Theload-lockchamber (10�9 torr) isequipped

with a multisample holder, to which 16 samples can be mounted and individually

transported into a rotary target holder in themain chamber (10�10 torr). In this chamber,

an electron source consisting of a modified LEE gun is focused on a 2-mm2 spot on the

film. The energy distribution of the electrons emitted from the gun is approximately

0.4 eVfullwidthathalf-maximumFWHMwithabeamcurrent adjustablebetween1 nA

and 1mA. Electrons from0.1 to 100 eVimpinge onto the film at an incident angle of 70�

with respect to the surface normal. The electronenergy scale is calibratedby taking0 eV

as the onset of electron transmission through the film, with an estimated uncertainty of

�0.3 eV.41 Because energy shifts in this onset are related to electron trapping, this

calibrationmethodallowsone toverify thatmeasurements are obtained fromuncharged

films; alternatively, with this method it is possible to obtain an estimate of charge

accumulationduringelectron impact.42Toavoid charginga filmwith the electronbeam,

its thicknessmustbesmaller thantheeffectiverange(12–14 nm)fordamagingDNAwith

LEE30 and the penetration depth of 5–30 eV electrons (15–30 nm in liquid water or

amorphous ice).43 Under these conditions, most of the electrons from the beam are

transmitted through the DNA film under single inelastic scattering conditions, and thus

only small quantities of damaged DNA can be obtained.

To produce much larger amounts of degraded DNA, one can use a defocused LEE

beam to irradiate largequantities of themolecules, spread out over a large surface area.

In such an irradiator, recently developed by Zheng et al.,44 the molecules under

investigation are spin-coated onto the inner surface of tantalum cylinders. Up to 10

cylinders can be placed on a rotary platform housed in an UHV system, where their

inner walls are bombarded by a diverging beam of LEE having an energy distribution

of 0.5 eV FWHM. The electrons first reach a cylindrical mesh grid and then are

accelerated to any desired energy by a voltage applied between the grid and the

cylinder. After irradiation, the cylinders are removed from UHVand the samples are

dissolved in an appropriate solvent. With this type of irradiator, the number of

molecules that can be irradiated by LEE in a single bombardment period is about

two orders of magnitude larger than that with a conventional electron gun.

Other types of electron sources, such as the tip of a scanning tunneling microscope

(STM)45 or SE emitted from ametal substrate,27 can be used to irradiateDNAsamples

with LEE. When a sufficiently thin (<5 nm) biomolecular film is lying on a metal

substrate, absorption of energy by the film upon exposure to X rays is minimal. Under

these conditions, the induced damage may be considered to result from electrons

emitted from the substratewith the energies of themeasuredSEdistribution. The latter

is usually broad but contains essentiallyLEE for photon energies less than 1.5 keV. For

example, the energy spectrumofAlkaX-ray induced SE emission from tantalum has a

peak at 1.4 eV and an average energy of 5.8 eV.27 The tip of an STM also produces

electrons with a broad energy range, but in this case the maximum energy can be

controlled by the bias potential.45, 46
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9.2.3. Electron-Stimulated Desorption (ESD) of Ions and Neutral Species

As shown in Figure 9.3, neutral and ionic species desorbing from a DNA film can be

analyzed by mass spectrometry. Whereas ions that emerge from the film can be

focused by electrostatic lenses located in front of themass spectrometer (MS), neutral

species spread in all directions. So, to obtain reasonable signals for the desorbing

neutral species, they are usually ionized close to the target surface by a laser47, 48 and

then the resulting ions are focused into the MS (i.e., in the example of Figure 9.3, into

quadrupole rods). However, in order to determine the absolute desorption yields of

neutral products, their formation must be related to a pressure rise within a relatively

small volume. In this case, the MS measures in a small UHV chamber the partial-

pressure increase due to the desorption of a specific fragment induced by LEE impact

on a thin film.32–34At steady state, the number of fragments desorbed per unit time,Nd/

Dt, is equal to the relative partial pressure increase, DRPP, times a conversion that is

given by SN0/RT, where S is the true nominal pumping speed of the system, N0 is

Avogadro’s number, R is the universal gas constant, and T is the temperature of the

system.34Theeffectivenumberof a specific fragment desorbedper incident electron is

proportional to the effective desorption cross sectionvia the constant (N/a), whereN is

the initial number of target molecules in the irradiated area a.34, 49

In certain systems, grids are inserted between the electrostatic lenses to analyze the

energies of desorbing ions from the film by the retarding potential method. Relative

ion yields can be obtained from three different operating modes14: (1) the ion-yield

mode, inwhich the ion current at a selectedmass ismonitored as a function of incident

electron energy (i.e., ion yield functions), (2) the ion-energy mode, in which the ion

current is measured for a fixed electron energy as a function of the retarding potential,

and (3) the standard mass mode, in which a mass spectrum over a selected range is

recorded for a fixed electron energy.

9.2.4. Analysis by Electrophoresis and High-Performance Liquid

Chromatography (HPLC)

Once the irradiated samples are extracted from the UHV system, the fragments

remaining in the films can, in principle, be identified by various standard methods of

chemical analysis. However, the quantity of recovered material and fragments

produced by the type of apparatus shown in Figure 9.3 are so small that an efficient

method of damage amplification is required to observe any type of fragmentation.One

method of damage amplification consists of using a film of plasmid DNA, in which a

smallmodification at themolecular level can cause a large conformal change.A single

bond rupture in the backbone of a plasmid of a few thousand base pairs can cause a

conformational change in the geometry of DNA, and hence be detected efficiently by

agarose gel electrophoresis, after irradiation by a focused LEE beam. The product in

each electrophoresis band can be (a) quantified and identified CL, supercoiled

(undamaged), nicked circle, corresponding to SSB, and (b) full-length linear, corre-

sponding toDSB or short linear forms.30, 35 The procedure can be repeated at different

electron energies and irradiation times.
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The huge amplification factor for SB and CL does not exist for other types of DNA

damage, so that the quantity of fragments produced from a collimated electron beam is

not sufficient for chemical analysis. To produce sufficient degraded material a LEE

irradiator of the type described in the Section 9.2.2 can be used to bombardmuchmore

material. This technique allows the total mixture of products resulting from LEE

bombardment of DNA and its subunits to be analyzed by HPLC/UV and gas

chromatography/MS.44, 50When analysis is performed only by HPLC, the identifica-

tion of the products and their yields is determined by calibration with authentic

reference compounds.44

9.2.5. Analysis by Scanning Probe Microscopies

With anSTMor an atomic forcemicroscope (AFM), images ofDNAmolecules can be

recorded in air and in vacuum.45, 46, 51–57 AFM images can also easily be obtained in

aqueous electrolytes.53, 58 Thus, both techniques have the potential to visualize

damage induced to DNA. STM has the advantage that electrons from the tip can

beused as a source, butproblemsof reproducibility are encounteredowing to the lower

conductivity of DNA relative to the substrate, which forces the STM tip closer to the

substrate, thereby leading to mechanical displacement of DNA.59 DNA damage may

also contribute to poor reproducibility. As shown in reference 37, LEE can damage

DNA even in the usual 0- to 4-eV operating range of the STM. However, when

problems of reproducibility, LEE damage, and artifacts are circumvented, high-

resolution STM images of details of the structure within DNA can be obtained so that

individual nucleosides can be distinguished.56

As shown in Figure 9.4, with the AFM technique, very clear images of plasmid

DNAcan be recorded and radiation-induced SSB andDSB can clearly be identified as

circular or linear shapes, respectively.55 The twisted or supercoiled configurations in

the figure represent the plasmid.As seen in theworkofMougin et al.,60 thevisibility of

damage is substrate-dependent.

9.3. EX VACUO ANALYSIS OF DNA DAMAGE

9.3.1. Plasmid DNA

DNA in the supercoiled configuration was first bombarded with electrons of energies

lower than 100 eV by Folkard et al.,61 who found threshold energies for SSB andDSB

at 25 and 50 eV, respectively. Later, Boudaiffa et al.35, 36, 62, 63 bombardedwith 5-eV to

1.5-keVelectrons dry samples of pGEM�-3Zf(�) plasmid DNA films. Their samples

were analyzed by electrophoresis to measure the production of circular and linear

forms ofDNAcorresponding toSSBandDSB, respectively.Bymeasuring the relative

quantities of these forms in their 5-ML sample as a function of exposure to electrons,

these authors obtained the total effective cross section (�4� 10�15 cm2) for pGEM

DNA of 3197 base pairs and an effective range (�13 nm) for the loss of the initial

supercoiled configuration, at 10, 30, and 50 eV.30 Such experiments also allowed
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Boudaiffa et al. to delineate the regime under which the measured yields were linear

with electron exposure. It is within this regime that the incident electron energy

dependence of damage to DNA was recorded more continuously between 5 and

100 eV.35, 36, 62 Figure 9.5 shows themeasured yields of SSB andDSB induced by 5- to

100-eV electrons. At each electron energy, the error bar corresponds to the standard

deviation of the average reported value.

Whereas in Figure 9.5, the DSB yield begins near 6 eV, the apparent SSB yield

threshold near 4–5 eV is due to the cutoff of the electron beam at low energies. Both

yield functions have a peak around 10 eV, a pronounced minimum near 14–15 eV

followed by an increase between 15 and 30 eV, and a roughly constant yield up to

100 eV.From the explanations in the introduction, it becomes obvious that theSSBand

DSB yield functions can be divided into two scattering regimes. One regime is below

15 eV, where the electronDNA interaction occurs essentially via electron resonances;

the other regime is above 15 eV, where, as shown by the dotted line, the major portion

of the yield increases monotonically and saturates above 50 eV. This latter behavior is

characteristic of direct scattering. Broad resonances between 20 and 40 eV are

superimposed on this direct scattering background.

Transient anion formation in the yield functions of SSB and DSB appears more

clearly in Figure 9.6. Themajor peak near 10 eV is seen to be a superposition of broad

resonances located at different energies. These yield functions can be understood from

FIGURE 9.4. Tapping mode AFM image of plasmid DNA irradiated with alpha particles at a

dose of 2500Gy in a Tris-EDTA medium deposited on mica (2� 2mm2).
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the results of the fragmentation induced by LEE to the various subunits of the DNA

molecule, including its structural water. In fact, the strong energy dependence ofDNA

strand breaks below 15 eV can be attributed to the initial formation of transient anions

of specific DNA subunits decaying into the DEA and/or dissociative electronic

excitation channels,35, 36 as exemplified in Figure 9.1 by reactions 10–12.

However, because theDNA subunits—which include the phosphate and sugar groups,

the bases, and structuralH2O—can all be fragmented via electron resonances between

5 and 13 eV, itwas not possible, withoutmore detailed investigation, to unambiguously

specify the component responsible for the yields of SSB and DSB reported in

Figures 9.5 and 9.6.

Since the data in Figures 9.5 and 9.6 were recorded in a regime of linear yield with

electron exposure, each SSB or DSB is the result of a single electron collision. To

explain the induction of two strand breaks by one electron, it has been suggested that

below �16 eV, DSB occurs via molecular dissociation on one strand initiated by the

decay of a transient anion, followed by reaction of at least one of the fragmentation

products on the opposite strand.35, 62 This hypothesis was supported by experiments in

condensed films that contain water or molecular oxygen mixed with small linear and

cyclic hydrocarbons.21, 22, 64–66 In such films, electron-initiated fragment reactions

(such as hydrogen abstraction, dissociative charge transfer, and reactive scattering)

were found to occur over distances comparable to the DNA double-strand diameter

(�2 nm).
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Owing to problems associatedwith beamdefocusing and film charging, it was only

after the development of more efficient techniques to purify DNA that the electron

energy range below4 eVwas investigated byMartin et al.37 The increase in sensitivity

ofDNA toLEEdamage allowedMartin et al. to use electron current of only 2.0 nAand

exposure times shorter than 20 s to irradiate the samples of plasmid DNA. As in

previous experiments, the different forms of DNAwere separated by gel electropho-

resis and the percentage of each form was quantified by fluorescence. Exposure

response curves were obtained for several incident electron energies. As an example,

the inset of Figure 9.7 shows the dependence of the percentage yields of circular DNA

on irradiation time for 0.6-eVincident electrons. The energy dependence of the yields

of SSB per incident electron was determined from the amounts of circular DNA

resulting from a 10-s exposure. As shown in the bottom Figure 9.7, the linear form

(DSB) was not detected below 5 eV.

Two peaks, with maxima of 1.0 (�0.1)� 10�2 and 7.5 (�1.5)� 10�3 SSB per

incident electron, are seen in Figure 9.7 at electron energies of 0.8 eV and 2.2 eV,

respectively. The error bars in the yield function show the standard deviation from

three to eight exposure experiments, each performed on separately prepared samples.
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At about 1 eV below the first electronic excitation threshold of any molecule, only

transient anions can lead to bond dissociation. Therefore, the peaks in Figure 9.7

provide unequivocal evidence for the role of shape resonances in the DNA strand

breaking process.Martin et al.37 compared these results with those obtained in the gas

phase with the DNA bases. With a model that simulates the electron capture cross

section as it might appear in DNA owing to the p� single-particle anion states of the
bases, these authors reproduced inmagnitude and line shape the yield function seen in

Figure 9.7. The attachment energies were taken from the transmission measure-

ments67 and the maxima were scaled to reflect the inverse energy dependence of the

electron capture cross sections. Assuming an equal number of each base in DNA, the

contributions from each base were simply added. The lowest peak in the modeled

capture cross section, which occurs at 0.39 eVin the gas phase, was shifted by 0.41 eV

at higher energy tomatch that in the SSByield, and itsmagnitudewas normalized. The

relationship between the resonances in the bases and SSB in DNA offered support for

the charge transfer mechanism of Barrios et al.,68 meaning that an anionic potential

energy surface connects the initial p� anion state of the base to a dissociatives� anion
state of the phosphate group.

Following these observations, Panajotovic et al.69 determined effective cross

sections for production of SSB in plasmid DNA [pGEM 3Zf(�)] by electrons of

10 eVand energies between 0.1 and 4.7 eV. The effective cross sections were derived

from the slopes of the yield versus exposure curves measured by electrophoresis.

They reported values in the range of 10�15–10�14 cm2, which translate into effective

cross sections on the order of 10�18 cm2 per nucleotide. The cross sections within the
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SSB) on irradiation time for a beam of 0.6-eV electrons of 2 nA.
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0- to 4-eV range were similar in magnitude to those found at higher energies

(10–100 eV), indicating that the sensitivity of DNA to electron impact is universal

and not limited to any particular energy range.

The structural changes in plasmid DNA (pUC18, 2686 base pairs) adsorbed onto

graphite followingLEE irradiation in airwere investigatedbyMochiji et al.45 bySTM.

They observed networks or islands of DNA consisting of entangled molecules and

compared the shapes of theDNAbefore and after electron irradiationwith tip biases in

the range 8–40V. At electron energies of 8 and 13 eV, the dominant change was the

extension of theDNA islands,whichwas suggested to be caused by relaxation ofDNA

molecules via strand breaks or unravelingof the double helix.Higher-energy electrons

of 18 eV and 38 eV degraded the area of DNA islands due to the electron-induced

desorption of fragments. As electron dose increased, SB and desorption were found to

compete with cross-linking. As a result, the two types of change, extension and

degradation, became saturated at high electron doses. Although the data of Mochiji

et al. were not recorded in the linear regime of the dose response, their results could be

fairly well correlated to those of direct LEE beam experiments described in this

section, which were performed under single-collision conditions.

More recently, Grant et al.57 measured the damage to 48,500-base-pair l-DNA
deposited on gold-coated mica surfaces. The damage was induced by field-emitted

electrons from an STM tip in air and visualized with both scanning tunneling and

atomic force spectroscopies. Collecting DNA images from an STM that simulta-

neously detects light emission from the tip region, they observed changes in the

structure after the first scan.Then, using anAFMwhose stiff tip canbeoperated inboth

the tapping-mode AFM and STM imagingmodes, theymeasured the damage to DNA

caused byLEE from the tip of theSTMby reimaging the samearea in theAFMtapping

mode. In their images, the bias-dependent change in DNA film thickness (i.e., the

height of the tip)was correlated toDNASB.Thedamagewasmostobvious in the light-

emission images, although no height information was obtained. In this case, they

interpreted the spreading of the dark area as DNA torn apart by SSB. They observed a

nonmonotonic dependence of layer reduction on bias voltage. Comparing their result

with those of Martin et al.37 on DNA damage as a function of electron energy, they

observed striking similarities: the maximum near 0.8 V, the minimum near 1.2V, and

the increase at 2.0V, seen in Figure 9.7. Their results stand as unequivocal evidence of

the ability of AFM and STM to investigate LEE-induced DNA damage.

9.3.2. Small Oligonucleotides

Toobtainmore detailed information on themechanisms ofDNAdamage, the products

arising from LEE impact on thin films of short strands of the molecule, namely the

tetramers GCAT and its abasic forms and CGTA, were analyzed by HPLC. These

tetramers, which constitute the simplest form ofDNAcontaining the four bases,made

theanalysis of degradationproductsmucheasier thanwith the longer single-strand (ss)

and double-strand (ds) configurations of DNA. The samples were irradiated by 10-eV

electrons from the LEE irradiator, described in Section 9.2. The HPLC analysis was

first focused on SB and nonmodified subunits of the tetramers CGTA and GCAT,
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which includedmonomeric components (nucleobases, nucleosides, andmononucleo-

tides) and oligonucleotide fragments (dinucleotides and trinucleotides).70 The

incident electron current and irradiation time were adjusted to give an exposure

well within the linear regime of the dose response curves and an equal number of

electrons to each sample. The nomenclature of GCAT with the potential sites of

cleavage yielding nonmodified fragments is shown in Figure 9.8.

The reaction of LEE with the tetramers led to the release of all four nonmodified

nucleobases with a bias for the release of nucleobases from terminal positions.70 For

example, the release of T from the internal positions of CGTAwas threefold less than

from the terminal position of GCAT. The release of unaltered nucleobases from

tetramers is likely causedbyN-glycosidic bond cleavageviaDEAfrom initial electron

capture by the base as previously shown in the cleavage of thymidine to thymine in the

condensed.50 and gas phase.71Table 9.1 gives the amount of nonmodified fragments

formed in both CGTA and GCAT, based on the HPLC analysis of several bombarded

samples.70 The numbers in the last column correspond to the cleavage positions given

in Figure 9.8.
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For each tetramer, there are eight possible dinucleotide and trinucleotide fragments

resulting from 30 or 50 cleavage of the four internal phosphodiester bonds. Fragments

with a phosphate group were easily detected; but as seen in Table 9.1, the correspond-

ing fragments without a terminal phosphate were minor or not detected in the initial

product mixture (CG, TA, CGT, and GTA). Finally, the same pattern of cleavage was

observed for the loss of mononucleotides from terminal positions of the tetramers.

Although this cleavage gave fragments with and without a terminal phosphate, the

yield of fragments with a phosphate was much greater than that without a phosphate.

So, the formation of six major nonmodified fragments out of a total of 12 possible

fragments for each tetramer indicated thatLEE induces the cleavageof phosphodiester

bonds to give nonmodified fragments with a terminal phosphate rather than a

terminal hydroxyl group.

Based on previous interpretations of SB in DNA,26 Zheng et al.70 postulated that

rupture of the phosphodiester bond was initiated by the formation of a dissociative

transient anionon thephosphategroup.The twopossible pathways leading to cleavage

TABLE 9.1. Yield of LEE-Induced Products of Irradiated Tetramersa

CGTA (16.8 nmol) GCAT (16.8 nmol)

Product Yield (nmol) Product Yield (nmol) Break Position

Nucleobases

C 0.27� 0.05 G 0.22� 0.03 1

G n.d.b C 0.03� 0.05 2

T 0.12� 0.02 A 0.11� 0.01 3

A 0.35� 0.07 T 0.35� 0.02 4

Nucleosides and Mononucleotides

Cp 0.29� 0.06 Gp 0.11� 0.01 8

dC 0.06� 0.01 dG 0.00� 0.01 6

pA 0.19� 0.04 pT 0.23� 0.01 13

dA 0.05� 0.01 dT 0.10� 0.01 15

Dinucleotides and Trinucleotides

CGp 0.19� 0.04 GCp 0.16� 0.01 12

CG n.d. GC n.d. 10

pTA 0.11� 0.02 pAT 0.22� 0.01 9

TA n.d. AT n.d. 11

CGTp 0.20� 0.04 GCAp 0.31� 0.02 16

CGT n.d. GCA 0.04� 0.01 14

pGTA 0.23� 0.05 pCAT 0.27� 0.01 5

GTA n.d. CAT n.d. 7

Total 2.06� 0.07 2.15� 0.08

aEach fragment is written from 50 to 30 with d denoting the deoxyribose unit and p indicating the terminal

phosphate group (50-before or 30-after the DNA base) with the deoxyribose. The numbers in the last column

correspond to the sites of cleavage indicated in Figure 9.8.
bNondetected fragment.
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of the phosphodiester bond are shown inFigure 9.9. PathwayA involves scission of the

C–O bond and gives carbon-centered radicals (C50 or C30 radicals) and phosphate

anions as termini, whereas pathway B results in cleavage of the P–O bond giving

alkoxyl anions together with phosphoryl radicals. Thus, the results of Table 9.1

demonstrate that cleavage of the phosphodiester bond primarily takes place via C--O

bond cleavage leading to the formation of a sugar radical and a terminal phosphate

anion (pathway A). The cleavage of C–O and P–O bonds, leading to the formation of

phosphoryl radicals and dephosphorylated C30 radicals of the sugar moiety, was

previously reported in ESR studies of argon ion and g-irradiated hydrated DNA.72–74

The ESR spectra also showed that C–O bond cleavage was the dominant process. In

viewof the greater bond dissociation energy of theC–O (335 kJ/mol) compared to that

of P–O (80 kJ/mol),75 these data appear difficult to explain. However, according to

reactionAofFigure 9.9, the bond-breaking process takes place by electron attachment

into an unfilled orbital lying at a much higher energy (i.e., 10 eV¼ 960 kJ/mol) than

the thermodynamic threshold of C--O bond dissociation. In this case, phosphodiester

bond cleavage would not depend on bond energy considerations, but rather on the

availability of dissociating anionic states at the energy of the impinging electron.

In subsequent investigations, Zheng et al.measured the yields of the products listed

in Table 9.1 as a function of electron energy for GCAT.76 From 4 to 15 eV, scission of

the backbone gave nonmodified fragments containing a terminal phosphate, with

negligible amounts of fragments without the phosphate group. This indicated that

phosphodiester bond cleavage involves cleavageof theC–Obond rather than theP–O

bond within the entire 4- to 15-eV range. The incident electron energy dependence of

FIGURE 9.9. Proposed pathways for phosphodiester bond cleavage of DNAvia LEE impact.
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the yield of various fragments caused by SB (i.e., rupture of the C--Obond) is shown as

an example in Figure 9.10. Many of the yield functions of fragments other than those

reported in Figure 9.10 also exhibited amaximum near 6 eV, a large peak at 10–12 eV,

and finally a dip at 14 eV.

Themaximawere interpreted as due to the formation of transient anions leading to

fragmentation. According to the pathways of Figure 9.9, these transient anions

decayed by DEA (reactions 8 and 10 in Figure 9.1). Below 15 eV, these resonances

dominated bond dissociation processes. All four nonmodified bases were released

from the tetramerwithin the 4- to 15-eV range, by cleavageof theN-glycosidic bond.76

As seen from comparison between Figures 9.5, 9.6, and 9.10, the strong maximum

at 10–12 eV in the GCAT field functions has been observed in the yield functions for

SSBandDSBin filmsofdryplasmidDNA.35Above14 eV, electron resonances arenot

expected to dominate the electron scattering process, so that the yields in Figure 9.10

above this energy represent mostly fragmentation via direct electronic excitation of

dissociative states (reactions 2, 5, and 6 in Figure 9.1).

The broad peaks at 6 and 10–12 eVin Figure 9.10, which correspond to those in the

yield functions for damage to plasmid DNA (Figures 9.5 and 9.6), can be ascribed to

the formation of core-excited resonances or core-excited shape resonances, since the

lifetime of such resonances is usually sufficiently long at those energies to promote

dissociation of the anion.11A priori scission of the C--O bond leading to SB can occur

bydirect electron capture on the phosphategroupor via electron transfer fromabase to

the phosphate moiety. However, transfer of a core-excited resonant or core-excited

shape resonant state from a subunit to another is unlikely because it requires a three-

electron jump.77 For shape resonances, the lifetime is usually too short above �5 eV

for dissociation,11, 12 but electron detachment or transfer is highly probable due to the
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FIGURE 9.10. Dependence of the yield of oligonucleotide fragments on the energy of

4- to 15-eV electrons. Each point is the average of eight individual measurements.
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considerable overlap between the wave functions for an additional electron on each

basic DNA subunit.

Toprovide additional informationon the hypothesis of electron transfer fromabase

to the phosphate group of DNA, Zheng et al.78 analyzed the products induced by 4- to

15-eVelectrons incident on two abasic forms of the tetramerGCAT, that is, XCATand

GCXT, where X represents the base replaced by a hydrogen atom.With the exception

of themissing base, the same fragmentswere observed in themixture of products from

irradiated GCAT tetramers with78 or without76 an abasic site. Table 9.2 provides a

comparison of the yields expressed as the percentage of SB and base release in the

sample of tetramer from bombardment at 6, 10, and 15 eV. Yield functions for both

abasic forms were produced from such yields for all fragments recorded at seven

different energies between 4 and 15 eV. The yield of each fragment resulting from SB

induced by 6-, 10-, and 15-eVelectrons is shown in Figure 9.11 as a percentage of the

total damage to a particular tetramer. The percentage of fragments corresponding to

bond cleavage at different positions along the chain is given for bombardment of

XCAT, GCXT, and GCAT. It is obvious that at 6 eV, when G is absent (i.e., in XCAT),

there is no cleavage of the phosphodiester bond at the position lacking the basemoiety.

Similarly,whenA is removed (i.e., inGCXT), there is practically nodissociationof the

C--Obonds on either side ofA.Thus, at 6 eV,G andAmust be present withinGCAT to

produceC--Obond rupture next to the base (positions 5, 12, and 13 inFigure 9.8). It is

difficult to explain this result without invoking electron capture by G and A followed

by electron transfer to the corresponding phosphate group. This phenomenon is not

observed at 10 and 15 eV, with the exception of bond rupture at position 13, which

decreases from 10% in GCAT to 1% in GCXT at 10 eV.

Since electron transfer from a DNA base p� to a C--O s� orbital had been shown

theoretically to occur at energies below 3 eV,68, 79 Zheng et al.78 suggested that the

incident 6-eV electron electronically excites a base before transferring to the C--O

orbital. They based their suggestion on the existence of electronically excited states

of the DNA bases within the 3.5- to 6-eV range measured by electron-energy-loss

spectroscopy80. For example, LEE energy-loss spectra of thymine exhibit electro-

nically excited states at 3.7, 4.0, and 4.9 eV ascribed to excitation of the triplet

13A0 (p ! p�), 13 A00
(n ! p�), and (p ! p�) transitions.80 Excitation of these states

by 6-eV electrons forming a core-excited shape resonance on T would produce

electrons of energies below 3 eV, which could then transfer to the phosphate–sugar

TABLE 9.2. Comparison of Damage Yield of Tetramer at Electron Energies of 6, 10,

and 15 eV (Standard Deviation¼ 10%)

6 eV 10 eV 15 eV

Yield (%)

Strand

Break

Base

Release Total

Strand

Break

Base

Release Total

Strand

Break

Base

Release Total

XCAT 0.72 0.39 1.11 1.11 0.45 1.56 9.89 1.14 11.03

GCXT 0.80 0.60 1.40 4.56 0.56 5.12 2.34 0.78 3.12

GCAT 4.76 1.96 6.72 9.54 5.92 15.46 10.30 4.72 15.02
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backbone. In other words, the 6-eV resonance would decay by leaving one hole and

one electron in a previously empty orbital on the base and the excess electronwould be

coupled to an emptys� COorbital on the backbonevia through-bond interaction. This

hypothesis implies a strong decay of core-excited resonances into electronically

inelastic channels, a phenomenon that has recently beendemonstrated theoretically by

Winstead and McKoy.81 Zheng et al. denoted this decay channel as the “electron

transfer channel.”Energy-loss electrons could also transfer intop� orbitals of adjacent
bases, which lie in the range of 0.29 to 4.5 eV,67 before transferring to the backbone.

Thus, by resonance decay to the electron transfer channel following excitation of the

bases, electrons havingenergies in the range for transfer79would be created and lead to

C–Obond scission. If the transient anion and/or the final electronically excited state on

the DNA base are dissociative, it could lead to scission of theN-glycosidic bond, thus

causing base release or simply leaving DNAwith a modified base. Alternatively, the

transferring electron could temporarily localize at or near the N-glycosidic bond

and form a shape resonance at a lower energy, which could be dissociative. In fact,

the results in Table 9.2 may be representative of coupling of such electrons between

the bases followed by scission of the N-glycosidic bond. They also reinforce the

hypothesis of electron transfer to the phosphate group.

9.8

FIGURE9.11. Percentage distribution of strand breaks by sites of cleavage, induced by 6-, 10-,

and 15-eVelectrons. �Xp was not detected by HPLC, and the yield was considered to lie below
the detection limit.

EX VACUO ANALYSIS OF DNA DAMAGE 259



It is seen fromTable 9.2 that removing a base inGCAT causes a drastic reduction in

the quantity of damage at 6 and 10 eV. For example, at 6 eV, SB are reduced by a factor

of about 6 and base release by a factor of 3.3 and 5 for GCXTand XCAT, respectively.

In a classical picture, where the damage caused by electron capture by DNA bases is

simply additive and rupture of all theN-glycosidic and C--Ophosphodiester bonds are

given the same probability, wewould expect that the amount of SB and base release in

the abasic tetramers to decrease by�25% (i.e., to be 3.57% and 1.47%, respectively).

This nonlinear decrease in damage caused by introduction of an abasic site is also

reflected in theyield functions fromGCXTfor all fragments recordedbyZheng et al.78

This suggests that the magnitude of damage in GCAT is caused by a collective effect

that appears to be strongly suppressed by removal of G or A. In other words,

electron–molecule scattering within DNA must be highly sensitive to the number

of bases and the overall topology of GCAT. Although we have no information on the

topology of these tetramers, recent calculations of LEE-DNA scattering showed that

the ordering of DNA bases, in a helical configuration within the molecule, strongly

influences the electron capture probability by these components.82, 83 More specifi-

cally, the electron capture probability by DNA bases for partial waves of certain

momentumwas found to increase up to one order ofmagnitude, owing to constructive

interference of these partial waves within DNA.

The hypothesis that internally scattered electron waves in DNA would have a

considerable influence on SB was recently tested in more extensive calculations by

Caron et al.84 These authors performed high-level R-matrix calculations of electron

scattering from the DNA bases, which were next used as input parameters in multiple

electron scattering calculations within dsDNA. The result they obtained for the

average scattered electron current along the axis of A and B forms of DNA (i.e.,

inside DNA) is shown in Figure 9.12, as a function of the energy of electrons

approaching perpendicular to the axis. For the A form, this current is found to

maximize at 1.0 and 2.3 eV. The full curve exhibits two additional peaks at 5 and

7 eV,which if unresolvedwould produce a broadmaximumaround 6 eV.These results

can be compared to those of experimentswith thin films ofDNA,where a peak appears

at 6 eVinFigure9.10a, shoulder appears at 6 eVinFigure9.6, and theyield function for

SSB exhibits maxima at 0.8 and 2.2 in Figure 9.7 and at 10 eV in Figures 9.6

and 9.10.35, 37, 76, 85 In the analysis of LEE-induced products from tetramer films,

the yield function for base releasewas also found to exhibit peaks at 6 and 10 eV.76 As

shown in Figures 9.5 and 9.6, below 15 eV the yield function for the induction of DSB

was found to be dominated by a single peak located at 10 eV.35, 36 Thus, by including

both the shape resonance wavefunctions and constructive interference due to base

stacking, the calculations of Caron et al.84 can represent fairly well the energy

dependence of the yield of SSB if we logically assume that the electron must be

initially scattered inside DNA to produce most of the damage. The validity of the

agreementbetweenexperiment and theorywas testedbymodifyingDNAto itsB form,

which exists in solutionbutnot inUHV. In this case, the two lower peaksmovecloser to

each other and little correlation is found with the experimental values as seen by the

dashed curve in Figure 9.12. Furthermore, the collective effect observed by Zheng

et al. at 6 eVin their analysis of the products induced byLEE incident onGCATand the
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two abasic forms of the tetramer (see Table 9.2) could be related to coherent

enhancement and strong electron scattering along the axis around 6 eV

(Figure 9.12), which exhibits an eightfold increase in magnitude in going from 4

to 6 eV. Such phenomena should be highly sensitive to base removal, since they are

directly related to base stacking.

Themaximum at 10 eV in the electron energy dependence of the calculated axially

scattered current averaged on all bases for the A form also correlates well with the

strongmaximumfound experimentally in theyield function for SSBandDSB induced

by LEE impact on plasmid DNA.35, 36 However, the position of this peak was found to

be highly sequence-dependent. Thus comparison with data obtained with plasmid

DNA, which is longer and has a different sequence, was not considered to be valid by

Caron et al.84

The results shown in Figure 9.12 may also provide some explanation for the

relatively large cross section of 10�17 cm2 per base pair69 for damage caused by a

single anion dissociative state at 0.8 and 2.2 eV, respectively. In fact, this value is

almost as large as that measured at 100 eV in the same DNA where a plethora of

ionization and dissociation channels are available.36, 69 Coherent enhancement of the

electron wavefunction within DNA seen in Figure 9.12 may therefore be responsible

for increasing the electron capture cross section of transient anion states responsible

for SSB at low energies.

Recently, Li et al. undertook a systematic study of 11-eVelectron-induced damage

to a small ss homo-oligonucleotide of increasing length.86 The yields of products

FIGURE 9.12. Electron energy dependence of the average axially scattered current for two

mutually orthogonal electron beams incident on the decamers GCGAATTGGC in the A and B

forms.
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arising from the reaction of LEE with dThd, pT, Tp, pTp, pTpT, TpTp, pTpTp, and

TpTpT showed that the addition of a phosphate to the terminal positions of the

monomers and dimers resulted in a considerable increase in total damage as estimated

fromHPLCanalysis byUVabsorption. Their results indicated that terminal phosphate

groups efficiently capture 11-eVelectrons and that these events caused considerable

damage. This effect could be correlated to electron-beam experiments performed on

thin filmsofNaH2PO4
87 and tetrahydrofuran.88The results of these experiments show

that the phosphate group has a very large cross section (10�15 cm2)87 for 7- to 12-eV

electron-induced fragmentation, much larger than that of the furyl ring.88, 89

The finding that terminal phosphate groups increase total damagewhile decreasing

base release and phosphodiester cleavage suggests that the initial capture of electrons

by phosphate group does not lead to formation of transient anions that cause base

release and phosphodiester cleavage. The work of Li et al.86 therefore confirms the

hypothesis68 that the electron must first attach to the base in order to break the N-

glycosidic bond or transfer to the P¼O p� to break the phosphodiester C--O bond.

Furthermore, since continuous stretches of DNA do not have terminal phosphate

groups, direct capture of LEE by the phosphate group followed by the formation of

products from the phosphate should probably be considered as a minor process.

9.3.3. Self-Assembled Monolayers (SAM) of DNA

DNA damage has also been measured by LEE impact on SAM of the molecule. The

cross section for the decomposition of oligonucleotides with the sequences G6T3G6

and dT25 by�1-eVand 3-eVelectronswas reported bySolomun et al.90–92 The single-

stranded oligonucleotideswere immobilized on a gold surface in amicroarray format.

Before and after electron irradiation, the ssDNAwas hybridized with its complemen-

tary strand labeled with a fluorescent molecular probe. The decomposition of the

oligonucleotideswas correlatedwith the decrease of the fluorescence signal after LEE

bombardment. In the case of dT25, Solomun et al. estimated (assuming 1013 oligo-

nucleotides/cm2) avalue for the total damagecross sectionof about 1.5� 10�16 cm2or

6� 10�18 cm2 per nucleotide at 1 eV90 and 4� 10�16 cm2 or 1.6� 10�17 cm2 per

nucleotide at 3 eV.92 These values compare well with the cross section of

5� 10�17 cm2 (i.e., 4� 10�18 cm2per nucleotide) at electronenergyof12 eVobtained

byDugal et al.32 inmeasurements of neutral fragment desorption fromSAMof single-

stranded oligonucleotides made of 12 bases. The cross sections of Dugal et al. and

Solomun et al. can also be compared to the average value of about 10�18 cm2 per

nucleotide from the experiment of Panajotovic et al.69 on dsDNA. The smaller value

obtained with DNA in the double-helix configuration may imply that ssDNA is more

endangered during replication, transcription, or even translation stages than predicted

by the current radiation damage models.

In a different type of experiment, Cai et al.93measured the induction of SB induced

by electrons of 8–68 eV in SAMof oligonucleotides. From their results they extracted

effective cross sections and attenuation lengths (AL) for SB. A 50-base-long thiolated

oligonucleotide (OligoS), 50-(GCTA)12GC(CH2)3-SS-(CH2)3-OH-3
0, was labeled at

the 50-end with 32P and chemisorbed at 30-sulfur(S) end onto a gold substrate.
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The oriented OligoS layer,94, 95 having its 50-end lying at the film-vacuum interface,

was exposed to electrons with a constant incident current of 50� 2 nA for 3–10min.

Radioactivity measurements of an irradiated portion of the 50-oligonucleotide frag-
ments (50-OligoS-F) solution were first used to derive the total yield of LEE-induced
50-OligoS-F,while the restwas concentrated. Fragments fromconcentrated50-OligoS-F
were separated by electrophoresis andquantified byphosphor imaging.Molecularweight

ladders for identificationof the fragmentswere finally generated by randomdepurination.

The results obtained from such manipulations, within the linear portion of the exposure

response curve, showed that, after subtracting the background fromsamplemanipulation,

the percentage yield of LEE-induced 50-OligoS-F decreased exponentially with

increasing length. This dependence was observed for LEE energies of 8, 12, 18, 28,

38, 48, 58, and 68 eV. The results showed no significant base preference for SB,

suggesting that above 12 eV, the mechanism for inducing SB is fairly independent of

the nature of the bases or it operates on the sugar–phosphate backbone rather than the

DNA bases. This result is consistent with the results of Zheng et al.,78 discussed in the

previous subsection, from which no sequence-dependent electron transfer mechanism

could be inferred from yields of SSB recorded above 12 eV.

Considering that the effective current density for SB decreases exponentially as a

function of the electron penetration depth,96 Cai et al. derived the average effective

cross section per nucleotide for producing SB and electron AL in these films.93 The

derived AL and cross sections are listed in Table 9.3. The cross section per nucleotide

for SB from ssDNA at 12 eV has a magnitude of about 1.7� 10�17 cm2, which is

essentially the same as that reported by Solomun et al.92 at 1 eV for total damage,

which could include forms of damage other than SB. This agreement lends confidence

to the experiments of these two groups, particularly since according to the measure-

ments of Panajotovic et al.,69 the cross sections for SSB in DNA are similar at 3 and

10 eV.Thevalueof the cross sectionobtainedbyCai et al. (1.7� 10�18 cm2) forSSB in

ssDNA induced by 12-eVelectrons is nevertheless larger than that obtained at about

TABLE 9.3. Attenuation Length and Effective Cross Section for Strand Breaks (SB)

in SAM of Oligonucleotides Chemisorbed on Gold as a Function of Electron Energy

Incident Electron

Energy (eV)

Attenuation

Length (nm)a
Effective Cross Section

for SB (�10�17 cm2)b

8 2.5� 0.6 0.3� 0.1

12 1.9� 0.3 1.7� 0.5

18 1.6� 0.3 2.8� 0.9

28 1.5� 0.3 2.0� 0.7

38 1.2� 0.2 2.6� 0.8

48 1.0� 0.2 3.2� 1.1

58 1.0� 0.2 4.4� 1.4

68 0.8� 0.1 5.1� 1.6

aThe errors represent the sum of the uncertainty range of the fitting parameter b and 10% absolute error in

gel quantification.
bThe errors represent the sum of the uncertainty range of the fitting parameter a and 25% absolute error in

the measurements.
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the same energy (�10�18 cm2 per nucleotide) by Panajotovic et al.69 in the case of

multilayers of physisorbed dsDNA.

When renormalized to the more accurate cross section at 10 eV obtained by

Panajotovic et al.,69 the experimental cross sections for LEE-induced damage to

DNA recorded byBouda€ıffa et al.30 give the following values:At 10, 30, and 50 eV, the
cross sections per nucleotide in a five-layer-thick film of plasmid DNA become

1.7� 10�18, 1.9� 10�18, and 2.1� 10�18 cm2, respectively; that is, they are at least

one order ofmagnitude lower than those derived byCai et al.93 at 8, 28, and 48 eV. The

difference lies outside the error limits of both experiments and could here also indicate

that ssDNA is more fragile toward LEE impact than dsDNA. Nevertheless, other

reasons can be invoked to explain these differences. Since the results of Panajotovic

et al. and Bouda€ıffa et al. were obtained with 5-ML film of DNA, they constitute an

effective cross section, but not an absolute cross section per nucleotide. Such an

effective cross section contains non-negligible contributions from energy-loss elec-

trons. Furthermore, variation of film thickness and clustering as well as the lower

purity in the plasmid experiment should lower the absolute cross sections. The

different topology of an oligonucleotide versus a supercoiled plasmid of DNA

may also contribute to the differences.

9.4. ELECTRON-STIMULATED DESORPTION (ESD) OF ANION

RADICALS FROM DNA FILMS

9.4.1. Plasmid and Linear DNA

Further comprehension of the mechanisms leading to LEE-induced DNA damage

came from the experiments of Pan et al.,97 who directly measured ESD of anions

from plasmid and 40-base-pair synthetic dsDNA within the 3- to 20-eV range.

Resonant structures were observed with maxima at 9.4� 0.3, 9.2� 0.3, and

9.2� 0.3 eV, in the yield functions of H�, O�, and OH�, respectively. The yield

functions for H� desorption, from synthetic and plasmid double-stranded DNA, are

shown in Figures 9.13A and 9.13B, respectively. The yield functions for O� and

OH� desorption exhibit a similar behavior. The prominent 9-eV feature observed in

all anion yield functions is a typical signature of the DEA process. The maxima in

the H�, O�, and OH� yield functions from DNA can be correlated with the

maximum seen between 8 and 10 eV in the SSB yield and the one occurring at

10 eV in the DSB yield induced by LEE impact on films of supercoiled DNA in

Figure 9.5.35, 36 Curves C, D, and E in Figure 9.13 represent the yield functions for

the desorption of H� from films of thymine,98 amorphous ice,99 and a-tetrahy-
drofuryl alcohol.100 The results obtained for the three other bases are similar to that

shown for thymine.98 Those obtained from THF and other DNA backbone sugar-like

analogues100 are essentially the same as the curve E in Figure 9.13. The H� peak

from amorphous water in D is too weak to be associated with DEA to the structural

water of DNA. It is also found near 7 eV, an energy too low to be associated with the

H� peak from DNA, unless the strong hydrogen bonding in DNA28 shifts the H2O
�
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resonance to a considerably higher energy. In contrast, comparison of curve C with

curves A and B in Figure 9.13 indicates that the bases are an important source of

desorbed H� with an intensity about three times larger than the one arising from the

sugar ring (curve E). A similar conclusion can be reached from comparison with gas-

phase H�/D� abstraction from the carbon positions in thymine.101 Hence, compari-

son of line shapes and magnitude of the yield functions in both phases suggests that

LEE-induced H� desorption from DNA below 15 eVoccurs mainly via DEA to the

bases with a possible contribution from the deoxyribose ring. Considering the results

of Zheng et al.76, 78 discussed in Section 9.3, we can conclude that when a transient

anion forms on a base, it can decay either by DEA, leading to H� production and

base release or by electron transfer to the backbone.

Similar comparisons between the anion yield functions from basic DNA consti-

tuents and those of O� andOH� fromDNA films97 indicate that O� production arises
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from temporary electron localization on the phosphate group. The yield function for

OH� desorption resembles that of O�, but has a lower intensity. As explained in the
next section, detailed analysis of SAM of DNA indicates that the OH� signal arises

also from the phosphate group when the counterion is a proton.

9.4.2. SAM of DNA

ESD of anions from SAM of DNA was investigated by Pan and Sanche.38 Their

measurements, which were performed with thiolated DNA chemisorbed on gold,

allowed both the mechanism and site of OH� production to be determined. The

following four different samples were prepared with 40-mer oligonucleotides 50-
GGT ACC AGG CCT ACT ACG ATT TAC GAG TAT AGC GAG CTC G-30 with
and without its complementary strand. A sulfur atom (1S) was substituted at one end

of a backbone in the single (ss)- and double (ds)-stranded configurations (1S-ssDNA

and 1S-dsDNA). In other samples, five sulfur atoms (5S) were substituted in the

backbone in the ss and ds configurations (5S-ssDNA or 5S-dsDNA). Since the

orientation of the DNA molecule with respect to the surface of the substrate depends

on the anchoring position, when ssDNA or dsDNA is linked to the substrate at one

end (30 or 50), the samples have a tendency to stand perpendicular to the gold

surface.102 On the other hand, when the 5S-ssDNA or 5S-dsDNA is anchored on the

surface at five different positions along the chain, it lies parallel to the surface.49

According to the molecular structure, the SAM of ssDNA have a terminal sugar with

OH at the 30 position, whereas in the case of dsDNA, one chain is terminated with

OH’s at the 30 and 50 positions of the sugar and the other has only one terminal sugar

with OH at the 30 position.
The yield functions of OH� for the four different DNA SAM configurations are

shown in curves A to D of Figure 9.14. They all have a threshold at about 2.0 eV, the

lowest energy among all anions (i.e., H�, O�, OH�, CH2
�, CH3

�, CN�, OCN�,
OCNH�) detected in this type of experiment.103 The 1S SAM yield functions (curves

A and B of Figure 9.14) consist essentially of a broad maximum located around 7 eV,

whereas for the 5S SAM (curves C and D), superposition of peaks lying at 5.5 and

6.7 eVis observed followedby averybroad tail extending from8 to 14 eV. Inprinciple,

OH� could arise from temporary electron localization on a subunit of DNAor onH2O

molecules retained byDNA.However, purposely condensingD2Omolecules on these

SAM considerably diminished the OD� signal as seen from curve E in Figure 9.14,

indicating that the OD� electron-stimulated yield from additional D2O is negligible.

The OH� signal could also arise from DEA to a molecule synthesized by the electron

beam during the bombardment. In this case, however, the OH� signal would increase

as a function of time contrary to observation (see inset of Figure 9.14). Reactive

scattering21, 22 could also occur from a reaction between theO�, produced via DEA to

the phosphate group, and the adjacent deoxyribose unit. In this case, the OH� yield

function would bear a resemblance to that for O� production fromwhich it is derived.

In contrast, the O� yield functions represented by curve F in Figure 9.14 are different

from those shown in curves A to D. Since OH is present in DNA only at the terminal

sugar and phosphate groups of the backbone, these comparisons leave the possibility
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of dissociation of a local transient anion at these two positions—that is, DEAvia the

reactions

O

OH

O
–

OH
OH– O

  +  +e–

at the 30 end,

OHOHO O
HO –

–
– O  +  +e

at the 50 end, and

OH–
–

–
P OH P OH P  +  +e

within the backbone.

Considering that the ESD technique is essentially sensitive to constituents near the

vacuum–DNA interface, the first reaction would be favored for DNA standing

FIGURE 9.14. Dependence of the OH� yields on incident electron energy for a SAM of

(A) 1S-ssDNA, (B) 1S-dsDNA, (C) 5S-ssDNA; and (D) 5S-dsDNA. E represents the yield of

desorbed OD� from a six-monolayer water film on Pt, and F represents the desorbed O� yield

from a 5S-ds DNA film. The inset shows the time dependence of the OH� signal from a 1S-

ssDNA film recorded at an incident electron energy of 7 eV.

ELECTRON-STIMULATED DESORPTION (ESD) OF ANION RADICALS 267



perpendicular to the gold surface, whereas the last reaction would be prominent for

DNA lying parallel to the surface. The results of Figure 9.14 clearly show that the

molecules parallel to the surface give the strongest signal. Thus, the last reaction is

favored, indicating that below 19 eV, electron impact on DNA with OH in the

phosphate unit (i.e., the phosphate with Hþ as a counterion) produces most of the

OH� via DEA to this unit in the backbone. The phosphate-counterion part of DNA

therefore plays a significant role in LEE induced DNA damage.

9.4.3. The Oligonucleotide GCAT and Its Abasic Forms

ESDof anions from thin films ofGCATand its four abasic forms has been investigated

by Ptasińska and Sanche.104, 105 For all forms, the H�, O�, and OH� yield functions

between 6- and 12-eV impact energies exhibited resonant peaks indicative of DEA to

the molecules. Above 14 eV, nonresonant DD dominated the ESD yields. The yield

functions for OH� from GCAT104 and its abasic forms105 are shown in Figure 9.15.

Similar curves were obtained for H� and O� yields.105 The differences in relative

magnitude betweenGCATand its abasic forms are illustrated inTable 9.4.The energy-

integrated intensities between 3 and 15 eV are shown in this table, along with the

relative yield of H�, O�, and OH� from each abasic tetramer considering the yield

from GCAT to be 100%.

In their studies, Ptasińska and Sanche104 compared the anion yield functions

obtained from GCAT to those recorded for corresponding anions from isolated

subunits of DNA—that is, the nucleobases and sugar in the gas phase and the

phosphate group in the condensed phase.106–117 The DEA processes found in the

gas phase were still present within GCAT, but DEA from some transient anions were

suppressed, particularly at low energies, because of the existence of chemical and/or

hydrogen bonds within DNA or insufficient kinetic energy of the dissociating stable

anions to desorb from the film. Additionally, the surrounding medium was found to
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FIGURE 9.15. LEE-stimulated desorption yield of OH� from the GCAT tetramer and its

abasic forms.
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favor specific dissociation processes (e.g., the formation of OH�) that had not been

observed in gas-phase studies. An example of comparison with gas-phase data from

isolated bases is shown in Figure 9.16. This figure shows the CNO� yield obtained

from summing the signal from all bases in the gas phase 106, 107 along with that

observed forGCAT films. TheCNO� anionwas observed only for pyrimidines, C and

T.107The lower-energypeaks seen in thegas-phase experiments are not observed in the

case of the tetramer. Thus, it appears that CNO� formations are inhibited by sugar

bonding at the N1 position in DNA; however, the low kinetic energies of the CNO�

fragments could also prevent desorption from the surface.

In contrast to the yield of SB and base release, the magnitude of anion desorption

does not depend verymuch on the presence of an abasic site in GCAT,105 as seen from

Table 9.4. From a purely classical point of view, if the anion signals arose exclusively

from initial electron attachment on a base and if each basewere given an equal weight

for producing these anion yields, we should observe the anion signals from the abasic

tetramers to be 75% of that from GCAT. For H� the signal averaged for all abasic

tetramers is higher (88%) than this value, whereas for O� it averages close to 75%; for

OH� the averaged signal is 81% of that fromGCAT. These results clearly indicate the

absence of quantum interference or coherent effects in the interaction of the incident

electron with DNA leading to DEA (i.e., the OH� and O� yields are merely

proportional to the number of bases). The yield is on average remarkably higher

than 75% for H�. The additional contribution possibly arises from the sugar group,

which is not expected to be considerably affected by the creation of an abasic site. In

fact, in the results of experiments with 40-base pair and plasmid DNA, shown in

Figure 9.13, the H� signal is observed to arise from both the bases and the sugar

TABLE 9.4. Measured H�, O�, and OH� LEE-Induced Desorption Signals

(in Arbitrary Units) from Thin Films of the Tetramer GCAT and Its Abasic formsa

Form Area (a.u) (Percentage)

H� GCAT 702223.0 100

XCAT 586589.6 83.5

GXAT 591955.6 84.3

GCXT 694797.8 99.0

GCAX 621214.1 88.5

O� GCAT 752.2 100

XCAT 545.9 72.6

GXAT 581.0 77.2

GCXT 667.4 88.7

GCAX 519.4 69.1

OH� GCAT 716.4 100

XCAT 643.8 89.9

GXAT 613.1 85.6

GCXT 589.2 82.3

GCAX 466.9 65.2

aThe percentage of the signal for each anion is given in the last column taking the yield from GCAT to

be 100%.
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group.97 The results of Figures 9.13 to 9.15 demonstrate that both the O� and OH�

signals arise fromDEA to the phosphategroup. If suchDEAprocesses arose only from

direct attachment to the phosphate group, no significant decreasewould beobserved in

the O� and OH� signals from the abasic tetramers in Table 9.4, unless the resonance

parameters on the corresponding phosphate transient anion are severely affected by

base removal. Thus, electron transfermay also be involved inOH� andO� desorption.

9.5. ESD OF NEUTRAL RADICALS FROM SHORT DNA STRANDS

Dugal et al.32, 33 and Abdoul-Carime et al.34, 49 measured the yields of neutral

fragments induced by 1- to 30-eV electrons impinging on SAM of oligonucleotides

made of 6–12 bases. The oligomers were chemisorbed lying flat on a gold surface via

the sulfur-bonding technique described in Section 9.2.1. Their results showed that

LEE-impact dissociation of DNA led mostly to the desorption of CN., OCN., and/or

H2NCNneutral species from the bases. No sugarmoietieswere detected, norwere any

phosphorus-containing fragments or entire bases detected. These results were ob-

tained from the MS measurements, explained in Section 9.2.3, of the partial pressure

near the target during its bombardment in UHV by a 10�8-A electron beam. In

Figure 9.17, the black square and the white dots represent the electron-energy

dependence of neutral CN. and OCN. (and/or H2NCN) yields, respectively. The

fragments desorbed per incident electron from oligomers49 that consist of nine

cytosine bases are shown in the upper panel; those desorbed fromoligomers consisting

of six cytosine and three thymine bases,C6T3, are shown in the lower panel. The curves
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FIGURE9.16. CNO� ion yield function from a film of GCATand the summation of ion yields

for corresponding anions observed from nucleobases in the gas phase (GþCþAþT).
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in Figure 9.17 present broad maxima superimposed on a smoothly rising signal.

According to the explanation in the introduction, the continuously rising signal is due

to direct electronic excitation (reactions 2 and5 inFigure 9.1). The broad peak is due to

resonant excitation to dissociative electronic neutral states (reactions 8, 11, 12) and

DEA(reactions 8 and 10).32, 34, 49At such relativelyhigh energies (i.e., from7 to 15 eV

for all oligomers), the broad maxima likely reflect the formation of core-excited

resonances that are dissociative in the Franck–Condon region. This interpretation is

supported by (1) the electron-energy losses in solid-phaseDNAbases80, 118 in the 7- to

15-eV range,which are attributed to the promotion ofp- ors-orbitals to higher-energy
ones, and (2) the observation of resonant formation of H� and CN� at, respectively,

9–10 and 16 eVand 10–15 eV in the ESD yields from thin films of DNA bases.98, 119

Moreover, the 5-eV threshold of neutral species production coincides with the

threshold for electronic excitation. In summary, the results of Figure 9.17 indicate

that transient anions formed on the DNA bases not only decay by DEA and electron

transfer, but also can do so by electron emission outside DNA or transfer inside DNA

while leaving thebase in adissociativeelectronically excited state, as inferred from the

results of Zheng et al.78 In such a process a single electron could cause base damage

and a strand break by transfer to the phosphate group. Interestingly, in dsDNA, if

interstrand electron transfer occurs or if the extra negative charge is canceled by

interstrand proton transfer, the extra electron on the strand adjacent to the damaged

base could trigger DEA on the phosphate group. In this case, the two strands could be

damaged with an electron of 10 eV or even lower energy.

From the various results of Abdoul-Carime et al.,32–34, 49, 120, 121 it has been

possible to determine effective cross sections or absolute desorption yields

per base for base damage induced by LEE impact on homo-oligonucleotides
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(and/or H2NCN) (open circle) fragment desorption yields per incident electron fromC9 (upper

panel) and C6-(T)3 (bottom panel) oligonucleotides chemisorbed on a gold substrate. The

spread in the data is estimated to be 20%.

ESD OF NEUTRAL RADICALS FROM SHORT DNA STRANDS 271



(i.e., oligonucleotides that consist of only one type of base).34, 49 As the strand length

increased in homo-oligonucleotides from six to nine bases, a decrease in the yield per

base was observed; that decrease was attributed to the greater probability of

dissociation at the terminal bases.49, 120 Above nine units, no change larger than

5% of the signal was found. This percentage lies below experimental uncertainties so

that the probability of fragmentation of a given base in an oligo can be considered to

be constant in strands that contain �9 bases. Thus, in a nonamer or longer

oligonucleotide, such measurements provided an absolute determination of the

sensitivity of a base to LEE impact. With these absolute yields, it became possible

to calculate the expected yields for a specific hetero-oligonucleotide by simply

adding the yield for each base contained in the strand. Such projected yields, for�9-

mer oligonucleotides, necessarily assume that the damage is solely dependent on the

chemical identity of the base and does not depend on the environment of the base or

sequence. Experimentally, different results were obtained below 15 eV by Abdoul-

Carime et al., indicating that the environment of the bases or their sequences play a

role in DNA damage induced by LEE.120, 121

The production of neutral radicals was also measured by Tanabe et al.40 from

gaseous negatively charged oligonucleotides consisting of 2–14 bases. The damage

was created by impact of 1- to 100-eV electrons on the oligonucleotides in merging

beams within an electrostatic storage ring. The nature of the radicals was not

identified, but the rate of neutral particles emitted in the collisions was measured

as a function of one to four negative charges and number of bases in the oligonucleo-

tide. The rate started to increase from definite threshold energies. These energies

increased regularlywith ion charges in steps of about 10 eV starting at about 10 eV for

a single electron charge. Theywere almost independent of the length and sequence of

DNA. The neutral radicals came from breaks of DNA, rather than from electron

detachment.40 The 10-eV step of the increasing threshold energy approximately

agreedwith the plasmon excitation energy.122 From these experiments, Tanabe et al.40

deduced that plasmon excitation is closely related to the reaction mechanism.

In a similar type of experiment, Tanabe et al.123 investigated collisions between

electrons of 1–15 eVand the deoxyoligonucleotide cations d (AA), d (GG), d (CC),

d (TT), d (GA), d (AC), d (AT), d (GT), deoxyadenosine, and deoxyguanosine.

They measured the yields of neutral-particle production vs electron energy. The

results were compared with those obtained from longer homooligonucleotide

cations containing up to four DNA bases. With compounds containing A and G,

a strong resonance was observed around 4 eV in the neutral yield functions. In this

case, the intermediate state is not a transient anion because the initial target is a

ground-state cation. The resonance reaction they observed can be generally written

as eþMþ ! M� ! [M-f]þ f, where Mþ is the target cation, M� is a transient

doubly electronically excited state, and f denotes the unidentified fragment they

detect along with the [M-f] residue. In their experiment, this resonance occurs when

base stacking is present in the oligonucleotide. The more thymines there are present

in the oligonucleotides, the more hampered the resonance, since the presence of

thymines aborts base stacking in the systems they studied. The resonant electron

excitations appear to be strongly coupled with conformational transitions.

272 LOW-ENERGY ELECTRON INTERACTION WITH DNA



9.6. FUTURE TRENDS AND MEDICAL APPLICATIONS

9.6.1. Cellular DNA

At the experimental level, our knowledge of LEE–DNA interactions is derived from a

multitude of experimentswith different target complexity, ranging fromgaseousDNA

subunits, or their analogues, to plasmid DNA. LEE damage to gaseous DNA subunits

has been previously reviewed,26 and LEE-induced damage to the range of short DNA

strands toplasmidDNAis reviewed in this chapter. Such a range in target complexity is

necessary to systematically understand how known fundamental principles of the

interaction of LEE with simple molecules apply to more complex ones up to plasmid

DNAcontainingover 6000nucleotides. In fact, this approachmustbe extended to even

more complex systems, if we are to understand fully LEE interactions with DNA in

living cells.

Although the experiments with dry films of pure DNA and its basic constituents in

vacuumare essential to unveil basicmechanisms of damage, they do not correspond to

cellular conditions. It is now well established that the processes induced by LEE

impact on amolecule are highly dependent on its environment. It is therefore crucial if

we are to apply our knowledge ofLEE–biomolecule interactions to practical problems

in radiation protection and therapy to showhow the fundamentalmechanisms, derived

from gaseous and thin film studies, are affected and modified within the environment

of the cell. We therefore expect that, as the field evolves, the complexity of targets

investigated under LEE bombardment will further increase, up to a point, where the

actionofLEE incells canbededucedwith appreciable certainty.Theobviousnext step

toward a systematic comprehension of cellular damage appears to be the investigation

ofDNA in the presence of specific cell constituents, which lie close to or are bonded to

DNA (i.e., water and histone and DNA-binding proteins). Research in this direction

has recently been initiated by Ptasińska and Sanche124 and Solomon and Skalicky.92

The former authors measured the yields of the anions H�, O�, and OH� desorbed

by 3- to 20-eV electrons from GCAT films under hydrated conditions.124 They

deposited 3ml of water on GCAT films—an amount corresponding, on average, to

5.25 H2Omolecules per nucleotide at the surface of the oligomer film.125 Assuming a

uniform water distribution, such two-component films represent DNA with the

addition of 60% of the first hydration shell. Below 15 eV, the anions were found to

emanate principally from a new type of dissociative core-excited transient anions

formed via electron capture by a DNA–H2O complex. The formation of transient

anions from GCAT–H2O complexes was most obvious in the O� and OH� yield

functions.

As an example, in Figure 9.18, the yield function for O� desorbed from

pure GCAT is compared to that from isotopically labeled D2O/GCAT mixture films.

The 9-eV resonance in GCAT (bottom curve) is replaced by a new one peaking near

11–12 eV (circles) and having a reduced width (i.e., 3.3-eV FWHM) compared to the

4-eVFWHMpeak in the yield function forO� desorption fromGCAT.The possibility

that O� desorbs from weakly bonded water molecules can be excluded owing to the

fact that (1) all yield functions (H�, O�,OH�) for theH2O/GCATfilmdonot resemble
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those observed from pure films of H2O and D2O;
99, 126 (2) the signals from mixture

films decreasewith exposure to the electron beam as opposed to that of pure water ice

films99; and (3) themagnitudes of theO� andOH� yields99 aremuch larger in the case

of H2O/GCAT mixture films.

As seen from Figure 9.18, when 18O� is measured from coverage of GCATwith

H2
18O, the 11- to 12-eV resonance completely disappears. Similar results were

obtained with the OH� signal: The 18OH� yield function did not exhibit a resonance

peak for GCAT covered with H2
18O. These results indicate that O� and OH� at

11–12 eVemanate from the complex—in the case ofOH�, with a hydrogen atom from

the added water and, for desorption of both anions, an oxygen atom fromGCAT. This

conclusion is not surprising, since it is already known from the results of Figures 9.14

and 9.15 that LEE impact on dry desalted DNA results in OH� desorption from the

protonated phosphate group.26, 38As expected from the experiment of Falk et al.127, 128

on the binding energy of water to DNA, the binding site of H2O is located at the

negatively charged oxygen of the phosphate group. Such a complex permits the

formationof a transient anion locatedon the phosphategrouphaving the nomenclature

O2P–O
�Hþ( (18OH) for H2

18O deposition on GCAT. The transient anion dissociates
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FIGURE 9.18. The O� ion yield as a function of incident electron energy obtained from pure

GCAT (lower curve), D2O/GCAT, and H2
18O=GCAT films. The baseline of the curves for

anions desorbed from mixed films has been shifted vertically for clarity.
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via the rupture of the P--O� bond.124 O� desorbs leaving behind H18OH. When

hydrogen is retained by O�, OH� desorbs.

The investigations of Ptasińska and Sanche124 further indicated that H� desorbs

upon LEE impact by dissociation of a transient anion of the complex, thus causing

bond cleavage on the H2O portion at this site. Hence, both H2O and the tetramer are

perturbed by their mutual binding interaction and consequently the stable anions

resulting from temporary electron attachment. The signature of the perturbation

imposed on the tetramer portion is seen in the O� and OH� yield functions, whereas

that imposed on the H2O molecule appears in the H� signal. Interestingly, in these

experiments DNAwas not shielded by the water overlayers; on the contrary, the DEA

yields increased by a factor of 1.6 on average.

The effect of protein binding to DNA on total damage induced by 3-eVelectrons

was recently investigated by Solomon and Skalicky.92 Using the SAM technique,

HPLC purified thiolated oligonucleotides with the structure 50-SH-(CH2)6-(dT)25-3
0

were deposited onto gold-coated glass chips resulting in immobilized ssDNA mono-

layers about 4 nm thick. A fluorescent dye-marked complementary strand, Cy5-dA25,

was used as a probe to monitor DNA damage. If hybridization occurred, (dT)25 was

considered to be intact, so thatmonitoring the fluorescence intensity from the probe on

the chip after LEEbombardment allowed these authors tomeasure theyield of damage

versus fluence as explained in Section 9.3.3. Such exposure curves were obtained for

the oligonucleotide with and without binding of the single-strand binding E. coli

protein. The cross sections for total damage were found to be 1.6� 10�17 cm2/

nucleotide and 3.8� 10�18 cm2/nucleotide in the case of pure DNA and the

protein–DNA complex, respectively. Since the two molecules in the complex

are tightly wrapped around each other, this fourfold decrease in damage may simply

be due to the physical shielding of the oligonucleotide by the protein against LEE

impact. However, it is also possible that a portion of this protective effect arises from

the bonding interaction between the twomolecules. Since at 3 eV the onlymechanism

that leads to bond breaking in DNA is DEA, such a binding interaction could decrease

LEE-induced damage via a reduction of the lifetime and capture cross section of the

transient anion involved in the process.

Another way to get closer to cellular conditions may be to develop techniques to

investigate LEE-induced DNA damage under atmospheric conditions corresponding

to different levels of hydration. Such conditions are quite different from those ofUHV,

where DNA retains only structural H2O (i.e., two water molecules per nucleotide)

within its structure and thus adopts the compressedA-form.CellularDNA ismainly in

the B-form and contains about 20 bound water molecules per nucleotide in the first

(G< 9; G is defined as the number of water molecules per nucleotide) and second

(9<G< 20) layers of hydration.29, 125 The first layer consists of contiguous surface

water, while the second layer represents amorphous water.

Cai et al.129 have already developed a technique to investigate DNA damage

resulting from SE emission from a metal surface exposed to soft X rays in ambient

atmosphere. Thick and thin films of pGEM�-3Zf(�) plasmid DNA deposited on a

tantalum foil were exposed to soft X rays of effective energy of 14.8 keV for various

times in air under controlled relative humidities (G	 6 and 21). In the thick film,DNA
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damage was induced chiefly by X-ray photons whereas in the thin film, essentially

only X-ray-induced SE emitted from the tantalum produced the damage to DNA. The

SEemission from themetalwas found to enhance theyields forSSB,DSB, andCLbya

factor of 3.8� 0.5, 2.9� 0.7, and 7� 3 at G	 6 and 6.0� 0.8, 7� 1, and 3.9� 0.9 at

G	 21, respectively.Unfortunately,with 14.8-keVmean energy photons incident on a

metal, the SE emitted have wide energy distribution that contains both high and LEE.

Lower X-ray energy sources (E< 1.5 keV), which emit essentially LEE, are presently

being developed for operation in ambient or controlled atmospheres.130 Irradiation of

thin DNA films with SE emitted from such a source should make possible the

investigation of LEE interactions under atmospheric conditions.

Another promising approach to investigate LEE-induced damage to DNA, in

environments closer to those of the cell, resides in the use of an STM tip as an electron

source.45, 57 With STM, the electron energy is not well-defined as in the case of SE

from a metal bombarded with X rays, but the upper limit of electron energy can be

varied by changing the bias voltage on the tip. STM images of LEE damage toDNA in

air have already been reported.45, 57 Further investigations are now needed to solve

problems related to identification and quantification of the damage.

Finally, it should bementioned that there seems to be nomajor technical problem in

performing experiments with cells under high-vacuum conditions to investigate the

basic mechanisms of LEE-induced damage, as recently shown by Ptasińska and

Sanche.131These authorsmeasured the electron energydependenceof ionyields of the

anions H�, CH3
�/NH�, O�/NH2

�, and OH� from whole dried samples of human

blood and red blood cell under high vacuum. The yield functions exhibited resonant

structures that could be attributed to DEA.

9.6.2. Application to Diagnostic Procedures

Themajor impetus to investigate the processes inducedbyLEEwithinDNAhas arisen

from their potential role in radiosensitivity. Since LEE possess a large portion of the

energy deposited by high-energy radiation, any modification of their energy deposits

at crucial cellular sites is expected to have a strong radioprotective or radiosensitizing

action. Thus, parameters that affect LEE-induced DNA damage are expected to be

highly relevant to radiotherapy and radioprotection, including estimates of cellular

damage induced in medical diagnostic procedures using high-energy radiation.

For example, studies with X ray of the type129 suggested in Section 9.6.1 may

provide a molecular basis for understanding the enhanced biological effects at

interfaces in the presence of high-molecular-weight (i.e., high-Z) materials, such

as metal prosthesis, during diagnostic X-ray procedures. At the interface between the

metal and tissue, the dose may become quite high due to SE of low energy, which

interact mostly near the interface. Taking only the dose imparted by the slow SE

emitted from a tantalum substrate, LEE enhancement factors (LEEEF) for monolayer

DNA deposited on tantalum can be estimated from the data of Cai et al.27 Here the

LEEEF is defined as the ratio of the yield of products in monolayer DNA induced by

the LEE (slow SE, E
 10 eV) emitted from the metal substrate versus the yield

of products induced by the photons. The LEEEF for 1.5-keV photons was derived by
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Cai et al.27 tobeat least 0.2 for bothSSBandDSBfromX-ray-generatedphotoelectron

experiments with plasmid DNA deposited on tantalum. This value is low but, as the

energy ofX rays increases, the attenuation in single-layeredDNAdecreases, such that

the contribution of SE from the metal to the yield of products becomes concomitantly

larger. Extrapolation of the LEEEF at higher X-ray energies wasmade by considering

the X-ray absorption coefficient, the total quantum yield of LEE on photon energy,132

and the spectrum for LEE obtained versus photon energy.133 The extrapolated LEEEF

for X rays from 1.5 keV to 150 keV (i.e., to energies of medical diagnostic X rays)

indicates that SE emitted from tantalum with an average energy of �5 eVare 20–30

times more efficient in damaging DNA than are X-ray photons of 40–130 keV. This

result indicates that LEEmay be involved in the loosening of metal implants from the

bio-organic linker of patients undergoing X-ray diagnostic procedures.

9.6.3. Application to Radiotherapy: Bromouracil (BrU)

Fifty years ago, Zemenhof, DeGiovanni, and Greer134 observed that bacterial cells

containing DNA in which thymidine has been replaced by BrdU become more

sensitive to ionizing radiation. This report led to an important application: the

treatment of tumors by combining incorporation of halogenated pyrimidines into

DNAwith exposure to ionizing radiation. Since then, much work has been devoted to

understanding the detailed mechanisms by which such radiosensitizers operate. One

of the proposed mechanisms involves the role of hydrated electrons, which are

generated in aqueous irradiated biological systems. It was suggested that these

hydrated electrons first reduce the halouracil molecules to form (halouracil)�,
followed by dissociation of this anionic species into the corresponding stable halogen

anion and the reactive uracil-5-yl radical.135, 136 These reactive radicals then enhance

DNA damage and strand breaks.137, 138 Thus, the substitution of the CH3 group in

thymine byahalogen atommay substantially enhance radiationdamage toDNAvia its

reaction with thermalized electrons.

Following early investigationswith solvated electrons, a relatively large number of

experiments have been performed both in the gas139–145 and condensed phases146–148

to study the interaction of LEE with halogenated pyrimidines. Similar experiments

were also performed with SAM of BrdU-containing oligonucleotides.33, 34, 49

Measurements have included not only mass spectrometric detection of the yields

of ionandneutral species inducedbyLEE impact, but also recordings of electronic and

vibrational HREEL spectra from gaseous bromouracil.140 All experiments with

bromouracil clearly indicated that the radiosensitivity of bromouracil is much

more complex than previously anticipated. Resonant electron mechanisms lead to

complex molecular decompositions over the entire electron energy range between 0

and 7 eV, and they induce formation of different anions and radical fragments

(compared to thymine) via different dissociation pathways. If formed within DNA,

some of these fragmentsmay react and thus lead to lethal clustered damage in addition

to that already occurring in unsensitized DNA.

Perhaps the most striking evidence of the huge enhancement of LEE damage

obtained from Br substitution lies in the early results of Klyachko et al.146 shown in
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Figure 9.19. This figure exhibits the X-ray photoelectron spectra of bromouracil films

of different preparations deposited on a MoS2 substrate. The bottom curve was

recorded from an unirradiated �100-A
�
film of bromouracil. The upper curve was

recorded after exposure to 2� 1016 electrons/cm2 of 3 eVand the others after exposure

to 6� 1016 photons/cm2. The peak at 72-eV binding energy corresponds to the

photoelectron distribution emitted from the Br(3d) level in bromouracil. The curve

labeled Dry/X-ray was obtained from the same film bombarded essentially by the SE

of low energies emitted from the MoS2 substrate. It exhibits an additional peak at

69.4 eV corresponding to the Br�(3d) level. The two other curves labeled Ice/X-ray

and Ice/X-ray/Des were obtained from�100-A
�
filmsmade of intercalated alternative

layers of water ice and bromouracil. In this case, the X-ray Br(3d) signal almost

completely disappears and is replacedby the signal from theBr�(3d) level. Toproduce
the Ice/X-ray/Des and Ice/e�/Des curves, the H2O molecules were evaporated from

the sample before XPS analysis. Klyachko et al.146 estimated from these results the

effective cross sections for Br� production. For the dry samples they obtained a value

of 9� 10�19 cm2, which increased to 2� 10�16 cm2 for LEE bombardment of wet

samples. From the latter value and the distribution of SE from the substrate, a lower

limit of 10�15 cm2 can be estimated from their data for Br� formation via DEA to
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FIGURE 9.19. The XPS spectra of Br(3d) in 5-BrU. The XPS spectra are presented from

bottom to top: Freshly deposited dry film, dry film irradiated with X rays, wet film irradiated

with X rays, wet film irradiated with X rays and measured after water desorption, and wet film

irradiated with LEE and measured after water desorption. Vertical lines mark the peaks of

halogen anions.
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bromouracil assuming that the distribution of SE from the substrate peaks at 1.4 eVas

in the experiment of Cai et al.27

Thus, the sensitization properties of halouracils are related not only to hydrated

electrons, but also to low-energy SE via DEA. However, according to theory,149the

high propensity of LEE to fragment bromouracil and deoxybromouridine (BrUdR) at

very low energy (<1 eV) may only exist in single-stranded DNA. This theoretical

prediction was confirmed for the case of solvated electrons by Cecchini et al.150

Single- and double-stranded oligonucleotides, as well as DNA containing mismatch

bubble regions, were irradiated with g rays in a solution where the different radicals
produced could be controlled by scavengers. Such a control allowed these researchers

to investigate the action of solvated electrons and determine the effects of BrUdR

substitution for thymidine in these DNA targets. BrUdR did not sensitize comple-

mentary double-stranded DNA, but it greatly sensitized single-stranded DNA.

However, when the BrUdR was present in a single-stranded bubble of a double-

stranded oligonucleotide, the non-base-paired nucleotides adjacent to the BrUdR as

well as several unpaired sites on the opposite unsubstituted strand were strongly

sensitized. Since LEE and solvated electrons fragment BrUdR by the same funda-

mental DEA mechanism,135, 147–149, 151 these results suggest that the strong radio-

sensitizing action of such electrons is likely limited to single-stranded regions, such as

those found in transcription bubbles, replication forks, DNA bulges, and the loop

region of telomeres.

These findings may have profound implications for the clinical use of BrUdR as a

radiosensitizer as well as for the development of targeted radiosensitizers.150, 152

When injected into a patient, BrUdR quickly replaces thymidine in the DNA of fast

growing cancer cells. If afterward the patient is administered ionizing radiation, the

damage resulting from thepresence ofBrUdR in the parental strand of tumoralDNAat

replication forks during irradiation should be distributed randomly in the genome in a

population of asynchronously replicating cells. However, administering another drug

to increase the S-phase cycle of the cancer cells (i.e., the replication cycle) should

increase the probability of exposure of bromouracil in its ssDNA form. Such a

modality, derived from a fundamental understanding of radiosensitivity, is therefore

expected to increase the efficiency of BrUdR as a radiosensitizer in cancer treatment.

9.6.4. Application to Radiotherapy: Gold Nanoparticles (GNP)

Recently, there has been considerable interest in the potential use of GNP as radio-

sensitizers in the treatment of cancer with ionizing radiation.153–155 For such treat-

ments, GNP have two interesting properties: They increase the absorption of radiation

energy and, for diameters near 2 nm, they accumulate preferentially in cancer

cells.156, 157 Hainfeld et al.158 demonstrated that EMT-6 mammary tumors implanted

in BALB/c mice, which received an intravenous injection of 1.35 g GNP/kg, could be

completely eradicated 30 days after irradiation with 250-kVp X rays, whereas in

the control animals, only injected with GNP, the tumor continued to grow at the same

rate as with no treatment. X-ray radiation alone only slowed down tumor. This

impressive result showed the ability of 110-keV average energy X rays to destroy
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tumor cells efficiently and preferentially in the presence of GNP. Although the

mechanisms leading to tumor regression in the study of Hainfeld et al.158 were not

identified, it was obvious that a larger portion of the energy of the primary ionizing

photons is transferred to the tumor due to the increased absorption of X rays by GNP.

Unfortunately, the amount of GNP (1.35 g/kg) administered to mice in the

experiments of Hainfeld et al.158 is much too large for application in radiotherapy.

Moreover, treatment with low-energy photons is not common; patients are usually

irradiated with 1- to 18-MeV photons from cobalt sources or electron accelerators.7

Thus, for GNP to have potential for general use in radiotherapy, the amount

administered to the tumor must be decreased considerably while maintaining as large

as possible the radiosensitizing effect. Furthermore, the radiobiological effectiveness

ofGNPneeds to be high for 1- to 18-MeV radiation. In practice, the first conditionmay

be met by targeting GNP to the nucleus, particularly the DNA of cancer cells. The

second condition depends on themechanisms responsible for the large decrease in the

tumor volume after X-ray irradiation observed in mice that were treated with GNP.158

For instance, sensitivity to radiation couldbe increasedby the bindingofGNP toDNA.

Alternatively, the presence of GNP could cause an increase in the production of short-

range secondary particles having penetration depths similar to the diameter of the

DNAmolecule. In both these scenarios, the attachment ofGNP toDNAcould increase

the local effect through enhanced DNA damage.

These questions prompted considerable effort to understand DNA damage in the

presence of GNP. Foley et al.159 investigated the indirect effect of radiation (i.e.,

essentially DNA damage induced by OH radicals). Supercoiled DNA in solution

bound to GNP in a GNP:DNA ratio of 100 : 1 was irradiated by 100 kVp X. The

maximumenhancement in damagewas about a factor of two for doses of 0.5 to 2Gy, in

good agreement with the dose calculations of Cho.160 TheX-ray source used by Foley

et al.159 emitted a continuum of photons in the range 10–100 keV.

Later, Carter et al.161 also investigated the indirect effect of radiation. A Monte

Carlomethodwas developed to investigate the generation and transport of electrons in

plasmid DNA dissolved in water. They chose to model the small gold nanoparticles

that were available experimentally (3-nm-gold nanoparticles) chemisorbed on DNA

[�500-nm-long and 1.5-nm-diameter supercoiled DNA (scDNA)]. In the simulation,

X rays from a 100-kVp tungsten source interacted directly with water and gold. They

also probed experimentally the nanoscale spatial profile of energy deposition created

by GNP in aqueous solution with the inclusion of radical scavengers in the solution to

reduce the diffusion distance of hydroxyl radicals, all the way down to a few

nanometers or less from DNA. The resolution afforded by the scavengers makes it

possible to characterize the profile of electron energy deposition of the GNP. The

average calculated enhancement of DNA damage due to GNP caused by hydroxyl

radicals was found to be �20%, which was much lower than that observed experi-

mentally (150%).

The direct effect of radiation (i.e., DNA damage by LEE and other secondary

products formed from the initial radiation interaction with DNA) was investigated by

Zheng et al.162Thin films of pGEM-3Zf(�) plasmidDNAwere bombardedby 60-keV

electrons with and without bonded GNP. DNA SSBs and DSBs were measured by
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agarose gel electrophoresis. The probabilities for formation of SSBs and DSBs from

exposure of 1 : 1 and 2 : 1 gold nanoparticle:plasmid mixtures to fast electrons

increased by a factor of about 2.5 compared to neat DNA samples. For monolayer

DNA adsorbed on a thick gold substrate, the damage increased by an order of

magnitude. The results suggested that the enhancement of radiosensitivity is due

to the production of additional low-energy secondary electrons caused by the

increased absorption of ionizing radiation energy by the metal, in the form of

GNP or a thick gold substrate. Since LEE are created in large numbers by any

kind of ionizing radiation, the authors concluded that the radiosensitizing properties

of GNP should be universal and should exist for any type of high-energy radiation,

including the 1- to 18-MeV photon beams commonly used in radiotherapy.

Furthermore, since on average only one GNP per DNA molecule was needed to

obtain the increase in damage, the results of Zheng et al.162 indicate that the targeting

of the DNA of cancer cells with GNP may offer a novel approach applicable to

radiotherapy treatments.

9.7. CONCLUSIONS

Considering the results reviewed in the present chapter and those from various

theoretical calculations, it now appears possible to provide a unified model of

relatively complex electron interaction with DNA in the 0- to 15-eV range, which

is consistentwith all observations and calculations.Apriori, the incoming electron can

scatter directly fromDNA or via the formation of transient anions. However, owing to

the wave nature of the electron and the topology and size of the DNA, electron

scattering from DNA is more complex below 15 eV. In this energy range, with the

exception of neutral radical formation, LEE-induced damage proceeds essentially via

resonance scattering preceded or not by electron diffraction. In its first encounter with

DNA, the incoming electron can interact simultaneously with a number of successive

DNA subunits. Depending on electron energy, topology of the DNA, and surrounding

medium, this interaction results in constructive or destructive interference of the

electron wavefunction. The effect of constructive interference is more pronounced at

very low energies (E0< 4 eV), where the electron wavelength compares to the inter-

unit distanceswithinDNA(3–4 nm).Asdiffraction takesplace, the additional electron

can localize on a subunit (SU) and form a local transient anion [SU]�, which can be a
shape, a core-excited, or a core-excited shape resonance. At energies well below the

first electronically excited states ofDNA, only shape resonance can be produced and it

is in this energy range that shape resonances possess a sufficiently long lifetime to

cause dissociation of molecular bonds via DEA. In fact, since electronic excitation is

not possible, the onlymechanismcapable of breaking bonds isDEA. At energies close

to and above that required to produce the first electronically excited state, core-

excited, and core-excited shape resonances can be formed. Both types of transient

anions are well localized on specific SU, since their motion within the molecule

requires a three-electron jump. On the other hand, shape resonances are considered to

be too short-lived at these higher energies to cause dissociation. Thus, above the
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electronic excitation threshold, core-excited resonances are usually considered to be

responsible for DEA

Core-excited resonances can decay into:

1. the elastic channel [e(E0)þ SU ! SU� ! SUþ e(E0)],

2. inelastic channels [e(E0)þ SU ! SU� ! SU� þ e(E)], and

3. DEA [e(E0)þ SU ! SU� ! (SU� F)þ F� or e(E0)þ SU ! SU� !
(SU� F)�þ F],

where F denotes a fragment]. In case 2 the additional electron of initial energy E0 and

final energy E leaves the SU in an excited state of energy E0�E. If SU� is an

electronically excited dissociative state, then bond scission can occur

[SU� ! (SU� F)þ F]. Thus, both DEA and electronically inelastic decay channels

can directly break bonds within DNA. Such bond scissions can lead to the production

of small reactive neutral and anion radicals and base release or simply be limited to

rupture of the backbone of DNA.

Owing to the possibility of nonthermal electron transfer, bond dissociation within

DNAcannot be explainedonly in termsof immediate resonance decayvia channels (2)

and (3). In other words, the SU that initially captures the electron is not necessarily the

one that dissociates due to the presence of an additional electron. According to

experimental and theoretical evidence, the incoming electron has a high probability of

being first captured by a base and thereafter following the pathways depicted in

Figure 9.20.As shown in this figure, the incoming electron first forms a transient anion

of a base at an energy E0. The transient anion can decay into the three previously

mentioned channels (1, 2, and 3 in Figure 9.20), but in cases 1 and 2 the electron can be

emitted into the continuum (e�c ) or transferred (e
�
t ) within DNA. The branching ratios

between these two possibilities depend on the matching of the departing electron

wavefunction to the electron states of the continuum and those within the DNA. As

mentioned previously, owing to internal diffraction, themagnitude of the square of the

[Base*]– (Eo)

[Base]* DEA
+

 Eo)e– (

+

(E<<Ee–
o)

e–
te–

ce–
c e–

t
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FIGURE 9.20. Decay channels of a transient anion formed on a DNA base.
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electron wavefunction can be much larger at very low energies. Thus, we expect the

“electron transfer channel” to be strongly favored below 4 eV; whereas at higher

energies (e.g., E0> 7 eV), autoionization into the continuum should considerably

increase. Thus electron transfer has a high probability to proceed via pathway 1 in

Figure 9.20 for E0< 4 eVor via pathway 2 as long as electrons reduce their energy

below 4 eV (i.e., E< 4 eV) by exciting electronically a base. According to the results

presented in this chapter, electron transfer occurs from the base to the phosphate

group of the backbone: A large portion of the H� yield is produced via DEA to DNA

(channel 3), whereas the O� and OH� yields can be produced via channel 1, followed

by electron transfer to the phosphate group which undergoes DEA. Below 4 eV, SSB

are produced via channel 1 followed by electron transfer to the phosphate group and

DEA, leading toC–Obond scission.At higher energies, channel 2 becomes accessible

to produce electrons of lower energies which can repeat the process just described for

E0< 4 eV.

The strong decrease in strand break and base release, previously observed at 6-eV

electron energy upon formation of an abasic site in ssDNA, can be explained from

decay into channel 2. Via this channel, highly coherent lower-energy electrons

whose wavefunctions are highly sensitive to the molecular arrangement of the

oligonucleotide are emitted within DNA. When electron coherence is reduced or

destroyed within DNA, owing to molecular rearrangement following creation of an

abasic site, electron emission in the continuum is considerably increased followed

by a corresponding large decrease in bond scission within DNA, as observed in the

experiments of Zheng et al.78 As a general rule, creating very LEEwithin DNAhas a

tendency to be followed by electron transfer to the backbone and cause rupture of the

C–O bond. Owing to the high sensitivity of the amplitude of the electron wavefunc-

tion to diffraction, below 4 eV the damage becomes highly sensitive to the topology

of DNA.
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ABBREVIATIONS

A Adenine

AFM Atomic force microscope

AL Attenuation lengths

BrU Bromouracil

BUdR Deoxybromouridine
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C Cytosine

CL Cross-links

d Deoxyribose

DD Dipolar dissociation

DEA Dissociative electron attachment

DNA Deoxyribonucleic acid

ds Double strand

DSB Double-strand break(s)

ESD Electron-stimulated desorption

eV Electron volts

FWHM Full width at half-maximum

G Guanine

GNP Gold nanoparticles

HPLC High-performance liquid chromatography

HREEL High-resolution electron energy loss

keV Kilo-electron volts

LEE Low-energy electron(s) (0–30 eV)

LEEEF Low-energy electron enhancement factor

MFP Mean free path(s)

ML Monolayer(s)

MS Mass spectrometer

p Phosphate

SAM Self-assembled monolayer(s)

SB Strand breaks

SE Secondary electron(s)

ss Single strand

SSB Single-strand break(s)

STM Scanning tunneling microscope

SU Subunit

T Thymine

THF Tetrahydrofuran

UHV Ultra-high vacuum

UV Ultraviolet
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105. Ptasińska, S.; Sanche, L. Dissociative electron attachment to abasic DNA. Phys. Chem.

Chem. Phys. 2007, 9, 1730–1735.

106. Abdoul-Carime, H.; Langer, J.; Huels, M. A.; Illenberger, E. Decomposition of purine

nucleobases by very low energy electrons. Eur. Phys. J. D 2005, 35, 399–404.

107. Denifl, S.; Ptasińska, S.; Probst, M.; Hruš�ak, J.; Scheier, P.; M€ark, T. D. Electron
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10.1. INTRODUCTION

The radiosensitivity of cells and tissues can be modulated by a wide variety of

chemicals, but only very few compounds are used clinically as drugs in conjunction

with radiotherapy of cancer with the aim of therapeutic gain, or as putative radiopro-

tective agents—for example, for use as a preventative measure or after accidental

exposure to radiation. Chemical sensitizers for radiotherapy have been recently

reviewed,1 while drugs which have been included in clinical trials cover quite a

wide spectrum, a class that has received a great deal of attention are compounds

designed to overcome the resistance of hypoxic cells to radiation.2 This is because

between two and three times the radiation dose is needed to kill cells at very low

oxygen tensions or in anoxia compared towell-oxygenated cells. This differential has

long been postulated to be a significant factor in prognosis following radiotherapy.3

In the last two decades, several unequivocal demonstrations of the link between

tumor hypoxia and prognosis in the treatment of common cancers by radiation,

aswell as indications that hypoxia is a factor inmetastatic spread and in tumor biology

more generally,4 has reinforced the importance of addressing the problem of tumor

hypoxia.5–7

One class of chemicals has completely dominated the field of hypoxic cell

radiosensitizers. These are compounds that are electron-affinic, of which oxygen

itself is an example, and nitroaromatic compounds comprise by far the largest class.

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
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The chemistry of electron-affinic radiosensitizers is therefore almost synonymous

with the chemistry of nitroarenes, and because the compounds clearly act through

free-radical mechanisms, as noted below, a review8 of the properties and behavior of

nitroarene radical-anions would provide a good background to the chemistry of

electron-affinic radiosensitizers. In the present context, the main focus is on the

interaction of nitroarene and other electron-affinic molecules with radicals obtained

on ionization ofDNA, or from reactions of, for example, hydroxyl radicals withDNA.

A major theme is the distinction between electron-transfer and radical-addition

reactions (of course the latter may precede the former, as in “inner-sphere” electron

transfer). Major clinical interest in nitroimidazole radiosensitizers grew in the 1980s,

and reviews of electron-affinic radiosensitizers from a mechanistic point of view

record knowledge at that time.9–12 This chapter presents an updated overview and,

with the benefit of hindsight, some revision to the views expressed earlier.While there

has been limited activity in this area since the 1980s, as evidenced by the sparse

coverage of the topic in the standard text describing free-radical-induced DNA

damage13 compared to the discussion in the earlier monograph by the same author,14

such an overview now seems timely.

In writing this chapter, the author is acutely aware that some references are now

very dated, but a feature of the field is that data have been presented in diverse journals

and conference proceedings, some of which are not now readily available. It is hoped

that presenting this overview may be helpful to those seeking answers to the many

outstanding questions that remain in this area and may stimulate the further work that

is obviously needed.

10.2. TYPICAL ELECTRON-AFFINIC RADIOSENSITIZERS

10.2.1. Classes of Electron-Affinic Radiosensitizers

The concept of electron-affinic radiosensitizers followed soon after the application of

pulse radiolysis to observe directly intermediates in irradiated water by microsecond

kinetic spectrophotometry. It was noted that chemicals which enhanced the radio-

sensitivity of bacteria also has a high reactivity toward the hydrated electron, e�aq.
15

Of course, examination of tabulated data showmany compounds share this property.16

However, early applications of pulse radiolysis included direct observations of

electron transfer involving radicals,17 represented by

A
.� þB!AþB

.� ð10:1Þ

which is obviously driven by differences in electron affinity between A and B. The

“electron affinity hypothesis” soon developed into models where such differences

were important—for example, possibly facilitating electron trapping to prevent

charge recombination in DNA.18

The earliest electron-affinic compounds tested involved conjugated double bonds

and ketyl functions, but a complication was noted in that some such compounds (e.g.,

N-ethylmaleimide) were also thiol-depleting reagents (thiols are radioprotectors).15
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Later compounds included much more powerful oxidants, especially quinones such

as 2-methyl-1,4-naphthoquinone (which also reacts quite rapidly with thiols, as

discussed below)19 and 9,10-anthraquinone-2-sulfonate.18 Ketyl functionality in

some early sensitizers and electron-affinic molecules studied in model experiments

by pulse radiolysis17 led to 4-nitroacetophenone (Figure 10.1, 1) being evaluated as

a radiosensitizer, and this proved to be a breakthrough,20, 21 because a more water-

soluble (Mannich base) derivative (Figure 10.1, 2) enabled efficacy in vivo to be

demonstrated.22

The nitroaromatic moiety, as in the prototypical 4-nitroacetophenone, proved the

cornerstone of the vast majority of hypoxic cell radiosensitizers. Its identification as

an active pharmacophore quickly led to demonstration of radiosensitizing activity

in 5-nitrofurans such as nitrofurazone (Figure 10.1, 3) and nitrofurantoin (4),23 and in

the 5-nitroimidazole, metronidazole (Flagyl) (5),24 which was quite widely used in

humans against a variety of anaerobic organisms and protozoa. Hoffman-La Roche

had assessed many 2-nitroimidazoles as potential substitutes for metronidazole, and

Ro 07-0582 (misonidazole, Figure 10.1, 6) had been the subject of human studies;

sincemore activea radiosensitizer thanmetronidazole in vitro,25 it became the focusof

a very large number of laboratory and clinical investigations worldwide. A related

compound, benznidazole (7), is used in the treatment of Chagas’ disease and received

limited clinical evaluation as a radiosensitizer.

Numerous alternatives to misonidazole have been evaluated as radiosensitizers in

biological models and ones that reached clinical evaluation represent the compounds

of most interest for new chemical studies. Some differ only marginally from mis-

onidazole, mainly in the N-1 sidechain to modify the biodistribution characteristics.

Thus etanidazole (SR 2508) (Figure 10.1, 8) was hypothesized to be less neurotoxic

than misonidazole because of lower lipophilicity, although at an early date the

desmethyl (and more hydrophilic) metabolite of misonidazole, Ro 05-9963 (9),

was shown to have similar toxicity to its parent.26 Most clinical interest in recent

years focused on the 5-nitroimidazole, nimorazole (10), better tolerated than mis-

onidazole, and with clear, although modest, clinical effectiveness.2 High hopes for

pimonidazole (11) (Ro 03-0799) from studies27in vitro which suggested improved

efficacy were not realized,26 possibly because of pH-induced concentration gradients

associated with its basic sidechain, which led to over-optimistic expectations from

the resulting enhanced efficacy in vitro (see below). Of other nitroarene structures,

the nitrotriazole sanazole (12) (AK-2123) has been evaluated in humans as a radio-

sensitizer.28, 29 It should be noted that although the structures of these compounds

include a diversity of substituents, the key functionality is the nitroarene moiety, and

most of the rest of themolecules serveonly tomodify the solubility andbiodistribution

of the radiosensitizers. Lipophilicity can be varied over quite a wide range without

detectable effect on radiosensitization efficiency, at least in vitro,30 and the importance

of this property in vivo is probably considerably less than, for example, with the

efficacy of 5-nitroimidazoles as antitrichomonal agents.31

Approaches seeking to target the radiosensitizing moiety to DNA include nitroar-

enes with dual functionality, which bind to DNAvia either (a) a reductively activated

alkylating moiety such as the aziridine substituent in RSU1069 (13) or its prodrug
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FIGURE 10.1. Structures of representative electron-affinic radiosensitizers discussed in the

text. Values in parentheses are estimates of the reduction potentials in water at pH 7 for

reduction of the compound to the radical, in volts versus NHE.
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RB6145 (14), (b) nitroacridine and nitroquinoline intercalators such as nitracrine32

(15) or the related “5-quinacrine”33 (16), or (c) nitroarenes linked to intercalators

such as phenanthridium,34 for example, “2-NLP-3” (17). Figure 10.1 also includes a

representative selection (18–25) of other nitroarenes evaluated as radiosensitizers,

mainly to illustrate the range of reduction potentials of such compounds, as discussed

below.

The N-oxide moiety as an alternative to the nitro group is of most interest in the

context of hypoxia-selective bioreductive drugs (not involving radiation treatment).

Of these, tirapazamine (Figure 10.1,26) has receivedconsiderable clinical attention.35

However, together with the related quinoxaline di-N-oxides, tirapazamine and its

analogues are also of relevance to the radiosensitizer field because of their interactions

with DNA radicals.36–38 This topic is discussed further in Chapter 5.

10.2.2. The Electron-Affinity Scale

The concept of electron-affinity had driven early research on radiosensitizers, and

polarographic half-wave reduction potentials were an early measure helping identify

candidate drugs.23 However, polarography and cyclic voltammetry usually involves

nonreversible behavior for the reduction of nitroaromatic compounds in water near

physiological pH, and true thermodynamically reversible reduction potentials for

the oxidant/radical one-electron couples proved to be of most value in correlating

biological activity (including toxicity) withmeasures of electron affinity, as described

below. At about the time of emerging interest in this area, radiation chemists had

utilized pulse radiolysis to establish thermodynamically reversible electron-transfer

equilibria involving oxidants such as quinones and their radical-anions—that is,

the position of electron-transfer reactions represented by Eq. (10.1) but which were

reversible equilibria even in water:

A
.� þB>AþB

.� ð10:2Þ

It was possible to measure the equilibrium constant K2 by fast absorption spectro-

photometry, yielding values of DG2 and hence DE2, the difference in the reduction

potentials of the one-electron couples:

DE2ðvoltsÞ ¼ EðB=B.�Þ�EðA=A.�Þ ¼� 0:059 logK2 ð10:3Þ

If the reduction potential of one of the partners in the equilibrium was known, then

the other could be determined. It was possible to calculate thevalue for some quinones

and hence establish a scale of electron affinity for radiosensitizers,39 and viologens

also proved useful because of their facile electrochemistry, radical stability, and high

extinction coefficients of the radicals.40

The reduction potentials can be (and are probably best) described as mid-point

potentials rather than standard potentials, since they are often pH-dependent around

the physiological pH range. The values are thermodynamically reversible and can be

used in, for example, correlations of the Marcus type (see below). The standard is
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versus the normal hydrogen electrode (NHE). An introduction to the experimental

measurements and the dependence on pH is accompanied by a data compilation,

which, although now dated, has proven to be of value.41

10.2.3. Reduction Potentials of Typical Radiosensitizers

Values of (one-electron) reduction potentials for the nitroarene/radical couples at pH

7 are given in Figure 10.1 for the prototypical radiosensitizers. (These have been

slightly adjusted from the original publications since it was recognized that

dimerization of the radical-cation formed on reduction of benzyl viologen, a widely

used redox indicator, increased the reduction potential measured electrochemical-

ly.42) For comparison, on this scale, oxygen has E(O2(1 M)/O2
.�)��0.18V versus

NHE, noting that O2 is at the nonstandard state of 1 M concentration to permit facile

comparison of relative electron affinities. Radiosensitization behavior is a feature of

nitroaromatic compounds with reduction potentials for the oxidant/radical couple

of approximately �0.2 to �0.6V versus NHE at pH 7; higher values are likely to

result in too high metabolic sensitivity for useful behavior, as noted below.

The redox properties may vary widely with position of the nitro substituent—for

example, in the imidazole ring (compare 5 with 6 and 10 with 18), and electron-

withdrawing or –donating substituents can have large, and sometimes unwanted,

effects. While the chlorine substituent in 19 increases the reduction potential

somewhat, much more important is the activation by the nitro group of nucleophilic

displacement by thiols (catalyzed by glutathione-S-transferases in the case ofGSH).43

The carboxaldehyde substituent in 20 has a greater effect in increasing the reduction

potential, but also activates the nitro group toward similar displacement reaction

with thiols.44 The implications of reactivity toward thiols, illustrated in Figure 10.2

with compounds known to react with thiols at a significant rate under physiologically

relevant conditions,19, 43, 44 are discussed below.
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As discussed in detail elsewhere,8, 41 mid-point potentials in water are frequently

pH-dependent, reflecting the prototropic behavior of the molecule (both ground state

and radical). Thus the nitro radical-anions of both misonidazole (Figure 10.1, 6) and

metronidazole (5) protonate with pKa for dissociation of the protonated conjugate

� 5.7 and 6.1, respectively.45 Even basic sites distant from the nitroarene moiety,

such as the piperidino nitrogen in pimonidazole (11), show an increase in pKa in the

radical compared to ground state (in this case, with a three-carbon chain greatly

weakening the inductive effect of the nitroarene moiety, by only �0.5, but still with

measurable effects on mid-point potential).8 Much more dramatic effects are seen

in comparing 8-nitrocaffeine (21) with the close analogue (22), where ionization

of the imidazolyl N–H function in the latter, with pKa¼ 2.3, is accompanied by a

large decrease in mid-point reduction potential at pH 7 (and radiosensitization

efficiency).27 Along with irreversible behaviour, such prototropic equilibria give

rise to generally poor correlations of thermodynamically reversible one-electron

reduction potentials with electrochemical measurements, particularly in aprotic

solvents.46

The effects of substituents on redox properties, which is also reflected in spin

distributions in the radical-anions,39 can be predicted using well-known Hammett-

type relationships. Thus several families of nitroarenes showed reduction potentials

(oxidant/radical couple) at pH 7with a dependence on theHammett sigma substituent

“constant” s of the form

Em ¼ constantþ rs ð10:4Þ

where the coefficient rwas in the range 0.11–0.18Vand the constant term varies with

nitroarene and position of the nitro group.47 Substituents also influence prototropic

behavior, in turn influencing pH-dependent mid-point potentials, but these can be

accounted for where appropriate. Thus the shift in mid-point potentials at pH 7 of

derivatives of nitracrine (15) substituted para to the nitro group were well predicted

by an equation that took into account the effect of the substituent on the pKa of the

ring (acridine) nitrogen47:

DEm � 0:17ðs�
p �smÞ ð10:5Þ

which explained why halogen (Cl, F) substitution decreased the reduction potential

even though they are electron-withdrawing substituents.

A few other examples (23–25) of nitroarenes based on other aromatic moieties are

included in Figure 10.1. Clearly, a wide choice of redox-active pharmacophore is

available, even restricting choice to nitroarenes.

10.2.4. Typical Biological Effects of Electron-Affinic Radiosensitizers

in Mammalian Cells and Tissues

Briefly, hypoxic cell radiosensitizers restore the radiosensitivity (typically measured

by clonogenic survival in vitro or tumor regrowth delay in vivo) of anoxic or hypoxic
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cells some way toward that of well-oxygenated cells. (The presence of oxygen

normally renders cells two to three times more radiosensitive, in terms of radiation

dose needed to achieve the same biological response such as clonogenic cell survival,

compared to cells that are anoxic.) Typical electron-affinic radiosensitizers are less

efficient than oxygen in terms of concentration needed to achieve a response, and

they typically show no detectable, or negligible, additional increase in radiosensi-

tivity of well-oxygenated cells. They are thus selective in their mode of action,

although whether this simply reflects kinetic competition for initial reaction with

DNA radicals is debatable and indeed seems unlikely. This selectivity is different

from that of some other types of radiosensitizer, such as the halogenated pyrimidines,

which radiosensitize but with selectivity toward rapidly proliferating cells rather than

hypoxia.

The radiosensitizing effect reflects damage to DNA. As with measuring effects

on cell survival, analysis is complicated by the effects on damage (irrespective of

radiation) of high concentrations of nitroarenes (usually too high to be clinically

relevant). This is related to hypoxia-selective, reductively activated damage through

the production of metabolites that bind to proteins and DNA, such as nitrosoarenes

or hydroxylamines.48 Rapid lysis techniques can help resolve the dual effects of

radiosensitization and enzyme-catalyzed reduction. Compounds such as misonida-

zole enhance DNA single-strand breaks (SSBs) in mammalian cells irradiated

in anoxia or in the presence of low concentrations of oxygen, in a manner which

parallels survival.49 Radiation-induced double-strand breaks (DSBs) were sensitized

by misonidazole in E. coli50 and in mouse L cells,51 correlating with survival. The

dual-function (alkylating) nitroimidazole RSU-1069 (Figure 10.1, 13) induces SSBs

and DSBs in mammalian cells without radiation, unlike misonidazole under the same

conditions.52

The study of the enhancement of damage inmodels such asmixtures of calf thymus

DNA and misonidazole is complicated by the inevitable scavenging of hydroxyl

radicals by the radiosensitizer unless unrealistically high concentrations of DNA

are used. In one such model system, oxygen enhanced DNA SSBs threefold, but

misonidazole did not; however, it enhanced the yield of 30-phosphoglycolate end

groups.53

10.2.5. Quantitative Structure–Activity Relationships Between

Chemical Properties and Biological Efffects

Expressed in concentrations of radiosensitizer needed to achieve the same radio-

sensitizing effect—for example, the concentration needed to achieve a level of cell

survival which would require (say) 1.6 � the radiation dose for cells irradiated in

anoxia alone compared to anoxia plus radiosensitizer—radiosensitization efficiencies

of nitroarenes vary by at least three orders of magnitude.30 It is common in classical

medicinal chemistry to attempt to relate drug efficacy in terms of concentration C for

a constant response with a free-energy related parameter, such as Hammett s
“constants” or the logarithm of the octanol:water partition coefficient, log P, an

approach that Hansch pioneered.54 It was therefore natural to explore the influence of
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reduction potential E and lipophilicity of radiosensitizers by multivariate analysis

using equations of the form

logð1=CÞ ¼ b0 þ b1Eþ b2logPþ b3ðlogPÞ2 ð10:6Þ

Unsurprisingly, the efficiencies of electron-affinic radiosensitizers did exhibit a

strong dependence on reduction potential; over a wide range (P� 0.05), lipophilicity

was clearly much less important, with� 85% of the variance in log(1/C) explained by

the redox parameter E.30 The “redox coefficient” b1 varied somewhat with response

chosen, but for the simpler equation we have

logð1=CÞ ¼ b0 þ b1E ð10:7Þ

where b1� 7–8V�1 for a radiosensitizing effect of a factor 1.4–1.6. In comparing

putative mechanistic models with biological effects, this redox dependence provides

a crucial test, as discussed below. However, there are two important caveats.

First, the value of C used is that in the medium the cells are irradiated in, whereas

ideally we require the concentration at the target site. Compounds that are weak acids

or bases may be concentrated intracellularly, or excluded, in a manner that is well

understood since the uncharged forms equilibrate across a lipophilic membrane but

protonated bases or dissociated acids do not. Average intracellular concentrations

can be measured,55 and quenching of delayed fluorescence of acridine-stained cells

can be used to probe relative concentrations near DNA.56 Alternatively, typical

intracellular/extracellular pH differentials can be used to predict concentration

gradients and equations such as (10.6) or (10.7) modified accordingly.57 Such

considerations explained the apparently enhanced radiosensitization efficiency in

vitro of the weak base pimonidazole (Figure 10.1, 11) compared to misonidazole (6)

after allowing for the modest difference in reduction potential at pH 7.

A second caveat, with the benefit of hindsight, is that multiple mechanisms render

this simplistic approach unsuitable. Itwas noted that the redox dependencevariedwith

response,30 suggestive of more than one mechanism, and indeed some compounds

included on the “redox plot”were later found to be thiol-reactive (Figure 10.1, 20 is an
example). Some other thiol-reactive radiosensitizers are shown in Figure 10.2,

including menadione (27). Since thiols compete with nitroarenes (thiol depletion

enhances activity58), this introduces an obvious complication. With hindsight, the

extent of thiol depletion, as well as intracellular uptake, should have been checked for

each compound, and indeed efficacy should have been measured with minimal pre-

incubation to avoid any enhancement from bioreductive metabolism (which can

produce thiol-reactive metabolites or lead to binding to intracellular proteins and

other nucleophiles).

Some radiosensitizers were designed to be dual-functional from the start. Thus the

aziridinyl 2-nitroimidazole, RSU-1069 (Figure 10.1, 13), is an alkylating agent.

As shown in Figure 10.2, it reacts with phosphate moieties—for example, with

dGMPwith a rate constant of�2� 10�3M�1 s�1 at 310KandpH7.59This compound

and its prodrug 14 are probably of main interest as potential bioreductively activated
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cytotoxins independent of radiation60; and although the subject of clinical investiga-

tions,61 they will not be discussed in detail here.

The importance of carefully assessing reactivity (in the absence of radiation)

toward thiols and other cellular targets is that experiments in vitro normally involve

using a vast excess (in mole terms) of radiosensitizer compared to the total cellular

thiols (or other target). Hence even exposing a cell population in a typical experiment

in vitro to, for example, 1 mM reactant might deplete all cellular thiols, leaving much

of the reagent to give (now greatly enhanced) radiosensitization, but such results will

never translate in vivo because the situation is reversed: the body burden of thiols is

around 2–5mmol/kg while any realistic drug is unlikely to be tolerable at much more

than 0.2mmol/kg. Although this point was made many years ago62 and was repeated

recently,1 there are many examples in the literature of seemingly promising phenom-

ena that seldom progress beyond the earliest phases of in vivo evaluation because of

what the present author termed “simple arithmetic,” since the principle is indeed

simple and the arithmetic can be done on the back of a postage stamp.

Notwithstanding these caveats, in considering putative mechanisms of radiosensi-

tization by electron-affinic compounds, we are probably seeking a redox dependence

that is around7V�1whenexpressedbyequationsof the formofEq. (10.7), or inkinetic

parameters, substituting (1/C) by a rate constant k.

10.3. CHARACTERISTICS OF RADICALS FROM

ELECTRON-AFFINIC RADIOSENSITIZERS

10.3.1. Formation of Sensitizer Radicals in Model Systems

To interpret reactions of radiosensitizers with, for example, radicals from DNA bases

or sugars, it is useful to have “reference” spectra or data for comparison. Avariety of

methods may be used to generate radicals from nitroarene and similar redox-active

radiosensitizers. Radical-anions are conveniently generated by the radiolysis ofwater,

using suitable “scavengers” to transform oxidants to reductants—for example,

formate or 2-propanol to generate CO2
.� or (CH3)2C

.OH from .OH (and H.) radicals,

with reduction of nitroarenes (ArNO2) by reaction (8) or (9) being typically less than

an order of magnitude slower than diffusion-controlled63:

CO
.

2
� þArNO2 !CO2 þArNO

.

2
� ð10:8Þ

ðCH3Þ2C.
OHþArNO2 !ðCH3Þ2COþArNO

.

2
� þHþ ð10:9Þ

Generating nitro radical-anions for study by electron spin resonance (ESR) can be

accomplished either by cells in suspension64, 65 or in cell-free systems by reductase

enzymes,66 reductants such as ascorbate,65 or sugar enolates.67 The present author has

found the latter method rather convenient as a general method of preparing radicals

from nitroarenes as well as compounds such as tirapazamine (Figure 10.1, 26) and

viologens: mixing tirapazamine with 0.1M fructose in 40mM NaOH gave a good

steady-state ESR spectrum of the radical-anion (cf. similar experiments with other
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N-oxides68).Generationofnitro radical-anionsbyphotoreductionofnitroarenes in the

presence of an electron donor such as EDTA is also facile.69 In all chemical models,

high pH ensures long radical lifetimes (and hence higher steady-state concentrations

than at low pH) because of prototropic equilibria outlined below.

10.3.2. Spectral Properties of Sensitizer Radicals, Their Protonated

Conjugates, and Radical-Adducts

Many mechanistic studies of radiosensitizers involve time-resolved kinetic spectro-

photometry or ESR spectroscopy, both steady-state and time-resolved.Unfortunately,

the absorption spectra of the radicals obtained on reduction (and radical-adducts) of

many of the typical sensitizers shown in Figure 10.1 are rather featureless in the

UV–visible range accessible (often ground state absorption limits the useful spectral

range). Distinction can be made, however, between the radical-anions, their proton-

ated conjugates, and adducts between, for example, carbon-centered radicals and the

nitro moiety. This is most easily seen with 4-nitroacetophenone (Figure 10.1, 1), the

radical-anion of which has absorption maxima at 350 and 545 nm with extinction

coefficients e� 1.76� 104 and 2.9� 103M�1 cm�1, respectively.70 The spectra of

both protonated radicals and radical-adducts are much weaker and blue-shifted.

Qualitatively similarly phenomena are seen with the nitroimidazoles of greater

interest. Thus the radical-anions of metronidazole and misonidazole (Figure 10.1,

5 and 6) absorbwithmaxima at� 290 nm, usually obscured by the strong ground state

absorbance in this region.71 However, both radical-anions have an easily accessible

absorption between� 400 and 450 nm, with e� 1050 or 1120M�1 for metronidazole

(440 nm) or misonidazole (430 nm), respectively.45 This visible absorption is much

weaker on protonation of the radical-anion, which can be represented by Eq. (10.10):

ðArNO.

2
�ÞHþ >ArNO

.

2
� þHþ ð10:10Þ

purposely not distinguishing the site of protonation since the data alone cannot provide

this information. Formetronidazoleormisonidazole, pK10¼ 6.1or5.7, respectively.45

In the case of nitrobenzene or 4-nitroacetophenone, pK10¼ 3.2 or 2.5–2.7, respec-

tively,70, 72 and this must correspond to protonation on the nitro moiety. With

nitroimidazoles, it is an open question whether the values above for pK10 correspond

to protonation on the nitro group or on the unsubstituted ring nitrogen. The present

author has previously favored the latter, although it remains an open question. While

the corresponding ground state pKas for protonation at N-3 in metronidazole and

misonidazole differ considerably (�2.6 and < 0, respectively), it is difficult to

reconcile a shift in pKa of �3 between radicals from nitrobenzenes and nitroimida-

zoles with similar spin densities on the nitro group. Furthermore, the conjugate acids

of nitrobenzene radical-anions have spectra similar to nitroxide adducts (at oxygen)

of carbon-centered radicals.73 In contrast, nitroimidazole radicals absorb less at

�430–440 nm on protonation, whereas adducts absorb more (see Figure 10.3).

Other authors take a different view; that is, they favor assigning pK10 (� 6 for some

nitroimidazole radicals, including 5 and 6, Figure 10.1) to protonation on oxygen

CHARACTERISTICS OF RADICALS FROM ELECTRON-AFFINIC RADIOSENSITIZERS 305



(i.e., the nitro group).74 Actually, in the case of 2-nitroimidazoles at least, protonation

of the radical-anion might well involve a proton “shared” between the imidazole N-3

and the nitro oxygen. For compounds with acidic or basic moieties in substituents

[e.g., pimonidazole (Figure 10.1, 11) or nimorazole (10)], the pKa values for the

piperidino- or morpholino- nitrogens will be increased in the radical compared to

ground state, influencing the pH profile of reduction potential.8, 41 Regardless of the

site of protonation, equilibrium (10.10) controls the lifetimes of nitroimidazole

radicals around physiological pH, being accurately first-order in [Hþ],75 such that

nitroarene radical-anions are very long-lived at high pH.74 Protonation of nitroarene

radicals also has dramatic effects on the kinetics of electron-transfer reactions

generally. Thus unpublished work at the author’s Institute by Mr. E. D. Clarke and

Dr. I.Wilson showed that the rate of electron transfer from themetronidazole radical to

oxygen decreased by a factor of two as the pH was lowered from �8 to �5 with an

apparent pKa similar to that for equilibrium (10.10). For the nitroimidazole 20 shown

in Figure 10.1, pK10� 2.9 and the rate constant for electron-transfer from the radical

from metronidazole (Fig. 1, 5) to the more powerful oxidant 20 decreases from

�6� 107M�1 s�1 at pH�8.5 to< 4� 106M�1 s�1 at pH�4.5; that is, the pH profile

reflects pK10� 6.1 for metronidazole. These phenomena indicate the need to control

pH carefully in experiments involving nitroarenes, and they also illustrate the need to

be aware of prototropic equilibria that may be important even at physiological pH.

FIGURE 10.3. Absorption spectra observed after reaction of misonidazole (Figure 10.1, 6)

with some radicals, generated by pulse radiolysis. (�) CH3C
.
(H)OCH2CH3, pH 8.3; (&)

CH3C
.(H)OCH2CH3, pH 3.5; (~) mixture of radicals from reaction of .OHwith deoxyribose;

(--) spectrum of the radical-anion (from CO2
.�). The unit of absorption is the product of the

radiation-chemical yield G, in obsolete units of molec (100 eV)�1 (G¼ 1 molec

(100 eV)�1� 0.104mmol J�1), and the extinction coefficient e in M�1 cm�1. Unpublished

work by the author.
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Some carbon-centered radicals initially add to nitroarenes rather than reduce by

outer-sphere electron transfer, with major implications in respect of radiosensitizer

mechanisms, as discussed below.76 Figure 10.3 serves to illustrate the typical

differences, in the case of nitroimidazoles at least, between radical-anion and

radical-adduct spectra. The spectrum of the adduct between .CH2OH and misonida-

zole, along with the timescale of heterolysis of the adduct at pH 7, was illustrated

earlier.9 With both .CH2OH and CH3C
.(H)OCH2CH3, the visible bands of the radical

absorptions are red-shifted in the radical-adducts compared to the radical-anion. In

contrast, with 4-nitroacetophenone, the visible band seen in the radical-anion was

much diminished in the adduct seen with .CH2OH.
70 The main (UV) absorbance of

substitutednitrobenzene radicals is blue-shifted in the radical-adducts compared to the

radical-anions.73 Another study showed a blue shift on going from radical-anion to

radical-adduct with 4-nitrobenzoic acid and the OH-adduct of cytosine.77

Comparison of the spectra shown in Figure 10.3 suggests that a fraction of the

mixture of radicals from reaction of .OHwith deoxyribose react with misonidazole to

give the radical-anion rather than add, assigning the relatively strong band at 450 nm

foundwith the radical from .OHand diethyl ether to a radical-adduct, clearly resistant

to rapid heterolysis (unlike the .CH2OH/misonidazole adduct) since the spectra at

pH3.5 and 8.3 are similar. Obviously, the somewhat featureless nature of these spectra

introduces some uncertainty in making such generalizations. However, there are

substantial ESR data to support the general principle that a-alkoxyalkyl radicals add
to nitroarene radiosensitizers, while strongly reducing radicals such as CO2

.� and

(CH3)2C
.OH form radical-anions with no detectable intermediate, and addition

followed by elimination is seen with radicals such as .CH2OH (but not .CH2O
�).

Thus ESR hyperfine coupling from the methylene protons in adducts between

nitrobenzenes or nitroalkanes and .CH2OH, and from the ether moiety with

CH3OC
.(H)CH2CH3, was detected in early studies.78, 79 Hyperfine couplings for

the nitro 14N are typically �0.18–0.22mT higher in nitroxide adduct radicals (with
.CH2OH) compared to radical-anions in a series of substituted nitrobenzenes.73

(In contrast, on protonating the metronidazole radical-anion, the corresponding

coupling decreases by �0.13mT.80) A number of key papers73, 76, 81, 82 and

reviews83, 84 present detailed studies.

10.3.3. Factors Influencing the Dissociation of Radiosensitizer

Radical-Adducts to Form Radical-Anions

The change of the absorbance of the misonidazole/.CH2OH adduct over a few tens of

microseconds at pH 7 is ascribed to base-catalyzed heterolysis to form the radical-

anion, as illustrated in Fig. 10.4a.9 The rates of heterolysis of radical-adducts are

important since the potential competition between fragmentation and reduction of the

nitroxyl radical may have important consequences. A detailed study of substituted

nitrobenzenes with different alcohol radicals demonstrated four main factors.73 It is

convenient to refer to the general scheme shown in Figure 10.4b. First, the fraction of

electron transfer with CH3C
.(H)OH and different para-substituted nitrobenzenes

varied from�80% to 90%with strongly electron-withdrawing substituents (e.g., CN,
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SO2CH3, NO2) to only �30–35% with electron-donating substituents (e.g., OCH3,

CH3). Second (as earlier studies had indicated), adduct fragmentation is base-

catalyzed, with kc� 1010M�1 s�1. Third, spontaneous heterolysis ks is strongly

influenced by the substituent R on the alcohol; for example, with adducts between

4-nitrobenzonitrile and RC(H)C.OH, ks increased from �2� 103 s�1 (R¼OHCH2)

to �3� 104 s�1 (R¼ (CH3)3CH2), with ks correlating with the Taft s� parameter.

Fourth, for the adduct of CH3C
.(H)OH with different nitroarenes, log ks was linearly

dependent on the reduction potential Em7(ArNO2/ArNO2
.�), with slope d(log ks)/

dEm7� 7.9V�1.

A later study provided further insight.76 With certain radicals, homolysis of the

nitroarene radical-adduct was shown to occur. An example is shown in Figure 10.4c,

showing different pathways for the fragmentation of the radical from reaction of
.OHwith 1,4-dioxane. The two pathways occur to about equal extents. Aside from the

biological implications of production of electrophilic nitrosoarenes, such pathways
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FIGURE 10.4. Formation and dissociation of radical-adducts with nitroarenes (ArNO2).

(a) General scheme for base-catalyzed heterolysis.79 (b) Scheme illustrating radicals that

undergo both electron transfer and radical-addition.73 (c) Scheme illustrating pathways with an

a-alkoxyalkyl radical forming an initial adduct that undergoes both heterolysis and homolysis,

leading to multiple subsequent products and generating the nitrosoarene.76
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are of importance since oxyl radicals fragment further as shown, with subsequent

reactions with the nitroarene possible.76

Recently, further characteristics of the reactions of nitroarenes and other oxidants

with a-alkoxyalkyl radicals (e.g., those derived following .OH attack on dioxane or

tetrahydrofuran) have been reported.85 Quinones and viologens oxidize by outer-

sphere electron transfer, but nitroarenes formed adducts with rate constants for

addition increasing only slightly with reduction potential of the nitroarene: a value

of d(log k)/dE� 2.7V�1 for the radical from dioxanewas indicated. The earlier study

had found that the radical-adduct between the dioxan radical and 4-nitrobenzonitrile

decayed with k� 0.5 s�1,76 and extension to other nitroarenes showed that this

value changed little with nitroarene reduction potential.85

10.4. REACTIONS OF RADIOSENSITIZERS WITH DNA RADICALS

10.4.1. Reducing Radicals from Pyrimidines and Purines

Electron-affinic radiosensitizers, by definition, are expected to be reactive toward

reducing radicals. Around 60% of radiation-induced cell death is associated with .OH

radicals (or, at least, canbe inhibited by scavengers of this radical), and it iswell known

that, for example, addition of .OH to pyrimidines at the 5,6 double bond produces

predominantly (�60–90%) reducing 6-yl radicals; yields of reducing radicals from

reaction of .OH with purines are much lower.13, 14, 86, 87 Not surprisingly, therefore,

attention has focused on interaction of radiosensitizers with 5-hydroxy-pyrimidin-

6-yl radicals. It should be noted that it has been common, in order to estimate the

yields of reducing radicals, to use oxidants such as methyl viologen (1,10-dimethyl-

4,40-bipyridinium), reduced to form a stable radical with an intense chromophore.

However, this reagent is much more likely to undergo outer-sphere electron-transfer

reactions than radical addition, andhence there is not necessarily equivalence between

the behavior of a viologen and a nitroarene, since the latter can undergo both radical

addition and electron transfer.

10.4.2. Formation of Radical-Adducts Between Nitroarenes

and Pyrimidine 6-yl Radicals

A detailed study of reaction of substituted nitrobenzenes with radicals formed from
.OH and H. radical adducts to 6-methyluracil and 6-methylisocytosine characterized

the yields of electron transfer and the rate and activation parameters for formation

and heterolysis of nitroxyl-type intermediates.81 Reactions were of the form shown in

Figure 10.4b—that is, competition between electron transfer and addition, and with

heterolysis of the adduct. Indeed, it was concluded that the behavior of the pyrimidine

radicals could be compared with those from simple alcohols discussed above. Thus

5-hydroxyluracil-6-yl resembles .CH2OH, 5-H-6-methyluracil-6-yl is very similar to

CH3C
.HOH, and 5-OH-6-methyluracil-6-yl is comparable to HOCH2C

.HOH.

Several important features of such reactions were noted. First, addition can form

cis and trans adducts, which is likely to be of importance when considering the
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possible sites of H-abstraction by the nitroxyl adduct from neighboring sugars

(see below). Second, there was a well-defined (linear) redox relationship between

the log of the rate constant for heterolysis of the nitroxyls (from 5-H-methyluracil-

6-yl) and para-substituted nitrobenzenes, with a slope of 6.2V�1 and rate constants

ranging from�2� 103 to�1� 105 s�1. Third, the (initial) fractional yields of radical-

anions were quite high, ranging from�44% to 87%. Fourth, rate constants for initial

reactions (formation of the transition state that either dissociates to radical-anion or

leads to adduct formation) varied to a lesser extent than heterolysis rates. Thus rate

constants for reaction with 5-hydroxy-6-methylisocytosine-6-yl radicals

varied between �2� 109M�1 s�1 for 1,4-dinitrobenzene and �3� 108M�1 s�1

for 4-methoxynitrobenzene.81

Another important study of reactions of .OH adducts of nucleobases with oxidants

showed that representative quinones and viologens reacted with the reducing radicals

formed on reaction of .OH with cytosine, thymine, 20-deoxycytidine, or thymidine

with rate constants following a redox dependence typical of outer-sphere electron-

transfer reactions.77 Rate constants with quinones and viologens decreased only

slightly (from within an order of magnitude of diffusion-controlled) as the reduction

potential of the oxidant decreased from�þ0.1 to�0.25V, but then decreased sharply

with reduction potential, with a slope of log k versus reduction potential (of the

oxidant/radical couple in water at pH 7 versus NHE) in the range 11.7–8.5V�1.

While, as noted above, the fractional yields of reducing radicals after reaction of
.OH with purines is much lower than those with pyrimidines, it was possible to

measure a clear redox dependence for reaction of the product(s) of .OH radical

reaction with 20-deoxyguanosine and quinones and viologens, with d(log k)/

dE¼�8.5V�1.77

In contrast to the behavior with quinones and viologens, there was little redox

dependence for reaction of nitroarenes with the .OH adducts of thymine, and there

was a shallower (�6V�1) dependence with nitroarenes and 20-deoxycytidine com-

pared to the reactions with quinones and viologens (�11.0V�1).77 It would be of

interest to extend this study over a wider range of reduction potentials and to include

nitroimidazoles of clinical interest. However, since close parallels have already been

drawn between the behavior of, for example, .CH2OH and 5-hydroxyluracil-6-yl

radicals in their reactivities toward nitroarenes, it may be noted that there was an

excellent correlation between log k and reduction potential for reaction of alcohol

or ether radicals with five representative nitroimidazoles, over the range �� 0.57 to

� �0.24V, with d(log k)/dE¼ 2.7V�1 for CH3C
.HOCH2CH3, and � 3.7V�1 for

.CH2OH.
88

There thus seems little doubt that radical-addition of reducing radicals with

nitroarene radiosensitizers of clinical interest is characterized by a much shallower

redox dependence than found for typical outer-sphere electron-transfer reactions.

A biologically important example of the latter involving nitroarenes is the rate of

reduction by flavoprotein nitroreductases, associated with cytotoxicity. The simplest

model is free (reduced) riboflavin,89 while reduction of nitroimidazoles by a common

oxidoreductase, xanthine oxidase, showed a redox slope of �14	 1V�1.90 More
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important reductases exhibited similar behavior.66 Interestingly, the rate constant for

the important reaction of nitroarene radicals with oxygen,

ArNO
.

2
� þO2 !ArNO2 þO

.

2
� ð10:11Þ

is characterized by the equation

log k ¼ 11:0�5:44ð1�0:44DEÞ2 ð10:12Þ

with d(log k)/dE � � 4.3V�1 around the reduction potentials of interest.8 This

suggests that the reaction is an inner-sphere electron transfer, although to date there

appear to be no reports of an intermediate adduct.

10.4.3. Fate of Radical-Adducts of Nitroarenes in Polynucleosides

and Polynucleotides

There have been few studies of the interaction between nitroarenes and radicals

formed from .OH attack on polynucleotides. A key factor is that replacement of N(1)

(H in nucleotides) by the sugar substituent greatly slows heterolysis, such that nitroxyl

radical-adducts are much longer lived in polynucleotides (and polynucleosides) than

in the radicals formed from the free bases. Bamatraf et al.77 compared the absorbance

change followingpulse radiolysis of solutions containingN2O (to generate principally
.OH), poly(C), and benzoquinone or nitrofurantoin (Figure 10.1, 4), with light-

scattering intensity associated with strand breaks. It was shown that the nitroxyl

radical-adduct of nitrofurantoin decayed with two components. The slower decay

was characterized by k¼ 2.7 s�1, considerably slower than the corresponding decay

in the absence of nitroarene (5.5 s�1) and on the same timescale as that associated

with strand-break formation revealed by light scattering (2.6 s�1). It was suggested

that the faster component with nitrofurantoin might reflect reaction of another

isomeric form of the nitroxyl adduct, not leading to strand breaks. The authors noted

that in an earlier study,81 a factor-of-two differencewas reported in the stability of the

two (cis and trans) forms of the adduct between 4-nitroacetophenone (Figure 10.1, 1)

and the 5-hydroxy-6-methylisocytosine-6-yl radical.

Phenomenologically, these reactions can be represented by schemes such as those

in Figures 10.5 and 10.6. In Figure 10.5, .OH attack on poly(U) is followed by radical

addition, base–sugar radical transfer, and strand breakage, in sequence. In Figure 10.6

(showing attack on deoxycytidine), an alternative abstraction position is shown to

illustrate thatmultiple positions in the sugar, as well asmultiple sugars, are candidates

for hydrogen abstraction by the nitroxyl radical. (In poly(U), the 20-OH activates

abstraction from this site,which is not a feature inDNA.)Ofobvious importance in this

regard is the likely differential reactivity toward different sites of nitroarene radical-

adducts at the pyrimidine 5,6 bond having cis or trans conformations. Some pointers

as to site of radical attack can be gleaned from the nature of the end groups in strand
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breaks—for example, 30-phosphoglycolate end groups, the yield of which was

enhanced by misonidazole.53

Figure 10.5 also includes, for illustration, results of a preliminary examination

of the .OH/poly(U)/pimonidazole (Figure 10.1, 11) system using pulse radiolysis

with absorbance detection. It seems likely, in view of the studies described above, that

the fast component is associated with radical-addition, and the slow decay of the

absorbance is associated with strand breakage; although lacking light-scattering data,

this assignment must be tentative. With only one concentration of pimonidazole

used, extraction of rate constants must be at best tentative; but from the limited data,

the formation corresponded to kadd� 8� 107M�1 s�1, and the decay corresponded to

kabstr�12 s�1. Interestingly, from a single, similar experiment with misonidazole

(Figure10.1,6), formation (¼kadd)was�20-fold slower thanwithpimonidazole.This

maybe associatedwith “ion condensation” (and very sensitive to ionic strength), since

pimonidazole is a weak base,27 with the protonated piperidino N dissociating with

pKa� 8.7 (with profound effects on extracellular/intracellular concentration gradi-

ents).55 Delayed fluorescence from acridine orange was used to probe the relative
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formation of a 5-hydroxy-6-yl radical 2, addition of a nitroarene to form an adduct 3, and

base/sugar radical transfer to form a C-20 radical 4, which rapidly loses phosphate to yield a

strand break in 5. Bottom left: Absorbance changes at 450 nm following pulse radiolysis

(�9Gy) of a solution containing poly(U) (0.65mg/ml), pimonidazole (Figure 10.1, 11, 25mM),

andN2O (�25mM), pH 6.8 (unpublishedwork by the author). The formation of the absorbance

at 450 nm over �2ms may be associated with reaction 2 ! 3, and the subsequent decay over

� 0.5 s may possibly be the abstraction reaction 3 ! 4, although possible reactivity of the C-40

radical 5 toward the nitroimidazole is a complication.
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effective concentrations of misonidazole and pimonidazole, measurements showing

enhanced concentrations of the latter near DNA.56, 91

10.4.4. Reactions of Sugar Radicals with Electron-Affinic Radiosensitizers

Oxidation of sugar radicals by nitroarenes, alongwith early data frommodel systems,

was discussed briefly in earlier reviews,10, 12 and guidance as to likely reaction

pathways can be found by comparison with model alcohol and ether (a-alkoxyalkyl)
radicals as discussed above. Fragmentation subsequent to oxidation, either by outer-

sphere electron transfer or by radical-addition/elimination, follows well-established

pathways—for example, as reviewed by von Sonntag,13, 14 Pogozelski and Tullius,92

and Cadet et al.93
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reactions following reaction of hydroxyl radicals with a DNA base (illustrated with cytosine)

in the presence of nitroarenes radiosensitizers. Addition of
.
OH to the base 1 is mainly at the

5-position, forming the 6-yl radical 2. Nitroarenes (ArNO2) add to the 6-position to form a long-

lived adduct 3, which may, as with peroxyl radicals, abstract H from a sugar, for example, to

form 4 leading to a strand breakwith themodified base 5 and sugar radical-cation 6 (abstraction

at other sites; e.g., C-30can also occur). The radical cation 6 reacts with water, forming 7 and 8,

in turn reactive toward nitroarenes, forming initially adducts 9 and 10 and further products 11.

Based upon extensive research surveyed by von Sonntag13, 14, 86 (cf. references 77 and 113).
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While considerable advances have been made in understanding the fate of both

base- and sugar-peroxyl radicals (i.e., radicals formed by addition of oxygen to

carbon-centered radicals), much less is known concerning the analogous reactions

involving addition of nitroarenes. Thus in addition to many early studies on radical

transfer from base peroxyl radicals,13, 14 and fragmentation of sugar peroxyl radi-

cals,13, 14, 92, 94 important recent work has identified tandem lesions arising from base

peroxyl radicals.95 Particularly noteworthy is that the peroxyl radical from addition

of oxygen to the 5,6-dihydro-20-deoxyuridin-6-yl radical added to the p bond of the

adjacent pyrimidine. Knowledge about the possibility of corresponding reactions

involving nitroxyl radicals, either on base or sugar, is sparse, indeed virtually

nonexistent.

A recent study showed that the reductant N,N0-tetramethyl-p-phenylenediamine

(TMPD) reacted with the N-alkoxyaminoxyl radical-adduct formed from reaction

with 3,4-dinitrobenzoic acid with the a-alkoxyalkyl radical from .OH/1,4-dioxane.85

Two molecules of the radical-cation TMPD.þ were formed for each radical-adduct,

whereas reduction to the hydroxylamine requires just one equivalent. The authors

suggested that this may reflect nitrosoarene formation (cf. Figure 10.4c).

Interestingly, TMPD was far more effective in inhibiting radiation-induced binding

of (radiolabeled) nitrofurazone (Figure 10.1, 3) to DNA than either ascorbate or

cysteine.96 Clearly, there is much to be learned concerning the reactivity of radical-

adducts of nitroarenes with both base and sugar radicals, especially in regard to

reactions with biologically important reductants and nucleophiles such as thiols and

ascorbate.

10.5. RADIOSENSITIZATION BY NITRIC OXIDE: A POINTER

TO THE IMPORTANCE OF ADDUCTS IN RADIOSENSITIZATION

10.5.1. Efficiency of Radiosensitization by Nitric Oxide

Although nitric oxide, as a free radical (like oxygen), was selected on this basis for

evaluation as a radiosensitizer over 50 years ago97 and was shown to radiosensitize

hypoxic tumor cells,98 itwas neglected formanyyears. Thediscoveryof nitric oxide as

a physiologically important molecule led to its reinvestigation,99 but only recently did

it become apparent that nitric oxide was an extremely efficient radiosensitizer (more

efficient than oxygen), giving clear radiosensitization of hypoxic cells with a few tens

of nanomolar nitric oxide, at clinically relevant radiation doses.100

Nitric oxide is not a good oxidant. It is not straightforward to place it on the same

scale of electron affinity or reduction potential such as the values shown in Figure 10.1

for nitroarenes.This is because reductionof singletNO. gives tripletNO�, protonating
to singlet nitroxyl (HNO) with pKa� 11.4, and there are further reactions of 3NO�

and 1HNO with NO..101 An estimate of the reduction potential of the couple

(NO., Hþ/1HNO) at pH7of��0.55Vwas derived,102much lower than the reduction

potential of oxygen (1M)/O2
.� on the same scale (� � 0.18V),41, 42 and lower than

those of weakly electron-affinic nitroarenes requiring several millimolar nitroarene
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to show good radiosensitization.30 On this basis, nitric oxide is several orders of

magnitude more efficient a radiosensitizer than might be expected.

10.5.2. Radical-Addition Reactions of Nitric Oxide

Like oxygen, nitric oxide adds rapidly to radicals. Pulse radiolysis showed that NO.

added to the 5-hydroxy-uracil-6-yl radical with a rate constant k� 4–6� 109M�1 s�1

and added to the radical(s) formed on reaction of .OH with dGMP with

k� 2� 109M�1 s�1.100 The former estimate is two to three times faster than the

corresponding reaction with oxygen.103 Unlike oxygen, the products of radical-

addition with NO. are likely to be spin-paired (stable) molecules. Indeed, analysis

by HPLC/MS of the stable products formed from .OH and uracil in the presence of

NO. revealed a productwithmass corresponding to the addition ofNO., presumably at

the 6-position (and presumably a mixture of conformers).100

10.5.3. Mechanism of Radiosensitization by Nitric Oxide

In the recent study,100 evidence was obtained that NO. enhanced the yield of DNA

double-strand breaks when mammalian cells were irradiated. (The widely used

g-H2AX assay was used as a surrogate marker for DSBs.) There was a suggestion,

which requires confirmation, that the DSBs in cells irradiated in the presence of

NO. were repaired more slowly than in cells irradiated either anoxically or in air.

Nitric oxide does react slowly with (radioprotective) thiols, but the reaction probably

involves a pre-equilibrium with thiolate and is far too slow at submicromolar con-

centrations of NO. for this to be involved in these experiments.104 (Thiol reactivity

could be a factor in some of the early work with higher concentrations of NO.,

especially if inadequatedeoxygenationwas involved,becauseNO2
. reactsveryrapidly

with thiols.105)

Hence, phenomenologically at least, nitric oxide and oxygen share some char-

acteristics in being rather efficient radiosensitizers (in terms of effects on clonogenic

survival of cells) and enhancing DNA strand breaks, but the chemical pathways are

very probably quite different. To the present author, this suggests that more attention

needs to be paid to subsequent processing of damage in cells. It also suggests that we

should not neglect information gleaned from another type of “oxygen-mimetic”

radiosensitizers: the nitroxyl compounds. Like NO., these add rapidly to radicals and

form relatively stable adducts.106 While the results from some studies doubtless

reflect depletion of intracellular thiols,107 reactivity of nitroxyls toward both DNA

base radicals (and base peroxyl radicals)108 is not dissimilar to the reactions found or

expected with nitric oxide. Interest in bioreductive drugs such as tirapazamine, a

benzotriazine-1,4-di-N-oxide (Figure 10.1, 26), has also yielded (a) information of

relevance concerning the reactions of DNA radicals with another class of oxidant

not dissimilar in their reduction potentials to the nitroimidazoles36–38 and (b) an

incidentally useful comparison of reactions of misonidazole with C-10 nucleoside
radicals.37
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10.6. EFFECTS OF ELECTRON-AFFINIC RADIOSENSITIZERS

ON DNA DAMAGE IN CELLULAR SYSTEMS

10.6.1. The Need to Switch Paradigms

In chemical studies, it is the norm to identify the dominant pathways (in yield terms)

and to focus on these. “Minor” products are usually deemed unimportant, or “side

reactions.” In radiation biology,most damage to cellular DNA following irradiation is

repaired within a few hours, and so the commonest types of damage might be

unimportant: clinical interest focuses on clonogenic capacity. This difference in

viewpoints illustrates the need to be cautious in correlating easily measurable effects

of radiosensitizer (such as on the initial yield of SSBs) with any particular chemical

reaction. The correlation may be valid; but the importance in pathways to radiation-

induced cell killing may not be valid, if the damage is subsequently repaired.

10.6.2. Differing Effects of Nitroarene Radiosensitizers in Model Systems

and in Mammalian cells

Enhanced yields of thymine glycol are observed when thymine is irradiated in

N2O-saturated solution (to form predominantly .OH) in the presence of misonidazole

(or other nitroarenes) and quinones in a redox-dependent manner.109 This is entirely

consistent with oxidation of 5-hydroxy-6-yl radicals, either by outer-sphere electron

transfer or by addition followed by elimination. In contrast, yields of thymine glycol

were not enhanced when HeLa cells were irradiated with misonidazole, although the

study involved doses of 250 Gy and higher, which are hardly clinically (or radiobio-

logically) relevant.

Differences between results with models such as calf thymus DNA or plasmids

and cellular systems are common. Thus radiolysis of DNA with misonidazole

(Figure 10.1, 6) in anoxia did not increase strand breaks but enhanced significantly

the formation of 30-phosphoglycolate end groups, while the yield of thymine glycols

was not enhanced.53 (As O’Neill has pointed out,87 “That the yield of ssb was not

enhanced . . . is an indirect indication that the pathway to ssbmay involve a competition

for the precursor radical between the nitroaromatic and a thiol or some other protective

agent. This scenario is identical to that for the lack of an oxygen effect on ssb induction

on irradiated plasmid DNA . . . in the absence of thiols.”)

10.7. CONCLUSIONS

The two obvious conclusions are that (a) there is a need for further work to understand

howelectronic-affinic radiosensitizers enhance cell killingby radiation and (b) there is

a need for caution in extrapolating the results from simplemodels to the complexity of

the cell. DNA strand breaks are undoubtedly ofmajor importance in radiobiology; and

to date, most effort has concentrated on possible pathways by which sensitizers can

enhance the yield of breaks, withoutmuch regard as towhether the breaks are of a type
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easily repaired (for example). A key observation, so far as effects on clonogenic

survival go, was a redox relationship or dependence, with a slope for effectiveness

versus reduction potential of�7–8V�1. It appears that rate constants for the addition

of nitroarenes to either base or sugar radicals has a significantly lower redox

dependence. However, while the rate-limiting step in the enhancement of strand-

break formation by radiosensitizersmay be the base-to-sugar hydrogen abstraction by

nitroxyl-type radical-adducts, the redox dependence of this reaction has not been

established.

Four areas in the emergingmodels, particularly that involvingbase radical-addition

followed by hydrogen abstraction from sugar by a nitroxyl-type radical, merit further

study. The first area lacking information is the interaction of nitroarenes with sugar

radicals, particularly the fate of sugar radical-adducts, following the hydrogen

abstraction by a base nitroxyl radical; the consequences of deoxyribose oxidation

in DNA have been recently reviewed, but there is much to learn in the present

context.110 The second is the extension of the types of study that have been made to

date to awider range of electron-affinic compounds, including (a) quinoneswith good

bioavailability and lacking thiol reactivity and (b) more studies with nitric oxide.

(In this context it is important not to overlook the reported effective radiosensitization

by quinone-like structures such as the isoindole-4,7-diones111; not all the structures

examined would be expected to deplete thiols by Michael addition, as with menadi-

one.) The third is to assess in cells which type of DNA damage remains, enhanced by

sensitizers, after the normal spectrum of damage processing events have taken place.

It might be, for example, that cells deficient in base excision repair are susceptible

to radiosensitization by nitric oxide, if the base adducts cannot be “processed.”

Oxidatively induced bulky DNA lesions, normally repaired by nucleotide excision

repair, have been the subject of a recent perspective.112

Finally, the fourth area ripe for development is the application of quantum-

chemical calculations to model factors that limit accessibility of functional groups

in radiosensitizers, or of the adduct radicals derived from them, toparticular sites.Thus

accessibility of radical attack to H-50, H-40, and H-30 is clear in a model of B-form

DNAduplex.92There is evident scope forusing suchapproaches tohelp identifywhich

sites particular radical-adducts might attack and thus have a clearer understanding of

the complexity of damge produced.
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11.1. INTRODUCTION

Recent epidemiological studies suggest that chronic inflammation and infections are

associated with the development of some human cancers.1–3 Chronic inflammation

induces persistent oxidative and nitrosative stress that is associated with the overpro-

duction of oxidative DNA modifications (lesions).4–6 The latter, if not excised

by the cellular DNA repair machinery, can give rise to point mutations, deletions,

and rearrangements and, finally, to the development of cancer. The activation of

neutrophils and macrophages gives rise to the production of nitric oxide and

superoxide radical anions that, in turn, rapidly combine to form the highly toxic

peroxynitrite7:

NOþO
.

2
� !ONOO�

This reaction occurs with a nearly diffusion-controlled rate constant of

6.7� 109M�1s�1.8 In neutral solutions, peroxynitrite exists in equilibrium with

unstable peroxynitrous acid (pKa¼ 6.5–6.8)9, 10 that decays with a rate constant11

of 1.3 s�1 at 25 �C to form hydroxyl and nitrogen dioxide radicals with a yield of

x� 0.3012:

ONOOH! xð.NO2 þ .
OHÞþ ð1�xÞðNO�

3 þHþ Þ
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In carbonate buffer solutions, the lifetime of peroxynitrite is greatly reduced

due to its reaction with free carbon dioxide (rate constant of 2.9� 104M�1s�1)

present in solution13:

ONOO� þCO2 !ONOOCO�
2

The nitrosoperoxycarbonate anion formed in this reaction is highly unstable and

decomposes to form nitrogen dioxide and carbonate radical anions with a yield of

y� 0.3312:

ONOOCO�
2 ! yð.NO2 þCO

.

3
�Þþ ð1�yÞðNO�

3 þCO2Þ

In vivo, the concentrations of CO2 are relatively high due to high levels of

bicarbonate in intracellular (12mM) and interstitial (30mM) fluids,14 and the reaction

of ONOO�with CO2 is expected to be the major pathway of decay of peroxynitrite in

biological systems.5, 15

Among the radicals that are believed to be formed under inflammatory conditions,

hydroxyl radicals, carbonate radical anions, and nitrogen dioxide radicals are strong

one-electron oxidants,16 which can potentially damage biomolecules.17 These radi-

cals exhibit different reactivities toward DNA. Hydroxyl radicals with a reduction

potential16 of E0¼ 1.9V versus NHE are extremely strong electrophiles that rapidly

and unselectively react with DNA mostly via addition to the double bonds of

nucleobases and by abstraction of hydrogen atoms from the 2-deoxyribose moie-

ties.18–20 The chemistry and genotoxic effects of .OH radicals generated by

ionizing radiation, or derived from Fenton reactions, have been studied extensi-

vely.21–23 In thisworkwe focus on oxidative damage due to the reactions ofCO3
.� and

.NO2 radicals with DNA. These reactions result in the formation of highly mutagenic

oxidation and nitration products and will be considered in the next Sections.

11.2. SITE-SELECTIVE OXIDATION OF GUANINE BASES IN DNA

BY CARBONATE RADICAL ANIONS

Carbonate radical anionswith the reductionpotential24 ofE0¼ 1.59VversusNHEcan

selectively and rapidly oxidize biomolecules by one-electron abstraction mechan-

isms.17 In contrast, hydrogen atom abstraction by the CO3
.� radicals is generally

slow.17 The conjugate acid (HCO3
.) is a strong acid (pKa< 0), and at pH> 0 these

radicals exist in the anion form, CO3
.�.25 The CO3

.� radicals exhibit a broad

absorption band at 600 nm (e600¼ 1970M�1cm�1)25 and can be detected in real

time by spectroscopic transient absorption methods.17 The predominant target of

CO3
.� attack is guanine, which can be more easily oxidized than any of the other

natural nucleobases, thus resulting in diverse mutagenic oxidation products.6, 26, 27

The reductionpotential of guanine neutral radicals at pH7,28E7, is 1.29VversusNHE,

and its oxidation by CO3
.� radicals by a one-electron mechanism is thus thermody-

namically feasible. Indeed, we have demonstrated experimentally that CO3
.� radicals
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can induce the site-selective one-electron oxidation of guanine in 20-deoxyribo-
oligonucleotides in either the single- or double-stranded forms.29–37

In these experiments, CO3
.� radicals (Figure 11.1) were generated either by the

one-electron oxidation of bicarbonate anions with photochemically generated

sulfate radicals,29–38 or by the photolysis of carbonatotetrammineCo(III) complexes,37

[Co(NH3)4CO3]
þ. In the first method, irradiation with either steady-state 30, 33, 36–38 or

pulsed UV light (e.g., 308-nm XeCl excimer laser pulses 29, 31, 32, 34, 35) of a buffered

solution containing bicarbonate and persulfate anions induces the dissociation of the

S2O8
2� ions to sulfate radical anions, SO4

.� (Figure 11.1A). In turn, the one-electron

oxidation of theHCO3
� ions by SO4

.� radicals generates CO3
.� radicals. Thismethod

is suitable for the generation of CO3
.� radicals at pH� 7.5. At pH< 7.5, the HCO3

�

anions are transformed to CO2 and thus the yield of CO3
.� radicals decreases as the

pH is decreased, because SO4
.� radicals can oxidize both the HCO3

� and CO3
2�

anions, but not CO2.
17 In the second method, UV irradiation of [Co(NH3)4CO3]

þ

complexes (Figure 11.1B) induces charge transfer from coordinated CO3
2� anions to

Co(III) followed by a rapid hydrolysis of the Co(II) complex and the formation of free

CO3
.� radicals.39–41 Using this method, CO3

.� radicals can be generated within a

wide pH range (3–13).39–42 We found that CO3
.� radicals, regardless of the method

of generation, exhibit the same reactivities toward DNA and produce the same

end-products.37

Laser kinetic spectroscopy methods can be used to monitor the kinetics of one-

electron oxidation of guanine in DNA by CO3
.� radicals in real time.29, 31, 34, 35, 37 In

typical experiments, the decay of the CO3
.� transient absorbance at 600 nm is

correlated with the appearance of a narrow absorption band near 315 nm. This

band is characteristic of the guanine radical cation, G.þ, or the guanine neutral

radical, G(-H)., species, which have similar absorption spectra.43 The free nucleoside

radical cation, dG.þ, is a weak acid43 (pKa¼ 3.9) that, according to the results of

pulse radiolysis studies, deprotonates at pH 7.0with a rate constant of 1.8� 107 s�1.44

In double-stranded DNA, depending on the position within a DNA strand, the rate

hν

SO4
2–

SO4
•–

•–

•–

HCO3
–

CO3 DNA

products

(a)

(b)

[CoII(H2O)6]2+   +   4NH3   +   CO3

H+, H2O

hν

[CoIII(NH3)4(H2O)OCO2H]2+

H2O

[CoIII(NH3)4CO3]+

S2O8
2–    +1/2

FIGURE 11.1. Photochemical generation of CO3
.� radicals. (Adapted from references 30

and 37.)
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constant of deprotonation (�3� 106 s�1) is smaller than that of free dG.þ,44 but is of
sufficient magnitude to entail the complete deprotonation of G.þ in the millisecond

time range when G in DNA is oxidized by CO3
.� radical.

The rate constants of oxidation of guanine in DNA by CO3
.� radicals were

determined from the analysis of the decay curves of CO3
.� radicals monitored at

600 nm.29, 31, 34, 35, 37 The values of the rate constants measured for double-stranded

20- to 35-mer oligonucleotides with noncontiguous guanines G, or guanines grouped

as contiguous GG and GGG sequences, are in a rather narrow range of

(1.5–3.0)� 107M�1s�1. These rate constants exhibit a very weak temperature

dependence with activation energies of 7� 3 kJ/mol. The lack of dependence of

the rate constant on sequence context and the small activation energy indicate

that the one-electron oxidation of guanine in DNA by CO3
.� radicals occurs via

an inner-sphere mechanism of electron transfer34,35 that was proposed earlier for the

one-electron oxidation of diverse organic molecules such as ascorbate, tryptophan,

cysteine, and methionine by CO3
.� radicals.45

In contrast, the rate constants of oxidation of guanines in DNA by the aromatic

radical cations of the pyrene derivative 7,8,9,10-tetrahydroxytetrahydrobenzo[a]-

pyrene (BPT) follow the trend 50-..GGG..> 50-..GG..> 50-..G. . . that is characteristic
of an outer-sphere mechanism of electron transfer.34, 35 However, the distributions of

alkali-labile guanine lesions generated by CO3
.� radicals, as well by BPT.þ radical

cations, are base sequence context-dependent. Guanine oxidation damage is more

abundant at the 50-G in 50-..GG.. sequences and at the first two 50-guanines in the 50-..
GGG.. sequences than in isolated guanines—that is, those that are not flanked by

other guanines. These distributions are attributed to (a) the redistribution of guanine

radicals along contiguous guanine bases (hole hopping) after electron abstraction

from guanine (hole injection) and (b) the subsequent chemical reactions that lead to

product formation at a particular guanine in runs of GG or GGG. Such effects are

characteristic of the oxidation of DNA by one-electron oxidants generated by the

photosensitization of metal complexes,46, 47 anthraquinones,48, 49 naphthalimides,50

riboflavin,51, 52 40-pivaloyl derivatives,53, 54 cyanobenzoyl- and cyanobenzophenone-
substituted 20-deoxyuridine,55, 56 and other chemical one-electron oxidants.57, 58 Saito

and co-workers have shown that the enhancement of oxidative guanine damage

within runs of of contiguous guanines varies according to 50-G< 50-GG< 50-GGG.
This trend is correlated with the calculated gas-phase ionization potentials for

guanines in these different sequence contexts.51, 59, 60

11.3. INTRASTRAND CROSS-LINKS BETWEEN G AND T BASES

GENERATED BY CARBONATE RADICAL ANIONS

Direct spectroscopic measurements have shown that the DNA-bound G(-H).

radicals generated by CO3
.� radicals do not react with observable rate constants

with molecular oxygen,29, 31, 37 and their modes of decay involve reactions with other

free radicals or nucleophiles.6, 26, 27 To reduce the contributions of radical–radical

reactions, the CO3
.� radicals were generated in low steady-state concentrations by
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continuous illuminationmethods. Under these conditions, the oxidation of the single-

stranded oligonucleotide, 50-d(CCATCGCTACC), by CO3
.� radicals generates three

prominent oligonucleotide reaction products containing guanine lesions.36, 37 These

adducts isolated by anion-exchangeHPLCmethods and identified bymass spectrom-

etry techniques include guanidinohydantoin (Gh) and two diastereomeric spiroimi-

nodihydantoin (Sp) lesions, as well as a novel intrastrand cross-linked product

involving a covalent bond between guanine and thymine (Figure 11.2). The latter

was excised from the oligonucleotide adduct by enzymatic digestionwith nuclease P1

and alkaline phosphatase and was identified by LC-MS/MS analysis. The positive ion

spectra (MS/MS) of the digestion products showed that an excision fragment with
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molecular ion [MþH]þ detected atm/z 508.3 has a mass that is smaller by 2Da than

the combinedmasses of dG and dT (Figure 11.3). The fragmentation of the [MþH]þ

ion occurs via a consecutive detachment of two sugar residues to yield the ionwithm/z

276.1 assigned to theG�-T� fragment that hasmass equivalent to the sumof theGandT

masses minus 2 Da.

The structure of the d(G�-T�) excision fragment is unusual because G and Tare not

adjacent to one another in the parent oligonucleotide. The precursor of the enzymatic

digestion product, 50-d-(G�pCpT�), has been synthesized via the oxidation of the 50-d-
(GpCpT) trinucleotide and investigated by LC-MS/MS, 1D and 2DNMRmethods.36

The positive ion spectra show the molecular ion [MþH]þ detected at m/z 859.1,

which has a mass that is smaller by 2 Da than the mass of the parent 50-d(GpCpT)
trinucleotide. In turn, the fragmentation of the [MþH]þ ion yields the ion with m/z

276.0 and is assigned to the G�-T� fragment, just as in the case of the ion derived

from dG�-dT� cross-linked product. The 1D proton NMR spectra of 50-d(G�pCpT�)
recorded in D2O clearly show that guanine is linked to the T base via its C8 carbon

atom because the guanine H8 proton, which is of course present in the spectrum of the
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FIGURE 11.3. Positive ion spectra (MS/MS) of the d(G�-T�) product obtained by the

enzymatic digestion of the cross-linked products (Figure 11.2). MS spectrum of the molecular

ion [MþH]þ at m/z 508.3. MS1 product ion spectrum obtained by fragmentation of the

molecular ion [MþH]þ at m/z 508.3. MS2 product ion spectrum obtained by fragmentation

of the ion [MþH� 116]þ atm/z 392.2. (Reproduced with permission fromNucleic Acids Res.

2008, 36, 742–755. Copyright 2008, Oxford University Press.)
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intact and original 50-d(GpCpT) trinucleotide at 7.9 ppm, is absent in the cross-linked

product (Figure 11.4). In contrast, the thymine singlets of H6 at 7.61 ppm and methyl

group at 1.85 ppm are evident in the 50-d(G�pCpT�) cross-link andwith small shifts in

the parent 50-d(GpCpT) as well. Thus, the covalent bond in the cross-link does not

involve the thymine methyl group or the C6 carbon atom. Further analysis of 1D
13C NMR, 2D COSY, HSQC, and HMBC spectra allowed the assignment of most of

the resonances and suggests that the covalent link between G and T in 50-d(G�pCpT�)
occurs via the G-C8 and T-N3 atoms.

The efficiency of G-T cross-link formation is strongly dependent on base se-

quence.36 The highest efficiency of cross-linking was found in the 50-d(GpCpT)
sequence. In the case of 50-d(GpT) that lacks intervening C bases, the efficiency of

formationof theG�–T� product is almost three times lower. Increasing thenumberofC

FIGURE 11.4. The 1D proton NMR spectra of the intact 50-d(GpCpT) (A and C) and 50-
d(G�pCpT�) (B and D) are compared. (Reproduced with permission from Nucleic Acids Res.

2008, 36, 742–755. Copyright 2008, Oxford University Press.)
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bases between theGandTreaction partners also resulted in a decrease in the efficiency

of cross-link formation—for example,when there are twoCbridging residues as in the

case of the tetranucleotide 50-d(GCCT). In the case of the 50-d(GCCCT) sequence
that has three bridgingC bases, cross-linked productswere not detected. Furthermore,

the intrastrand 5-d(T�pG�) cross-linkswere not detected in the dinucleotide 50-d(TpG)
either, although there is a substantial yield in the isomeric 50-d(GpT). This latter result
supports the conclusion, reached on the basis of experiments with the isomeric 50-d-
(GpCpT) and 50-d(TpCpG), that cross-link formation is more efficient when the T

residue is on the 30-side rather than on the 50-side of the guanine.
In double-strandedDNA,we found intrastrand cross-links between adjacent G and

T bases.36 Interestingly, enzymatic digestion with nuclease P1 and alkaline phospha-

tase generates the 50-d(G�pT�) fragment; that is, this treatment does not excise the

sugar residue between the G and T bases.

Thymine is not a unique pyrimidine that can be involved in intrastrand cross-link

formation, a reaction initiated by the one-electron abstraction from guanine. Indeed,

we found that similar cross-links can be generated by an analogous oxidation of 50-
r(GpCpU) and 50-d(GpCpU) trinucleotides containing the uracil base instead of

thymine.38 The latter is a demethylated form of thymine (with an H atom instead

of a methyl group at C5), in which the N3(H) group remains available for cross-link

formation with the C8 site of guanine. In contrast to DNA, where T pairs with A, in

RNAuracil is the complementary base to adenine. The positive ionMS/MS spectra of

the 50-r(G�pCpU�) and 50-d(G�pCpU�) products clearly indicate the presence of

covalently linked G�–U� products that have a mass smaller by 2 Da than the sum

of masses the G and U bases in both types of trinucleotides. The 50-d(G�CU�) cross-
linked product was characterized by 1D and 2D NMR methods that confirmed its

cyclic structure in which the guanine C8 atom is covalently linked to the uracil N3

atom.

Covalent bond formation between G and T (or U) requires the abstraction of two

electrons. According to the results of transient absorption measurements, the CO3
.�

radical selectively abstracts an electron from a G base.29–37 However, CO3
.� radicals

are not uniquely required for the generation of cross-linked products. Indeed, any one-

electron oxidant that has a reduction potential that is sufficient for electron abstraction

from guanine (e.g., the SO4
.� radical), as well as photoexcited riboflavin, a typical

type I photosensitizer that reactswith guaninevia an electron transfermechanism, also

generates the 50-G�CT� cross-linked products.36, 38 To gain further insights into the

second electron abstraction step, the effect of molecular oxygen on the cross-linking

reaction was explored. In the absence of O2, the yields of the G
�–T� (or G�–U�) cross-

linked products are negligible.36, 38 Since the 50-G�CT� (or 50-G�CU�) cross-linked
products do not contain any added oxygen atoms, molecular oxygen is needed for the

oxidation of an intermediate. Indeed, addition of 100mM 1,4-benzoquinone (BQ) to

the solutions extensively purged with argon to remove O2 restores the generation of

50-G�CT� (or 50-G�CU�).38 Benzoquinone is a moderate one-electron oxidant with a

redox potential, E0(BQ/BQ.�)¼ 0.078V versus NHE,61 and it is not surprising that

BQ can serve as a surrogate for molecular oxygen, which is a weaker one-electron

oxidant (E0(O2/O2
.�)¼�0.16V versus NHE).16
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Mechanistically, the formation of the G�–T� (or G�–U�) cross-links can be

considered as a one-electron oxidation of guanine by an appropriate oxidant, followed

by a nucleophilic addition of the N3 atom of T(or U) to the C8 position of the G(-H).

radical (Figure 11.1). The radical adduct thus formed is further oxidized by oxygen

(or another oxidant, such as 1,4-benzoquinone) to yield the G�–T� (or G�–U�) cross-
linked products.38 This mechanism is supported by a significant increase of the

cross-linked product yields when the pH is increased to �10. The deprotonation of

T-N3(H) with pKa¼ 9.6762 occurring in basic solutions greatly enhances the nucleo-

philicity of T-N3, and at pH 10 the yield of G�–T� cross-linked product is greater by a
factor of 4.8 relative to the yieldmeasured at pH 7.5. The enhancement of cross-linked

product yields has also been observed in the case of 50-GCU sequences38 because

T-N3(H) and U-N3(H) have the same pKa values.
62 Similar mechanisms have been

proposedbyPerrier et al.63 for the formationof cross-linkedproducts betweenguanine

and lysine mediated by the riboflavin photosensitization of d(TpGpT) in aerated

solutions containing the KKK tripeptide. These authors suggested that the cross-

linking reaction occurs via a nucleophilic addition of the e-amino group of the lysine

residue to the C8 atom of the G.þ or G(-H). radicals, followed by the oxidation of the

radical adduct formed, an Ne-(guanin-8-yl)-lysine cross-link.

11.3.1. Comparisons with Intrastrand Cross-Links Generated by .OHRadicals

The existence of intrastrand cross-links between adjacent G–T bases in oligonucleo-

tides (the so-called tandem lesions) have been previously discovered by Box and

co-workers.64–67 These tandem lesions are generated by the oxidation of oligonucleo-

tideswithGTsequences by radiation-induced .OHradicals indeoxygenated solutions.

In these products, the intrastrand cross-link involves a covalent bond between guanine

C8 and the thymine C5 methyl group (Figure 11.5). The mass of these products is

HN
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FIGURE 11.5. Tandem lesions generated by the oxidation of oligonucleotides with GT

sequences by radiation-induced
.
OH radicals in deoxygenated solutions.64–67
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smaller by 2 Da than the mass of the precursor G–T sequences and the mechanism

involves the formationof theC-centered5-(20-deoxyuridinyl)methyl radical (U-.CH2)

intermediate.68, 69 Indeed, it has been shown that the independent generation of

U-.CH2 radicals by photolysis of 5-(phenylthiomethyl)-20-deoxyuridine results in

the formation of theseG–T tandem lesions. TheU-.CH2 radicals rapidly reactwithO2,

thus suppressing the formation of the covalent bond between U-.CH2 and G-C8.70

On the other hand, oxygen does not prevent the formation of the M-2 tandem lesions

between adjacent A and T bases.71, 72 Greenberg and co-workers69, 71, 72 proposed

that the reaction of theU-.CH2 radicalswithO2 is reversible [k(O2)¼ 2� 109M�1s�1,

and k–(O2)¼ 3.4 s�1] and the small transient concentrations of these radicals present

in oxygenated solutions can account for the formation of the tandem lesions. The

formation of the 5-(20-deoxyuridinyl)methyl radical intermediates suggests that

the initial cross-linking step can occur via the oxidation of thymine68, 69 mediated

by .OH radicals induced by ionizing radiation64–67 or derived from Fenton

reactions.73

11.4. END PRODUCTS DERIVED FROM THE REACTIONS OF

CARBONATE RADICAL ANIONS WITH GUANINE RADICALS

Laser pulse excitation generates high transient concentrations of free radicals that

favor radical–radical combination reactions over nucleophilic addition reactions,

which are more favorable under continuous illumination when the radical concentra-

tions are lower. The formation of the Sp and Gh end-products involves several

consecutive reactions of intermediates with CO3
.� radicals, while the formation

of the G�CT� cross-linked product involves only one carbonate radical (Figure 11.2).
Our experiments have demonstrated that the reactions resulting in the formation

of Sp/Gh lesions include the intermediate formation of 8-oxo-7,8-dihydroguanine

(8-oxoG) (Figure 11.2), which is the product of a two-electron oxidation of guanine.31

The maximum yield of the 8-oxodG nucleoside enzymatically excised from the 50-
d(CCATCGCTACC) sequence oxidized by CO3

.� radicals, and determined by the

HPLC-amperometric detection methods, does not exceed �2%. The low yield of

8-oxodG is a clear indication that the oxidation of 50-d(CCATC[8-oxoG]CTACC) is
much faster than that of the parent 50-d(CCATCGCTACC) sequence. Indeed, laser
flash photolysis experiments have shown that the rate constant of oxidation of 50-
d(CCATC[8-oxoG]CTACC) by CO3

.� radicals is greater by a factor of�13 than the

value of the analogous rate constant for the oxidation of 50-d(CCATCGCTACC).
Another factor that decreases the transient yields of 8-oxoG lesions is their fast

oxidation by G(-H). radicals. The reduction potential of 8-oxodG(-H). radicals,74

E7¼ 0.74V versus NHE, is lower than that of G(-H). radicals,28 E7¼ 1.29V versus

NHE.Thus, dG(-H). radicals oxidize 8-oxodGwith the relatively large rate constant of

4.6� 108M�1s�1.74The fast reductionofdG(-H). radicals by8-oxodG, a reaction that

leads to the recoveryof theparent dG,provides averyefficient protectionof dGagainst

oxidation75; this explains why the levels of 8-oxodG are low (less than 0.1% of the dG

degradated) in photooxidation reactions of dG mediated by the photexcitation of
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riboflavin.76 However, in double-stranded DNA, the repair of G(-H). radicals by

intermolecular mechanisms is much less efficient than in the case of free nucleosides.

Our laser flash photolysis experiments showed that the rate constant for oxidation of

8-oxoG in the duplex containing the 50-d(CCATC[8-oxoG]CTACC) by the G(-H).

radicals positioned in another duplex (2.7� 106M�1s�1) is two orders of magnitude

smaller than the rate constant of oxidation of free nucleosides.77 The intramolecular

oxidation of 8-oxoG by G.þ/G(-H). radicals can be an alternative mechanism for the

repair of the latter radicals in double-stranded DNA. However, the kinetic parameters

of this reaction remain unknown. The further oxidation of 50-d(CCATC[8-oxoG]
CTACC) by CO3

.� radicals results in the formation of the Sp/Gh lesions only (cross-

linked adducts were not detectable) and that, therefore, the sequence 50-d(CCATC
[8-oxoG]CTACC) is likely to be an intermediate in the oxidation of 50-d
(CCATCGCTACC) by CO3

.� radicals when guanine is transformed to either Sp or

Gh after oxidation (Figure 11.2).

A deeper understanding of the mechanistic aspects of the consecutive three-

electron oxidation of the G(-H). radicals by CO3
.� radicals was gained by studying

the formation of Sp lesions from the free nucleoside33 (20,30,50-tri-O-acetylguanosine)
and in DNA duplexes derived from the self-complementary sequence,37 50-
d(AACGCGAATTCGCGTT) in H2

18O buffer solutions. In the latter experiments,

the Sp lesions were enzymatically excised from the oxidized DNA in the form of 50-
d(C[Sp]). Analysis of the tri-O-acetyl-Sp and 50-d(C[Sp]) nucleosides by LC-MS/MS

methods showed that both oxygen atoms added to the C5 and C8 positions of the

oxidized guanine intermediates originate from the C16O3
.� radicals (Figure 11.6).

In agreement with these observations, the oxidation of the 8-oxoG derivatives by

CO3
.� radicals generates the Sp products containing only one additional O-atom that

originates from C16O3
.� radicals. In contrast, Sp nucleoside products are found to

contain 18O atoms when the reactions are carried out in buffer solutions that contain

carbonic anhydrase79 that enhances isotope exchange between HC16O�
3 and H2

18O.

These experiments clearly show that the reactionmechanisms leading to Sp oxidation

products involve consecutive bimolecular combination reactions of CO3
.� radicals

with G(-H). and 8-oxoG(-H). radicals (Figure 11.6). The primary products of these

radical–radical combination reactions canbeconsideredasmonoesters of the carbonic

acid (H2CO3).TheclassicalworksofPolanyi,
80 Ingold,81 andco-workers showed that,

in the acid–base hydrolysis of esters, the 18O atoms from water are transferred to the

acid component and not to the alcohol product. In agreement with this mechanism

of ester hydrolysis, the O atoms in Sp originate from the CO3
.� radicals and not

fromH2O (Figure 11.6). Therefore, the combination reactions of CO3
.� radicals with

G(-H). and 8-oxoG(-H). radicals can be formally considered as a transfer of O� from

CO3
.� to these radicals. The O� transfer mechanism has been proposed earlier on

the basis of pulse radiolysis experiments for the reactions of CO3
.� radicals with the

inorganic radicals, .NO2, SO3
.�, and .NO that result in the formation of CO2, NO3

�,
SO4

2�, and NO2
� anions.82, 83 In contrast, metal complexes such as IrCl6

2� induce

the consecutive abstraction of two electrons from 8-oxoG, followed by the addition

ofwatermolecules to the carbo-cation intermediates. Thus the oxygen atoms in the Sp

residues originate from water.84
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The hydrolysis of themonoesters derived from the combination of the 8-oxoG(-H).

and CO3
.� radicals can generate the 5-HO-8-oxoG intermediate that is considered

to be a precursor of the Sp and Gh products.84, 85 The subsequent transformation

of this 5-HO-8-oxoG intermediate to form either Sp or Gh lesions depends on the

pH of the soluion. Tannenbaum and co-workers86 proposed that the partitioning
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of 5-HO-8-oxoG(-H) into either Sp or Gh is determined by the different reactivities

of the deprotonated and protonated forms of this adduct (pKa� 5.8). Decreasing the

pH below 5.8 favors pyrimidine ring opening, followed by the formation of the Gh

lesions; in contrast, the acyl shift leading to the Sp lesions dominates at pH> 5.8. This

pH dependence qualitatively agrees with the enhancement of the yield of Gh products

at low pH that has been reported for the oxidation of 8-oxoG by either peroxynitrite,86

photoexcited riboflavin, IrCl6
2�,87, 88 or Cr(VI) complexes.89

11.5. COMBINATION OF GUANINE RADICALS AND NITROGEN

DIOXIDE RADICALS GENERATES NITRATION PRODUCTS

The reduction potential of nitrogen dioxide radicals16 of E0¼ 1.04V versus NHE is

less than the reduction potential of guanine neutral radicals,28 E7¼ 1.29V versus

NHE. Thus, the oxidation of guanine by .NO2 radicals is thermodynamically

unfavorable. Indeed, our laser flash photolysis experiments have shown that .NO2

radicals do not react with guanine with observable rates and, in turn, G(-H). radicals

positioned in single-stranded oligonucleotides oxidize NO2
� anions with the rate

constant of �1� 106M�1s�1. 90 However, .NO2 radicals can combine with radical

intermediates generated by the oxidation of guanine with stronger oxidants than
.NO2 (e.g., with CO3

.� radicals) to form diverse nitration products. To explore these

radical-to-radical addition reactions, we developed two photochemical methods

for the generation of controlled fluxes of G(-H). and .NO2 radicals (Figure 11.7).

The first method (Figure 11.7A) involves the competitive oxidation of NO2
� and

HCO3
� anions by photochemically generated SO4

.� radicals to form .NO2 andCO3
.�

radicals.30, 32 The G(-H). radicals derived from the site-selective one-electron oxida-

tion of guanines by CO3
.� radicals rapidly combine with .NO2 radicals to form

guanine nitration products. In the second method (Figure 11.7B), .NO2 radicals are

generated by the one-electron reduction ofNO3
� anions by hydrated electrons derived

from the selective two-photon ionization of 2-aminopurine (2AP), a nucleic acid base

analogue site-specifically positioned in DNA.90 The 2AP absorption band in the UV

region is characterized by a broadmaximum at 305 nm, which is beyond the threshold

of absorption of DNA at �300 nm. Therefore, the canonical DNA bases are not

photoionized by 308-nm nanosecond laser pulses of the XeCl excimer laser used

in these experiments. The 2AP radicals are ionized first to the radical cation, 2AP.þ,
that deprotonates to form the neutral radical, 2AP(-H).. These 2AP radicals selectively

oxidize nearby G bases to form G(-H). radicals, a process that is completed within

100ms after the incidence of the �10-ns duration 308-nm excimer laser pulse.

Subsequently, the combination of the G(-H). and .NO2 radicals occurs onmillisecond

timescales and can be directly monitored by transient absorption laser kinetic

spectroscopy. These transient absorption experiments showed that the decay of the

narrow absorption band of the G(-H). radicals at 315 nm is correlated with the

growth of the characteristic absorption band of the nitration products at 385 nm.

The combination of the G(-H). and .NO2 radicals occurs with similar rate constants

(�4.4� 108M�1s�1) in both single- and double-stranded DNA.90
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The .NO2 radicals, regardless of the method of their generation, produce the same

nitrated end products.30, 32, 90 These products were isolated by HPLC and identified

bymass spectrometrymethods.We found that the combinationof theG(-H). and .NO2

radicals occurs via addition of .NO2 radicals to either the C8 or the C5 positions of

G(-H). radicals (Figure 11.8). In the .NO2 radical, the unpaired electron is delocalized

on theNand theOatoms91 and, in principle, both theNand theOatoms can participate

in the formation of chemical bonds with a target radical. Here, we found that

the formation of end products occurs via formation of the N--C bond between
.NO2 and G(-H). radicals. Addition of .NO2 to the C8 position of G(-H). radical

generates the well-known 8-nitroguanine (8-nitroG) lesions, whereas the attack at

the C5 position produces unstable adducts that rapidly decompose to 5-guanidino-4-

nitroimidazole (NIm) lesions (Figure 11.8). Themaximumyields of the nitroproducts
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(NImþ 8-nitro-G) were typically in the range of 20–40%, depending on the number

ofguanine residues in the sequence. The ratio of the 5-guanidino-4-nitroimidazole and

8-nitro-G lesions gradually decreases from 3.4 in the model compound, 20,30,50-tri-O-
acetylguanosine, to 2.1 – 2.6 in the single-stranded oligodeoxynucleotides, and to

0.8–1.1 in the duplexes.

In contrast, the oxidation of 8-oxodG (E7¼ 0.74V versus NHE) by .NO2 radicals

(E0¼ 1.04V versus NHE) is thermodynamically feasible and occurs with a rate

constant of 5.3� 106M�1s�1.92 Our laser flash photolysis experiments showed

that the combination of the 8-oxoG(-H). and .NO2 radicals occurs with similar

rate constants (�4.3� 108M�1s�1) in both single- and double-stranded DNA.90

The products of these radical–radical addition reactions aremostly the diastereomeric

Sp lesions (Figure 11.9). In the case of 8-oxoG(-H). radicals, the C5 nitro (or nitrite)

adduct formed is unstable. The hydrolysis of this adduct can occur via a nucleophilic

additionof thewatermolecule toC5, followedby the release of theNO2
� anion and the

formation of the 5-HO-8-oxoG(-H) intermediate,which is believed to be the precursor

of the Sp lesions (Figure 11.9). According to this mechanism, the 5-HO-8-oxoG(-H)

adduct, and hence the Sp end products, contain the oxygen atom fromH2
18O (not from

.N16O2). The subsequent transformation of the 5-HO-8-oxoG(-H) intermediate

depends on the solution pH and results in the formation of either Sp or Gh

lesions.37, 84, 86, 87, 89 The proposed mechanism (Figure 11.9) explains two important

observations: (i) The combination of .NO2 and 8-oxoG(-H). radicals occurs with a

rate constant typical for radical-radical addition reactions, and (ii) the O atom in the

oxidation product originates from water. An alternative mechanism is the electron

transfer from 8-oxoG(-H). to .NO2 with the formation of the intermediate 8-oxoG

(-H)þ cation andNO2
� anion. Addition ofH2

18O to the 8-oxoG(-H)þ cation proposed

byBurrows and co-workers during the course of 8-oxoG oxidation by IrCl6
4� leads to

the 5-HO-8-oxoG(-H) precursor of the Gh and Sp lesions containing the 18O-isotope
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that originates from water molecules.84,93 However, such an electron transfer

mechanism cannot explain the high rate constants for the combination reaction

measured here experimentally for both the 8-oxoG(-H). radicals and the G(-H).

radicals (�4.3� 108M�1s�1). The electron transfer reactions of .NO2 radicals

are typically slow due to a small self-exchange rate constant and high internal

reorganization energy in the .NO2/NO2
� system.94 These factors account for the

lower reactivity of .NO2 radicals in bimolecular outer-sphere electron transfer

reactions in comparison with typical electron acceptors, such as aromatic radical

cations.92

11.6. THE ROLE OF SUPEROXIDE AND PEROXYL RADICALS

IN THE GENERATION OF GUANINE LESIONS

Theoverproduction of alkylperoxyl radicals (ROO.) is oneof thekeyevents that occur

as a result of the inflammatory response in tissues that arises from an enhancement of

lipid peroxidation.95 The hydroperoxyl radical, HO2
., is a special radical in the family

of peroxyl radicals, because it not only has the oxidizing properties of other ROO.

radicals, but also can participate in reduction reactions.96 The HO2
. radical is a weak

acid with pKa¼ 4.8 and therefore exists in neutral solution predominantly as the

superoxide radical anion, O2
.�.97 The enhanced production of O2

.� radicals under

inflammatory conditions occurs as a result of the activation of microphages.5 As an

electron donor with a redox potential16 of E0¼�0.16V versus NHE, superoxide is

easily oxidized by electron acceptors with an appropriate reduction potential.97

However, due to their oxidative properties, O2
.� radicals can also contribute to

the formation of oxidation end products via radical–radical addition reactions.96

To explore these radical combination pathways, we developed a photochemical
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method to generateG(-H). andO2
.� radicals inDNA.77 In thismethod (Figure 11.10),

hydrated electrons derived from the two-photon ionization of the 2AP residues are

rapidly and quantitatively scavenged by dissolved molecular oxygen to form O2
.�

radicals.97

Our laser flash photolysis experiments have shown that the combination of the

G(-H). and O2
.� radicals in single- and double-stranded oligonucleotides occurs

with the same rate constant �4.7� 108M�1s�1.77 Addition of Cu,Zn-superoxide

dismutase (Cu,Zn-SOD), which reacts with O2
.� radicals with nearly diffusion-

controlled rates,98, 99 dramatically enhances the lifetimes of the DNA-bound

G(-H). radicals from4–7ms to 0.2–0.6 s in the presence ofmicromolar concentrations

of Cu,Zn-SOD (�5mM).77 This remarkable increase in the G(-H). lifetimes is a clear

indication that the reaction partner of G(-H). radicals is indeed the superoxide anion.

The combination of G(-H). with O2
.� radicals involves the following reaction

pathways: (i) repair of G(-H). radicals by an electron transfer mechanism resulting

in the formation of the intact guanine base G and O2, and (ii) formation of oxidation

end products via radical–radical addition mechanisms.77 The latter products were

isolated by HPLC and identified by mass spectrometry methods. Our experiments

showed that these products in both single- and double-stranded DNA are mostly

2,5-diamino-4H-imidazolone lesions (Iz) and minor amounts of 8-oxoG lesions

(Figure 11.11). Addition of O2
.� to the C5 position of G(-H)., followed by a rapid

protonation of the adduct formed, generates the 5-HOO-G(-H) hydroperoxide.

Cleavage of this unstable intermediate occurs via the opening of the pyrimidine

ring at the C5--C6 bond, leading to an unstable intermediate that is easily hydrated at

the 7,8-C¼N double bond. Ring-chain tautomerization of the carbinolamine results

in the opening of the imidazole ring with a subsequent intramolecular cyclization

of the guanidine residue resulting in the Iz lesions, which are slowly hydrolyzed to
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from reference 77.)
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form 2,2-diamino-4-amino-2,5-dihydrooxazol-5-one (Oz) derivatives. In agreement

with this mechanism the 18O-labeling experiments showed that the O atom in the Iz

lesion originates from oxygen.100 Moreover, we found that in the presence of

1,4-benzoquinone added in small concentrations at a level of �100mM, the yields

of the Iz lesions become negligible because the addition of BQ can eliminateO2
.� and

G(-H). radicals. First, BQ rapidly reacts with O2
.� with a rate constant of

9� 108M�1s�1.97 Second, the BQ.� radical thus produced (E0¼ 0.078V versus

NHE)61 can rapidly reduce theG(-H). radical (E7¼ 1.29VversusNHE),28 because of

the significant difference in the redox potentials of these species.

In contrast, the 18O-labeling experiments reveal that there are two pathways of

8-oxoG formation, including either the addition of O2
.� to the C8 position of G(-H).

radicals (Figure 11.11) or the hydration of the G.þ/G(-H). radicals.77, 101 The two-

electron reduction of the 8-HOO-G(-H) hydroperoxide formed leads to 8-oxoG in

which the O atom originates from 16O2, which is reduced to O2
.� by hydrated

electrons. Alternatively, O2
.� radicals can be generated by the oxidation of hydrogen

peroxide by Fe3þ ions. Indeed, the appearance of the 18O atom in 8-oxoG has been

detected during the course of oxidation of human A549 lung epithelial cells by

H2
18O2.

102 In laser pulse excitation experiments, a decrease in the 16O2
.� concentra-

tions (by removal of 16O2 from the solutions) favors the hydration of guanine radicals

by H2
18O that results in the formation of 8-HO-G. radicals.77 Pulse radiolysis

experiments showed that 8-HO-dG. radicals generated by the addition of hydroxyl

radicals to dG are strong reductants that are easily oxidized by weak oxidants
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such as methylviologen, Fe(CN)6
3�, oxygen,103 and benzoquinone,104 potentially

resulting in the formation of 8-oxodG. According to this mechanism, the O atom

in 8-oxodG originates from H2
18O. Cadet and co-workers101 showed that 8-oxodG

derived from the oxidation of calf thymus DNA by excited riboflavin, a typical type I

photodynamic agent, contains O atoms from H2
18O. The transient concentrations of

the radical species (and O2
.�) in these experiments with continuous excitation should

be orders of magnitude lower than in our laser flash photolysis experiments, and thus

the hydration can compete with the combination reactions of guanine radicals with

superoxide radicals.

The combination ofO2
.�with 8-oxoG(-H). radicals in double- and single-stranded

DNA occurs with the rate constant of (1.0–1.3)� 108M�1s�1.105 The major end

products of this reaction are the dehydroguanidinohydantoin lesions (Ghox) derived

from the addition of O2
.� to the C5 position of 8-oxoG(-H)., followed by the decom-

position of the 5-HOO-8-oxoG(-H) hydroperoxide (Figure 11.12). According to this

mechanism, the cleavage of 5-HOO-8-oxoG(-H) occurs via the opening of the

pyrimidine ring at theC5–C6 bond in 5-HOO-8-oxoG(-H), thus leading to an unstable

intermediate that is easily decomposed with the release of CO2 and the formation of

Ghox.
105 The Ghox lesions are unstable and slowly hydrolyze to oxaluric acid (Oa). In

the presence of Cu,Zn-SOD, the yields of the Ghox lesions become negligible. Under

these conditions, the 8-oxoG radicals do not exhibit any observable reactivities with

oxygen (k< 102M�1s�1), they decay on the time interval of several seconds, and the

major reaction products are the diastereomeric Sp lesions that are derived via the

hydration of 8-oxoG(-H)..105

In contrast to HO2
./O2

.� radicals, the ROO. radicals derived from lipid peroxida-

tion have only oxidizing properties.96 The reduction potential of these radicals,106, 107

E7¼ 1.0–1.1 V versusNHE, is lower than the reduction potential of G(-H). radicals,28

E7¼ 1.29V versus NHE, and the oxidation of guanine by ROO. radicals is thus

thermodynamically unfavorable. The bond dissociation energies (BDE) of the

ROO–H bonds are�88 kcal/mol, regardless of the exact structure of R.108 This value

is lower than the BDE of a guanine–hydrogen bond (94.3� 0.5 kcal/mol).109 Hence,

even within the uncertainties in the BDE values, it is unlikely that H-atom abstraction

fromG residues by ROO. radicals can occur with observable rates. In agreement with

these thermodynamic expectations, our experiments have shown that themajor role of

ROO. radicals in the oxidation of guanine is their combinationwithG(-H). radicals.110

In these experiments, the peroxyl radicals were generated by the addition of O2 to

C-centered radicals of polyunsaturated fatty acids, such as arachidonic acid (ArAc).

Our laser flash photolysis experiments showed thatArAcperoxyl radicals are unstable

and spontaneously generate O2
.� radicals (Figure 11.13). The formation of O2

.�

radicals was directly monitored by the reduction of tetranitromethane96, 97 and occurs

with a rate constant of 3.4� 104 s�1.110

Themajor products derived from the reactions ofG(-H). radicals andArAc peroxyl

radicals are the Iz, Ghox, and diastereomeric Sp lesions. The mechanisms of the Iz

(Figure 11.11) and Ghox (Figure 11.12) generation suggest that at least a fraction of

these lesions is produced as a result of combination reactions of G(-H). [or 8-oxoG

(-H).] radicals with O2
.� derived from the unimolecular decay of the lipid peroxyl
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radicals (Figure 11.13). To estimate the relative contributions of these pathways to the

observed formation of the end products, we used 1,4-benzoquinone that, according to

our previous results, completely suppresses the formation of the Iz lesions arising

from the combination of the O2
.� and G(-H). radicals.77 Here, we found that in the

presence of BQ the yields of the Iz and Ghox lesions decrease by a factor of only�2 at

the BQ concentration of 50mM. Increasing [BQ] to 100mMdoes not further diminish

these values. These observations indicate that the combination of O2
.� and G(-H).

[or 8-oxo-G(-H).] radicals is responsible for the formation of about one-half of the Iz

(or Ghox) products and that the other half is associated with the combination of ROO.

with G(-H). [or 8-oxoG(-H).] radicals.

11.7. BIOLOGICAL IMPLICATIONS AND FUTURE PROSPECTS

The final oxidative modifications arising from the initial one-electron abstraction

from guanine in DNA by carbonate radicals are determined by further reactions of

guanine radicals with free radicals or nucleophiles. Of the guanine lesions considered

in this work, only 8-oxoG and the 8-nitroG lesions have been detected in humans.111

Detailed studies by several groups have shown that the levels of 8-oxoG in normal

human cells are in the range of 0.3–4.2 per 106 molecules of intact G bases.112, 113

The accurate measurement of the enhanced levels of 8-oxoG in tissues under

inflammatory conditions is a difficult problem due to the efficient removal of these

lesions by base excision repair enzymes. The enhanced levels of 8-nitroG bases

that easily depurinate in DNA have been detected in tissues and biological fluids of

patients with various diseases including chronic hepatitis C,114, 115 intrahepatic

cholangiocarcinoma,116, 117 nasopharyngeal carcinoma,118 malignant fibrous

histiocytoma,119, 120Helicobacter pylori infection,121, 122 and inflammatory bowel

disease.123, 124 Further research should be focused on the detection of 5-guanidino-

4-nitroimidazole lesions which, in in vitro experiments, are formed with nearly the

same proportions as 8-nitroG lesions, but do not undergo depurination. At a formal

level, both 8-oxoG and 8-nitroG are products of a two-electron oxidation of guanine.

Indeed, the formation of 8-nitroG occurs in two steps, electron abstraction from

guanine (“first hit”), followed by the combination of .NO2 radicals (“second hit”);

in otherwords, the interaction of guaninewith two free radicals (“twohits”) is required

for the formation of nitration products. In contrast, the formation of 8-oxoG requires

only one-electron abstraction from guanine (a “single hit”), and molecular oxygen

that is ubiquitous in cells can abstract the second electron after the hydration of the

guanine radicals. The formationof the intrastrandG�–T� cross-links involves a similar

sequence of events, a one-electron oxidation of guanine (“single hit”), nucleophilic

addition of T-N3 to G-C8, followed by oxidation of the radical adduct by O2 (or BQ).

This mechanism of formation of G�–T� cross-links may be operative in vivo, and

further research should be directed toward determining whether these intrastrand

cross-linked lesions are also formed in cellular DNA.

The Iz (or Oz, the Iz hydrolysis product) and Sp lesions are products of the

four-electron oxidation of guanine. However, the formation of the Iz lesions requires
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only “two hits” of G by free radicals: the one-electron oxidation of guanine followed

by combination of guanine radicals with the superoxide radical anion, a three-electron

oxidant. Recently, the Oz lesions have been detected at a level of 2–6molecules of Oz

per 107molecules of intact G in liverDNAof diabetic and control ratsmaintained on a

diet high in animal fat.125 The formation of the Sp lesions in vitro can occur via the

intermediate formation of 8-oxoG. Since the levels of 8-oxoG in cells are quite

low,112,113 the further oxidation of 8-oxoG to Sp seems to be unlikely because guanine

is present in concentrations that are a factor of�106 greater than that of 8-oxoG.Under

inflammatory conditions, the best candidates for such reactions are .NO2 and ROO.

radicals that do not react with G bases, but can potentially oxidize 8-oxoG. Recently,

the Sp lesions have been detected in Escherichia coli treated with Cr(VI).126 The

search for Sp lesions in vivo, especially in tissues under inflammatory conditions, is a

critically important task that might further clarify the pathways of oxidatively

generated damage in DNA generated by reactive intermediates that are products of

the inflammatory response.
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12
PRINCIPLES AND APPLICATIONS
OF ELECTROCHEMICAL
OXIDATION OF NUCLEIC ACIDS

H. HOLDEN THORP AND JULIE M. SULLIVAN
Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599, USA

12.1. INTRODUCTION

Modification of the nucleic acid bases through chemical or oxidativemeans can cause

adisturbance to the cellularmachinery leading to themalfunctionordeath of cells. The

oxidation of DNA has been established as an important source of genomic instability,

and there is evidence that the oxidation products of nucleic acids, specifically the

oxidation of the guanine nucleobase, is implicated in carcinogenesis and aging.1, 2

Electrochemical methods have been used to study the mechanism of oxidative

DNA damage and electrode surfaces have been developed into sensitive sensor

systems for the detection of nucleic acid mismatches.3–5 Electrochemical studies

are attractive because they do not require labeling or amplification of the target and

can allow for the simultaneous detection of multiple sequences.3, 6 Small quantities of

material are required for analysis, and modern simulation methods can be used to

provide detailed information on the kinetics and thermodynamics of the redox

properties of nucleic acids.7–11 Parallel studies can be performed with spectroscopic

techniques and gel electrophoresis to supplement the information received from the

electrochemical characterization. Additionally, instrumentation for electrochemical

detection is inexpensive, and a variety of electrode types and sizes can be used.12, 13
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While both DNA and RNA are subject to electrochemical oxidation, the majority

of work done in this field has focused on the electrochemistry of DNA, and this will be

the main focus of this chapter. This chapter will begin with a brief introduction to the

principles behind nucleic acid oxidation and electrochemicalmethods used to explore

their oxidative properties. It will then address some of the applications of nucleic acid

oxidation, specifically the focusing on work done in a few labs, including ours, on the

mechanisms of guanine oxidation and the development of nucleic acid biosensors.

12.2. REACTIVITY OF NUCLEIC ACIDS

12.2.1. Nucleobase Oxidation

Nucleic acids are susceptible to damage in cells by a variety of mechanisms including

oxidation. DNAdamage via oxidation can occur either at the sugars through hydrogen

abstraction or at the nucleobases via radical reactions or electron transfer.14, 15

The most easily oxidized naturally occurring base in DNA is guanine with a E1/2

[G (1þ/0)]¼ 1.29V versus NHE (Figure 12.1).16 Damage usually originates at

a guanine nucleobase or migrates to guanine regions.17, 18 Reaction at the other bases

is less commonbecause of their higher redoxpotential.14Adenine is oxidized at 1.42V

versus NHE and the two pyrimidine nucleobases exhibit redox potentials of �1.6V

versus NHE.16

The products of nucleic acid oxidation depend on DNA structure as well as on the

method of oxidation, and it has been suggested that there is some dependence on

the sequence as well.19 Nucleotides within the nativeDNA helix are less reactive than
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FIGURE 12.1. Chemical structures and oxidation potentials of the native DNA nucleobases

and the 7-deazaadenine, 7-deazaguanine, and 8-oxoguanine derivatives. All oxidation poten-

tials are versus NHE. The IUPAC numbering is shown for adenine and cytosine.
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those found in single stranded regions because the bases in native DNA are shielded

from the electrode surface. The electrochemical properties of peptide nucleic acids

(PNAs, which are DNA mimics that bind to complementary DNA and RNA but lack

a charged backbone) have also been investigated.20 The absence of the charged

backbone changes the adsorption behavior of the PNA, and it affects the oxidation

and reduction of the PNA bases at carbon and mercury electrodes.20

Some derivatives of the native nucleobases exhibit even lower oxidation potentials

than theparentmolecule,with theguaninederivatives7,8-dihydro-20-deozyguanosine
(8-oxoguanine, 8-oxoG) at 0.74V versus NHE,21 and 7-deazaguanine (7-deazaG, Z)

at 1.0 versus NHE.22 A derivative of adenine, 7-deazaadenine (7-deazaA), exhibits

lower redox potentials than native adenine with E1/2¼�1.3V versus NHE.23 Due to

their reduced redox potentials, these molecules have been used to help understand

the mechanism of nucleic acid oxidation.

12.2.2. Mechanism of Guanine Oxidation by Electron Transfer

Guanine nucleobase oxidation can occur under a variety of oxidizing conditions

including reactions with hydroxyl and related radicals, one-electron oxidants,

alkylating agents, singlet oxygen, as well as intercalating compounds or metal

compounds tethered to nucleic acids.15 Many oxidized products result from guanine

oxidation, depending on the degradation pathway. A great deal of effort has been

dedicated to understanding the chemical modifications of guanine under different

oxidizing conditions. The goal of this research is to understand which lesions can be

expected to occur in vivo and the biological consequences of these oxidation events.

A summary of the oxidation of guanine by electron transfer will be presented here,

and a more detailed overview of nucleic acid oxidation reactions can be found in

reviews.14, 19, 24, 25 The isolated guanine base, GMP, dGMP, or guanine found in

single-stranded DNA is thought to undergo a one-electron oxidation yielding the

radical cation of guanine (G.þ), which deprotonates rapidly at pH 7due to the low pKa

(3.9) of the radical cation species.24, 26 The deprotonation is thought to occur from

the N1 position of the guanine and results in the formation of neutral radical as shown

in Eq. (12.1).26, 27

G!G
.þ !Gð-HÞ. þHþ ð12:1Þ

The neutral radical can be quenched by reaction with the superoxide radical anion,

O2
.�, starting a cascade of reactions that results in the formation imidazolone and

oxazolone products.14, 19 In duplex DNA, when G.þ is formed, deprotonation is not

favored, due to the hydrogen bond interaction between guanine and cytosine at the

N1 position.28 It is thought that the proton is transferred to the N3 position of the

base-paired cytosine, allowing the radical cation to retain more positive character

than the unpaired nucleotide. Recent studies revealed a kinetic isotope effect for the

reaction of Ru(bpy)3
2þ with guanine, indicating that proton loss was still the lowest

energy pathway for dsDNA.29–31 Formation of 8-oxoguanine occurs by hydration of

the guanine radical cation at the C8 position followed by subsequent oxidation steps,
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and it is thought to be due at least in part to the longer-lived guanine radical cation

present in dsDNA.14, 19, 32 The 8-oxoguanine nucleobase can also undergo further

oxidation to subsequent products, including imidazolone and oxazolone, making

the reaction mechanism difficult to elucidate.14, 33 Imidazolone is a product of the

addition of oxygen to the radical cation, while oxazalone is the product of the

hydrolysis of imidazolone. In vivo, guanine oxidation has been shown to result in

the production of a number of possible reaction products including 8-oxoG, imida-

zolone, and oxazolone.14, 34

12.3. ELECTROCHEMICAL METHODS FOR NUCLEIC

ACID OXIDATION

Early studies were performed using droppingmercury electrodes, followed by the use

of stationary mercury electrodes and carbon electrodes about a decade later. More

recently, carbon (including glassy carbon, carbon paste, and graphite),35, 36 gold,37

indium tin oxide (ITO),7 copper,38, 39 silver, and platinumelectrodes have been used.12

One of the limitations to most electrodes used in electrochemical techniques is that

the nucleic acid bases, nucleosides, and nucleotides are strongly adsorbed to the

electrode surface. This property led other researchers to use surfaceswhere adsorption

is much weaker, such as ITO and gold, and to develop indirect oxidation methods to

take advantage of the oxidative properties of nucleic acids.34 Detailed reviews of the

electrodes used,12, 40 andof the adsorptionofnucleic acids at electrode surfaces, canbe

found.41

12.3.1. Direct Oxidation

Direct oxidationmethods rely on the intrinsic electroactivity of the nucleobases found

in DNA and RNA. Early work by Pala�cek and co-workers pioneered the study of

nucleic acids using oscillographic polarography at dropping mercury electrodes with

controlled alternating current around 196041 and has been widely reviewed.12, 13, 42

Their work showed that the electrochemical oxidation and reduction signals seen

were due to the redox activity of the residues of the bases in DNA and RNA upon

interaction with an electrode surface.12 Reduction signals were produced by the

adenine and cytosine residues, while anodic signals were produced by the guanine

residues. The potential window for mercury electrodes is usually between 0.2 and

�1.8 V versus NHE.12 The potential windows of most solid electrodes are shifted

to more positive values by �1V, making them better for studying the oxidation

of nucleic acids, while mercury electrodes are better for studying nucleic acid

reduction.

Oxidation signals for all four DNA bases have been simultaneously detected at

glassy carbon electrodes in phosphate buffered solutions over a wide pH range using

differential pulse voltammetry (DPV).36 While it was previously shown that all four

bases could be detected at glassy carbon electrodes using sonovoltammetry, detection

was limited to alkaline electrolyte solutions containing pyrimidine bases with
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a concentration 10 times higher than that of the purine bases.43, 44 Using differential

pulse voltammetry, oxidation peaks were detected in equimolar mixes of the four

DNA bases. In the DPV setup, the electrodes were preconditioned by a series of

scans in buffer only, which enabled better peak separation and enhancement of the

current of the oxidation peaks for all four bases in pH 7.4 phosphate buffer. Detection

limits were found to be in the nanomolar range for the purine nucleotides and in the

micromolar range for the pyrimidine bases.36

Electrochemical detection of nucleotides, ssDNA, and dsDNA using sinusoidal

voltammetry at copper microelectrodes has been investigated by Khur and

co-workers.38, 39 Their approach utilized the electrocatalytic oxidative properties

of sugars and amines at copper surfaces. Ribose sugars and exoycylic amines on the

nucleobases are oxidized at 0.4V in the presence of Cu(II) on the electrode surface.

This approach is universal to all types of oligonucleotides because all nucleotides

and DNA molecules contain a ribose sugar backbone and primary amines can be

found on the nucleobases. Consequently, detection sensitivity is enhanced for longer

oligonucleotides, and dsDNA showed a larger electrochemical signal due to the

presence of a higher number of sugar residues on the outside of the dsDNA when

compared with a single stranded oligo of the same length. Using this technique,

picomolar amounts of ss- and dsDNAwere detected.39

12.3.2. Indirect Oxidation

Indirect methods for the detection of nucleic acid oxidation are based on the detection

of electroactive indicators that intercalate or associate with DNA.8, 37, 45, 46 The

complexes used as exogenous electroactive probes are designed to bind to duplex

DNA with a higher affinity than single-stranded sequences. Millan and Mikkelsen

were the first to demonstrate the viability of a sensor based on detection of an

exogenous indicator by observing DNA hybridization to the probe sequences cova-

lently immobilized on glassy carbon or carbon paste electrodes.47, 48 They determined

that performing cyclic voltammetry in the presence of Co(bpy)3
3þ, Co(phen)3

3þ or

Os(bpy)3
2þ (bpy¼ 2,20-bipyridine; phen¼ 1,10 phenanthrolene), reversibly electro-

active (1e�) complexes, resulted in larger current responses compared to single-

stranded probes due to preconcentration of the metal complex near the electrode

surface by electrostatic interaction with the phosphate groups in the minor groove.

They were able to use the assay to detect a three-base pair deletion present in 70%

of cystic fibrosis (CF) patients and carriers.48 A similar approach has been developed

in which DNA or PNA probes are adsorbed directly onto carbon paste electrodes and

chronoamperometry of Co(phen)3
3þ associated with duplex DNA is used to detect

hybridization.49, 50

Several groups have used intercalating agents as electrochemical indicators.37, 45,

51, 52 In anearly experiment,Kelleyet al. attacheddouble-strandedoligonucleotides to

a gold electrode through a 50-thiol linker and investigated the electrochemistry of

methylene blue by cyclic voltammetry.45 They later used this and other methods to

examine the mechanisms behind DNA-bound redox chemistry and DNA-mediated

electron transfers.5, 22, 45, 53
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Threading intercalators, intercalatorswith bulky subsituents on the periphery of the

intercalating moiety, discriminate between double- and single-stranded DNA better

than other intercalators because the subsituents bind to the grooves of duplex DNA.

Takenaka et al.37 have used ferrocenylnaphthalene diimide, a threading intercalator,

as an electrochemically active ligand to sense dsDNA immobilized onto gold

electrodes. This complex was shown to bind preferentially to dsDNA by a factor

of 4 over binding to ssDNA. Using DPV, they were able to detect hybridization of

a target DNA sequence to an oligonucleotide probe sequence immobilized on gold

electrodes at subpicomolar concentrations.

The focus of our laboratory has been the one-electron oxidation of DNA by metal

polypyridyl complexes via perpendicular extraction of electrons from DNA.7, 8 We

have investigated this process using metal-mediated guanine redox reactions for

nucleic acid analysis on ITOelectrodes. In this process, the redoxmediator is oxidized

at the electrode and diffuses in solution where it can exchange an electron with DNA.

A schematic illustration of our method is shown in Figure 12.2. The electron transfer

is thermodynamically driven through a coupled chemical reaction, and the redox

active metal complex acts as a three-dimensional electrode, compared to the two-

dimensional electrode surface. Various metal complexes have been used in the redox

experiments, including Os,29, 30, 54 Re,46 Fe,7, 54 and Ru.6, 7, 10, 29, 30, 54–60

ITO is a good electrode surface because it is optically transparent, can be fabricated

on glass,61, 62 and has a number of special properties that make it useful for

electrochemistry. ITO does not significantly adsorb DNA,63 and it can access

potentials up to about 1.4V (versus Ag/AgCl) in neutral solution.62 Direct oxidation

ofguanine at ITOsurfaces is extremely slow, evenwhenDNAisdirectly adsorbedonto

the electrode, making signals from the direct oxidation of guanine insignificant.64, 65

The first observation of electrocatalytic current due to the oxidation of guanine in

DNA at the ITO surface was first made using the complex Re(O)2(py)4
2þ/þ,46 which

FIGURE 12.2. Schematic illustration of the metal-mediated guanine reaction for nucleic acid

analysis on ITO electrodes. The electrode is at a potential that oxidizes the reduced metal

mediator [M2þ, usually Ru(bpy)3
2þ] to the oxidized form [M3þ, usually Ru(bpy)3

3þ]. The
oxidized form then removes an electron from an unmodified guanine in DNA (DNA-G) and

converts it to an oxidized guanine (DNA-Gox), which generates the reducedmetal mediator and

completes the catalytic cycle. In the absence of guanine, the mediator can only be oxidized

once. When DNA is present, the catalytic cycle can turn over many times, resulting in an

enhancement of current. (Adapted from reference 74).
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has a redox potential similar to that of Ru(bpy)2
3þ/2þ but is less stable, making the

ruthenium complex a better catalyst.7, 66 The redox potential of Ru(bpy)3
3þ/2þ and

guanine are similar (E1/2 [G(1þ/0)]¼ 1.1V versus Ag/AgCl and E1/2 [Ru(III/II)]¼
1.06V versus Ag/AgCl. This and related complexes are used to oxidize guanine and

related nucleobases by a single electron after generation of the Ru(III) state of the

complex.7 The reaction is monitored as a catalytic current in the oxidation of the

complex to Ru(bpy)3
3þ.67 In order to use the electrocatalytic signals to obtain kinetic

and thermodynamic information on theRu(III)-guanine reactions, we have developed

methods using the digital simulation program DigiSim.9 The information obtained

electrochemically can be supplementedwith studies using either optical absorption of

the metal complex or gel electrophoresis.8, 55

Figure 12.3 shows an example of a cyclic voltammogram of Ru(bpy)3
2þ in the

presence and absence of DNA. Quasi-reversible voltammograms for Ru(bpy)3
2þ are

detected at conventional scan rates. The oxidative wave detected in the presence of

DNA is indicative of a scheme where electronically generated Ru(III) is reduced to

Ru(II) byDNA, setting up an electrocatalytic cycle shown inEqs. (12.2) and (12.3).7, 46

RuðbpyÞ 2þ
3 !RuðbpyÞ 3þ

3 þ e� ð12:2Þ
RuðbpyÞ 3þ

3 þ guanine!RuðbpyÞ 2þ
3 þ guanineox ð12:3Þ

In this scheme, when the electode is swept through the potential for the Ru(III/II)

oxidation, Ru(bpy)3
2þ is oxidized at the ITO electrode surface to Ru(bpy)3

3þ. The
oxidized metal complex undergoes a thermal reaction with guanine resulting in

the extraction of an electron out of guanine to make the guanine radical cation

(guanineox) and regenerate Ru(bpy)3
2þ, which is then reoxidized by the electrode.67

The additional current seen in the electrocatalytic wave arises from the reoxidation

FIGURE 12.3. Cyclic voltammograms at ITO working electrodes of Ru(bpy)3
2þ without

(a) and with (b) DNA at 800mM added salt. The oxidation of guanine is detected as current

enhancement in the cyclic voltammogram of Ru(bpy)3
2þ. All potentials are versus Ag/AgCl.
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of Ru(bpy)3
2þ that occurs during oxidation of guanine as shown in Eq. (12.3). The

return wave due to the reduction of Ru(bpy)3
3þ is not seen in the presence of DNA

because any Ru(bpy)3
3þ generated by the electrode is reduced by DNA and does not

accumulate at the electrode.67 The binding of the positively charged Ru(bpy)3
3þ/2þ

to the negatively charged DNA has been shown to be important in low ionic strength

solution, with binding constants of 700 M�1 and 3500M�1 for the 2þ and 3þ forms,

respectively.8, 68 The electrostatic binding weakens with an increased [Naþ] and is

negligible at high ionic strengths—that is, a 50mM sodium phosphate solution with

700mM sodium chloride. Association of the mediator and DNA at low ionic strength

enhances the catalytic current and rate of guanine oxidation by an order of magnitude

relative to higher ionic strength because of the shortened electron-transfer distance

in the Ru–DNA complex. At high ionic strength, binding of the metal complexes is

too weak to influence the current response.7

Guanine was thought to be the electron donor after experiments showed that

catalytic currents were observed in the presence of genomic DNA and poly(GC)�
poly(GC) but not in the presence of poly(A)�poly(T).7, 8 A second experiment with

radiolabeled oligonucleotides showed thatwhen the electrodewas at potentials able to

generate Ru(bpy)3
3þ, selective cleavage at guanine was seen after base treatment of

the oligonucleotides and analysis by gel electrophoresis.7, 46, 55, 56 The observation of

electrocatalysis shown in Figure 12.3 suggested that there are similar redox potentials

for the Ru(bpy)3
3þ/2þ andG1þ/0 reactions. Using the calculated values for the kinetics

of oxidation by a series of substituted metal complexes, we predicted the redox

potential for guanine to be 1.1V versus Ag/AgCl.7 Later reports by Steenken showed

that the redox potential for guaninewas 1.07V versus Ag/AgCl for guanine at pH 7.16

The use of the ITO–phosphate system allowed our group to apply thismethod to study

the mechanism of guanine oxidation. A large number of groups have also applied the

basic principles of nucleic acid oxidation to develop biosensors and investigate the

biological implications of electron transport.

12.4. APPLICATIONS OF NUCLEIC ACID OXIDATION

The redoxactivityof theguaninenucleobasehas received themost attentionof the four

naturally occurring nucleobases due to its involvement in metabolism, aging, and

disease. The ability to selectively oxidize guanine over other nucleobases has led to

the creation of numerous types of DNA biosensors, ranging from (a) those that use

hybridizationprobes todetectmismatches present ingenes causingdisease to (b) those

that monitor the activity of protein binding to nucleic acids based on changes in

sequence.7, 47, 48, 52, 53, 69–72

12.4.1. Investigating the Mechanism of Guanine Oxidation

12.4.1.1. Effects of Salt Concentration on DNA Binding. Our laboratory has used

the ITO–phosphate system to investigate the mechanisms behind guanine oxidation

in DNA. As noted above, we identified guanine as the oxidized moiety in DNA upon
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interaction with the redox active Ru(bpy)3
3þ complex. Using a digital simulation

program, DigiSim,9 we sought to simulate the observed catalytic currents to develop

a kinetic model that would give rate constants for the guanine–Ru(III) electron

transfer. The rate constant for the oxidation of guanine in calf thymus DNA by

Ru(bpy)3
3þ is 9000M�1 s�1. The reactions simulated were performed in high ionic

strength solutions to make the binding of Ru(bpy)3
2þ to DNA negligible.7, 8 A similar

value was obtained through the use of the COOL algorithm to analyze cyclic square-

wave voltammograms.7

Studies of the isostructural complexOs(bpy)3
2þ in the presence of DNA at low salt

concentrations were done to parallel the studies done with Ru(bpy)3
2þ and showed

a tighter binding of the 3þ form that for the 2þ form due to the higher charge.68, 73

Thismakes the redox potential for theOs(III/II) couple different for the bound and free

forms.68 The diffusion constant for the bound form was the same as that for DNA,

which is lower than that of the free Os(bpy)3
2þ complex, indicating that the majority

of the electrochemistry occurs through free Os(bpy)3
2þ.68, 73 Using DigiSim we can

model the effect of DNA binding on the catalytic oxidation observed in the

Ru(bpy)3
3þ/2þ couple. From the data obtained for the isostructural Os(bpy)3

2þ

complex, we can use the known diffusion coefficients and binding constants to

determine the electron-transfer rates from guanine to the bound Ru(III).8, 58 An

additional effect that arises in the catalytic case that must be considered is that

most of the electrode oxidationoccurs from the freeRu(bpy)3
2þ,whileDNAoxidation

goes through the bound Ru(bpy)3
3þ. We determined that the effective second-order

rate constants at low salt concentrations approached 106M�1 s�1.

Not only does the binding of the metal complex to DNA need to be considered, but

the overall probability that a bound Ru(bpy)3
3þwill extract an electron from guanine

must be considered at low-salt concentrations.58 To examine the effect of distance

on the oxidation of guanine, a 15-mer DNA duplex containing a single guanine in the

middle of one strand with no guanines in the complementary strand was used.

We considered each of the nucleotides present in the duplex to be a possible “active

site,” with a total 30 sites possible for the duplex. If electron transfer only occurs at

bound guanine residues, then there is a total of one active site; and if binding at every

nucleotide produces electron transfer, there are 30 total active sites. Using DigiSim to

simulate the current resulting from the oxidation of the 15-mer,modelswith one active

site underestimate the amount of catalytic current, while models with 30 active sites

overestimate the current. When a model containing 5 or 10 active sites was used,

the data could be adequately simulated, suggesting that electrons are transferred to a

bound Ru(bpy)3
3þ that was located between 2.5 and 5 base pairs from the guanine.58

Increasing the number of guanines in the sequence was also shown to predictably

increase the number of active sites.58

In order tomake theRu(bpy)3
3þ–guanine electron reaction scheme observed in our

laboratory into a practical system for use as a nucleic acid biosensor, we wanted to

develop amethod for surface immobilization of the nucleic acid.74We had previously

pursuedanumberof immobilization schemes involving self-assembledmonolayers,75

electropolymerized films,76 and porous membranes attached to the ITO surface,77

and we wanted to investigate a system for immobilizing DNA directly onto an ITO

APPLICATIONS OF NUCLEIC ACID OXIDATION 365



electrode. Direct attachment of DNA strands prepared by PCR onto the surface was

doneusing irreversible adsorptionof theDNAfroma9:1DMF/watermixturebuffered

with sodium acetate.64 The adsorbed DNA did not produce any direct oxidation of

guanine using the ITO electrode, but the modified electrodes produced catalytic

signals upon the addition of Ru(bpy)3
2þ as an electrochemical indicator. Using this

method, we were able to detect long strands of DNA at less than 1 fmol, or 44 amol/

mm2 of electrode surface.64

Using these modified electrodes, investigated the oxidation kinetics of the guanine

in DNA molecules adsorbed onto the surface.65 From the data collected using

chronocoulometry and chronoamperometry on modified electrodes both with and

without the Ru(bpy)3
2þ complex, the number of electrons transferred to the electrode

per guanine was quantified, and the rate constants for both the catalyzed

and uncatalyzed reactions could be estimated. Chronocoulometry over 2.5 s shows

that roughly two electrons per guanine were transferred to the electrode in both the

presence and absence of Ru(bpy)3
2þ, although the transfer in the absence of catalyst

occurred at a much slower rate. This result was consistent with a number of proposed

oxidation mechanisms.33, 78–82 From the kinetics data, we determined that the

DNA–Ru3þ electron transfer at the surface is similar to that in solution. There is a

slightly faster electron-transfer rate at the surface, which is likely due to a distortion

of the immobilized DNA that increases the solvent accessibility of the oxidized

guanine. Also, at the adsorbed DNA surface, the affinity of the catalyst is a factor

of 100 greater than that in solution and is likely due to partial negative charges on the

ITO surface, which increase the electrostatic attraction of the cationic catalyst to

the DNA-modified ITO surface. Overall, this surface immobilization technique gave

results similar to those of the solution experiments, indicating that this was a useful

strategy for our investigations.

12.4.1.2. Effects of Sequence and Secondary Structure on DNA Oxidation

Guanine Multiplets. Guanine oxidation is sensitive to the sequence environment.

Depending on the structure and surrounding conditions, the radical cation that is

initially formed canmigrate to a site of lower energy. For example, studies have shown

that guanine is the resting site for hole migration from damage originating at other

bases and is termed an “electron sink.”18, 83 Also, clustering of guanines in a sequence

affects the redox properties of the stacked bases. A number of groups have observed

that the 50-guanine is preferentially oxidized when two adjacent guanines are present
in a DNA sequence.53, 84, 85Ab initio calculations by Sugiyama and coworkers

indicated that the 50-guanine of the 50-GG-30 doublet is the more electron-rich site

in the doublet.84 Experimental data using gel electrophoretic techniques showed that

bands at the 50-guanine position of the doublet had a greater intensity than those at the
30 position.51, 85–88 Foote and co-workers determined that electrostatic interactions

contributed to the lowered potential of the 50-guanine.89 In an electrostatic potential

map, the carbonyl oxygen and N7 of guanine harbor a high concentration of negative

charge. The positioning of these atoms over the 50-guanine was proposed to create

a stabilization effect for the 50-guanine cation.
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Our group wanted to determine exactly to what extent the reactivity of the 50-G is

increased by determining the relative rate constants for electron transfer in oligonu-

cleotides that contain a single guanine, guanine doublets, or guaninemultiplets, using

cyclic voltammetry.55 A total of three sequences were compared: 50-AGT (G15),
50-AGGT (GG16), and 50-AGGGT (GGG17). Previous work had shown that the

lowest reactivitywas seen for aguaninewith aTon the30 side84; so tomimic an isolated

guanine, the 50-AGT sequence was used.55 The voltammograms of Ru(bpy)3
2þ in the

presence of DNA duplexes, G15, GG16, and GGG17, are shown in Figure 12.4a.

The sigmoidal shapes of the voltammograms for GG16 and GGG17 represent very

rapid electron transfer from guanine to Ru(III). The electron transfer was faster for

the doublet and multiplet sequences when compared to the isolated guanine.

In gel electrophoresis experiments, a increased amount of oxidation is seen in the

50-guanine in ds-DNA compared to ss-DNA.90 However, cyclic voltammetry experi-

ments with G15, GG16, and GGG17 as single-stranded oligonucleotides did not

show this same dependence. The absolute current enhancements were greater for the

single-stranded DNA than for the duplex because the solvent accessibility is higher

in the single-stranded form.55

To show that the change in electron transfer rate was due to the sequence context,

and not the overall concentration of guanine found in the reaction, we examined the

electron transfer in sequences that had two and three isolated guanines. The sequences

used were GxG18 and GxGxG21, which are composed of 50-AGTAGT and

50AGTAGTAGT, respectively.55 The voltammograms corresponding to these se-

quences are seen in Figure 12.4b. The increase in catalytic current for the guanine

doublet andmultiplet is much greater than the current seen for the same concentration

of isolated guanines. This implies a greater intrinsic oxidation rate for guanine

doublets and multiplets. Modeling of the voltammograms for sequences containing

an isolated guanine using DigiSim yielded a rate constant of 1.4� 105M�1 s�1 while
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FIGURE 12.4. Cyclic voltammograms of Ru(bpy)3
2þ in the presence of DNA at pH 7.

(a)Added sequences are the duplex forms ofG15 (G singlet),GG16 (GGdoublet), andGGG17

(GGG triplet). (b) Added sequences are the duplex forms of G15 (n¼ 1), GxG18 (n¼ 2),

GxGxG21 (n¼ 3), where n is the number of guanines in the sequence. All potentials are versus

Ag/AgCl. (Reprinted with permission from reference 55. Copyright 2000 American Chemical

Society.)
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sequences containing a 50-GG gave an overall rate constant of 7.5� 105M�1 s�1.55

By assuming that the 30-G of the GG doublet exhibits the same rate constant as the

isolated guanine,we estimated the ratio of rate constants for the 50-Gof theGGdoublet

to the 30-G to be kGG/kG¼ 12� 2. Inosine (I), a base that is identical to guanosine but

does not contain the exocyclic amine, does not donate electrons to Ru(III), leaving it

redox inactive in our system. Experiments using inosine in place of guanosine

in oligonucleotides gave the same rate constant for a 50-IG doublet as for isolated

guanine (kIG/kG¼ 1.0� 0.2) but showed a significant enhancement for a 50-IG
sequence (kGI/kG¼ 2.8� 0.4).91 These results supported our assumption that the

30-G of the GG doublet gives the same rate constant as isolated guanine.

We also studied the effect of placing a 7-deazaguanine (Z) on the 30 side in doublets
with guanine.55 Studies have shown that 7-deazaguanine is a good electron donor and,

as mentioned above, exhibits a redox potential lower than native guanine.92, 93 The

stacking of guanine on the 50 side of a 7-deazaguanine enhances the electron-transfer
reactivity, but not to the same extent as native guanine even though 7-deazaguanine

has a lower oxidation potential.55 These results support the hypothesis that the

favorable orientation of the N7 position of the 30 base is an important aspect of the

stacking effect.89

Single Base Mismatches. The sequence of a nucleic acid can have a large effect on

the electron-transfer of nucleic acids.34, 55 We reported a distance dependence for the

electron transport between Ru(bpy)3
3þ and guanine in duplex DNA.55 From these

results we suspected that secondary structure would also play an important role in

determining the reactivity of guanine.55 Using an oligonucleotide containing an

isolated guanine (AGT), we compared the rate constants for oxidation of the guanine

base. For the native G:C base pair, the measured rate constant was 200 times less than

the rate constant for the single-stranded DNA.We hypothesize that the decrease in the

rate constant is due to the protection of the guanine in the double helix. When the

oligonucleotide was hybridized to complementary DNA, causing a mismatch across

from the guanine residue, intermediate rate constants were seen (Figure 12.5). The

oxidation rate constants followed the trend G (single strand) >GA >GG > GT >GC.
The relative order of reactivities for mismatches containing 7-deazaguanine and

8-oxoguanine is similar to that of guanine mismatches.10, 94 These mismatches

were all distinguishable from one another, and this result was later exploited by

our group for the development of DNA biosensors for detecting DNA sequencing

platforms.

Barton and co-workers have used duplex DNA oligonucleotide films self-

assembled onto a gold electrode surface through a thiol linker to probe nucleic

acid structure (Figure 12.6).A redox indicator,methylene blue,was bound to theDNA

duplexes and was electrochemically reduced by charge transport through the DNA

base stack. The reduced methylene blue acts as a catalyst for the reduction of a [Fe

(CN)6]
3� species diffusing in solution, which can then reoxidize the methylene blue

creating a catalytic cycle. Using this assay, they are able to detect changes in base-pair

stackingof theDNAduplexandhave identifiedall single-basemismatches and several

common DNA base damage products.53
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To determine the primary factors governing the detection of DNA lesions by

DNA charge-transfer chemistry and the range of lesions that could be detected, the

system devised above was used to examine a wide range of base analogues and DNA

damage products.95 It was determined that charge transfer did not depend on the
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+ e–
– e–

Fe(CN)6
3–

e–
e–

Fe(CN)6
4–

Fe(CN)6
3–

Fe(CN)6
4–

MB+MB+

FIGURE 12.6. Electrochemical assay for disruptions in the p-stack of duplex DNA through

DNA-mediated charge transport. Electrodes are modified with duplex DNA. Current flows

through well-stacked DNA (left) to reduce methylene blue (MBþ) to leucomethylene blue

(LB). LB is then able to reduce Fe(CN)6
3�, regenerating MB, and completing the catalytic

cycle. A current enhancement is seen from this catalysis. When the base-stacking is interrupted

(right), charge transfer does not occur through the base stack, and MBþ is not reduced.

(Adapted from references 5 and 45.)
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thermodynamic stability of thehelix, but insteadonother factorscontributing tocorrect

base stacking in the helix. Changes in the hydrogen bonding of Watson–Crick base

pairs, or the addition of steric bulk by themodified bases, caused a loss in the efficiency

of charge transfer.95 This technique has also been used to probe an DNA:RNA hybrid

containing a 30-endo-locked conformation in the sugar–phosphate backbone.96

GQuartets. Guanine-rich sequences, such as those that occur in telomeres at the ends

of chromosomes, can form G quartets. In these quartets, multiplet guanines are

organized around a central cation in a four-stranded structure.97 As discussed above,

in normal B-form DNA the 50-guanine in guanine multiplets is electron-rich,55 and it

has been suggested that guanine multiplets are therefore traps for oxidizing equiva-

lents generated in the DNA duplex.33, 51, 90, 98–101 We sought to study whether

G quartets formed from guanine triplets could be traps for oxidizing equivalents,

so we studied electron transfer in an oligonucleotide that contains a repeating GGG

sequence and forms a G quartet at the appropriate monovalent cation concentra-

tion.54, 97 Ru(bpy)3
3þ oxidation produced an enhanced current for the G quartet over

that seen for a duplex containing the same number of guanines, with no adjacent

guanines.54, 57 The average rate constants per guanine are 1.9� 104M�1 s�1 for the

DNAduplex and 3.7� 104M�1 s�1 for theGquartet. This is amuch smaller ratio than

that seen for duplex guanine doublets, which show an increase of a factor of 12 for

the 50-G.We next used gel electrophoresis to determine the extent of oxidation at each

guanine to the G quartet with an extra TGT (G3) sequence which would be single

stranded at the 30 end. Oxidation was performed using the “flash-quench” tech-

nique,102 where Ru(bpy)3
2þ is photolyzed in the presence of a quencher to generate

Ru(bpy)3
3þ, the same oxidant used in the electrochemical measurements. The

G-quartet form showed a pattern of 50 > 30 > central where the reactivity of the

30-guanine is enhanced compared to the reactivity pattern usually seen in duplex

DNA.This is consistentwith the results that are expected for amore solvent-accessible

structure.When theG3 sequencewas hybridized to its complement, the enhancement

of the 50-guanine returned.
The measured rate constants for the oxidation of guanines found in duplex,

G quartet, and single strands (1.9� 104M�1 s�1, 3.7� 104M�1 s�1, and 2�
105M�1 s�1, respectively) for the DNA follow the same trend as the average

solvent-accessible surface areas (148, 164, and 253A
�
, respectively). This result

supports the hypothesis that the increase in electron density of the 50-guanine in

B-DNA results form the position of the N7 of the 30-guanine relative to the p-system
of the 50-guanine which is also consistent with the 7-deazaguanine chemistry. In the

G-quartet structure there is no similar alignment of the N7 atoms as is seen in duplex

DNA.57 This is consistent with the results of Schuster et al., where there is less

selectivity for the 50-G in a guanine doublet found in A-form DNA:RNA hybrids.99

Because adjacent guanines in G quartets are not effective hole traps, formation of the

G-quartet structure might protect guanine multiplets from oxidation in vivo.98

Reactions withModified Bases. Guaninenucleobasederivativessuchas8-oxoguanine

and 7-deazaguanine exhibit a lower oxidation potential than the guanine
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nucleobase itself.21, 22, 103 We suspected that this would allow the modified base to be

selectivelyoxidizedusingametalcomplexwithalowerredoxpotential thanRu(bpy)3
2þ

as a catalyst. We first showed that using Os(bpy)3
2þ, with a E1/2¼ 0.62V (versus Ag/

AgCl), could selectively catalyze the oxidation of 8-oxoguanine in the presence of

guanine.94We then used this redox catalyst to probe the secondary structural effects in

duplexDNAfordetectingmismatchselectiveoxidationatasingle8-oxoguaninebase in

oligonucleotidesalsocontainingtheguaninenucleobase.Thecurrentenhancementseen

in thepresenceof theOs(bpy)3
2þ catalystmirrored thoseobtainedwithRu(bpy)3

2þ and

the native guanine.7 To confirm that the results seen with Os(bpy)3
2þ were due to

oxidationof 8-oxoguanine only, cyclic voltammograms of amixture ofOs(bpy)3
2þ and

Ru(bpy)3
2þweremeasuredasseeninFigure12.7.Whenonlynativeguanineispresent,as

seen in Figure 12.7a, current enhancement is only seen for the Ru(bpy)3
3þ/2þwave and

notfortheOs(bpy)3
3þ/2þwave,showingthatOs(III)isnotaneffectiveoxidantofguanine

under conditions where Ru(III) oxidizes guanine effectively. Interestingly, identical

resultswere obtainedwhena sequence containinga 50-GGdoublet anda 50-GGGtriplet

wereused,showingthedegreeofselectivityofOs(III)for8-oxoguanine.When8-oxoGis

present (Figure 12.7b), enhancement of both the osmium and ruthenium wave is

observed.

One of the potential applications of mismatch selectivity detection is its use in the

identification of single-base mismatches in clinical samples.7 The presence of other

guanines in a sequence obscures the effect of the mismatch on the target site and is a

major limitation of the guainine–Ru(III) reaction. We reasoned that the 8-oxoG-Os

(III) reaction might allow for detection of a mismatch at 8-oxoG in the presence

of native guanines. The ability to detect the secondary structure dependence for

8-oxoG was tested in a physiologically relevant sequence using an oligomer that

is complementary to a site of common genetic mutation for cystic fibrosis.94, 104

Deletion of a phenylalanine codon (TTT) from this gene is responsible for 70% of

all cases of CF.104 We designed a probe oligonucleotide with the sequence

FIGURE 12.7. Cyclic voltammograms of Ru(bpy)3
2þ and Os(bpy)3

2þ with single-stranded

oligonucleotides at pH 7. (a) Voltammograms of Ru(bpy)3
2þ and Os(bpy)3

2þ alone (dashed

line) or in the presence of ss-DNA containing guanine (solid line). (b) Voltammograms of

Ru(bpy)3
2þ and Os(bpy)3

2þ alone (dashed line) or in the presence of 8-oxoguanine (solid line).

All potentials are versus Ag/AgCl. (Adapted from reference 94.)
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50-ATAGGAAACACC-A8GA-GATGATATTTTC, along with a wild-type comple-

ment that contains a 50-TTT triplet opposite the A8GA on the probe. The A8GA

sequence gave a relatively small enhancement when hybridized to the full length

(þTTT) complement, while the –TTT mutant gave a significant enhancement in

current due to the 8-oxoG being placed in a single-stranded A8GA bulge. This

experiment provides a strategy for detecting point mutations by designing probes

modified with 8-oxoG that can be selectively oxidized by Os(bpy)3
3þ in the presence

of native guanines.67

The modified base 8-oxoguanine was later used to study conformationally con-

trolled electron transfer in DNA molecules using electrochemistry on ITO electro-

des.105 The oligonucleotide (25-mer) used was labeled with an Os(bpy)3
2þ on the 50

end and with a 8-oxoguanine base on the 30 end. This contrasted our previous studies
which had until this time centered on freely diffusing metal complexes undergoing

intermolecular reactionswithDNAnucleobases.8, 58, 94The tethering ofOs(bpy)3
2þ to

the DNA molecule does not effect redox potential of the metal complex. In the

presence of an unlabeled complementary DNA sequence, a ds-DNA helix forms and

then it places the Os(III) complex at the opposite end of the helix, too far from the

8-oxoG for electron transfer to occur since the potential of the Os(III) is too low to

generate nucleobases radicals that would be required for efficient charge transfer over

a long distance. Oxidation of 8-oxoG only occurred through bimolecular reaction

of the electrogenerated Os(III) of one duplex with the 8-oxoG of another duplex.

In the absence of the complementary sequence, the single-stranded sequence folds

into a hairpin structure, placing the 8-oxoG close to the Os(III), thereby allowing

electron transfer to occur in the same molecule. The electron transfer is detectable by

the formation of a catalytic current seen using cyclic voltammetry.

We next wanted to determine if multiple DNA sequences could be simultaneously

detected on the same electrode. Two 7-deaza analogues, 7-deazaguanine and

7-deazaadenine, were used to prepare PCR products that could be differentially

detected using cyclic voltammetry.6 The two base analogues have different redox

potentials that can be oxidized by corresponding metal complexes with matching

potentials, and they can be incorporated into DNA using Taq polymerase with

conventional PCR protocols.106, 107 Current enhancement in the voltammograms of

a particular metal complex would be indicative of the presence of the corresponding

modified base, which in turn would be a positive signal for the presence of a DNA

sequence amplified using this base. Amplification of a gene with 7-deazaguanine

renders it more readily oxidized than native DNA, since 7-deazaguanine has a redox

potential of 0.75V compared to 1.1V for guanine (both potentials versusAg/AgCl).10

Thus, the 7-deazaguanine fragment can be selectively oxidized by complexes with

lower potentials. Amplification of a separate DNA fragment with 7-deazaadenine

produces a fragment that is less readily oxidized than the 7-deazaguanine fragment,23

so mediators that oxidize the 7-deazaadenine fragment will also oxidize the

7-deazaguanine fragment. In this study, the metal complex Ru(bpy)3
3þ is used to

oxidize both 7-deaza nucleobases, while the 7-deazaguanine is selectively oxidized

by the metal complex Ru(dmb)3
3þ (dmb¼ 4,40-dimethyl-2,20-bipyridine) with an

E1/2¼ 0.86V versus Ag/AgCl. The PCR products were immobilized onto an ITO
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surface by precipitation from a solution of 9:1DMF/acetate, resulting in the immobi-

lization of single-stranded DNA. Using this strategy, it was possible to detect the two

PCRproducts on the same electrode: one 330-bp sequence containing 7-deazaadenine

and a 1200-bp sequence containing 7-deazaguanine.

12.4.2. Examining Charge Transfer through DNA

Numerous studies have shown that duplex DNA can serve as an effective medium to

transport charge.86, 96, 108–111 Guanines, with their low oxidation potentials, can serve

aspositivechargecarriers in themigrationof the radical cation throughDNA.17, 112, 113

Mechanistically, the process of charge transport is not well understood.108 It exhibits

sensitivity to changes in the base stack such as those caused by single-base mis-

matches,114 DNA bulges,115 and protein binding.116 Barton and co-workers have

studied the charge transport through DNA duplexes using redox active intercala-

tors.45, 111 In an early study, double-stranded 15 base-pair oligonucleotides were

attached to a gold electrode through a 50-hexylthiol linker on one of the strands. They
used methylene blue, an aromatic heterocycle that binds strongly to DNA via

intercalation to investigate the redox chemistry of molecules within the DNA

environment.45 A number of electrochemical techniques as well as radiolabeling

indicated a surface covering of �75% with the DNA helices stacked at an angle

from the electrode surface, showing that the helices were densely packed. The

methylene blue intercalator was shown to interact reversibly with the duplex DNA

with a binding affinity comparable to the affinity for DNA in solution. An average of

1.4 methylene blue molecules were shown to bind to each DNA helix; and due to the

tight packing of the helices on the electrode, the intercalation is restricted primarily

to sites near the bulk solution. This leaves the methylene blue about 65A
�
from the

electrode, indicating that the electrochemical reduction of methylene blue at the

surface occurs over a long distance through the DNA duplex (Figure 12.6).45

Later work examined the necessity of intercalative stacking of methylene blue for

DNA-mediated electrochemistry.117 The ionic strength of the buffer solution was

modulated to change the mode of binding of a covalently bound methylene blue

molecule. The methylene blue molecule was attached in a manner that left it tethered

at the top of the DNA film. In low salt buffers, the intercalation of the methylene

blue molecule is detected electrochemically. At high ionic strength the methylene

blue cannot bind to the DNA through intercalation and there is a complete loss of

the electrochemical signal in the DNA film. This and recent electrochemical work

have indicated that the coupling into the p-stack by redox indicators is important for

long-range DNA mediated electrochemistry.111

Charge transfer through DNA has also been investigated using photochemical

methods for electron transfer with the use of bound intercalators,22, 51, 86 or redox

active binders,102, 118 to induce oxidation of guanine, followed by visualization with

gel-electrophoresis.119 Electron transport over long distances (�200A
�
) has been

identified,98, 100 and it is thought that this long-range transport may be a factor leading

to cellularDNAdamage. Amore in-depth reviewof thework done to investigate long-

range DNA charge transport can be found in other references.83, 108
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12.4.3. Electrochemical DNA Biosensors

Biosensors are small devices employing biochemical molecular recognition proper-

ties as the basis for a selective analysis.3 There is a great need for highly sensitive

methods for measuring markers of disease found at ultra-low levels, such as those

seen in early stages of disease.3 Existing diagnostic tests to not have the level of

sensitivity needed and often detect protein at levels corresponding to later stages of

disease. Electrochemical biosensors have been the focus of much research because

they produce a simple, inexpensive, sensitive platform for patient diagnosis.

Electrochemical analysis has been useful in assays to detect protein binding, lesions,

and mutations in DNA, and both direct and indirect methods of electrochemical

oxidation have been used by groups to construct nucleic acid biosensors. Theminimal

elements required to develop a biosensor include a molecular recognition layer and

a signal transducer than can be coupled to an appropriate readout device.4 An in-depth

review of these topics can be found.4 Direct electrical reading of DNA interactions

offers great promise for the development of quick, easy-to-use devices for DNA

sensing and genetic testing. Many of the methods described previously in this chapter

can also be considered to be electrochemical nucleic acid biosensors. This sectionwill

focus on a few of the more current sensors that have been developed.

In the majority of sensors used to detect the hybridization of a DNA sequence,

a probe molecule made up of a single-stranded DNA oligonucleotide (ss-DNA) is

chemically attached to an electrode surface, to create a probe-modified electrode. The

electrode is then brought into contact with a solution containing the complementary

target ss-DNA sequence to form duplex DNA bound at the electrode surface. The

complementary sequence is recognized using an electroactive indicator, which

produces a current in response to interaction with duplex DNA and can be used in

conjunction with enzyme or redox labels. Most hybridization sensors rely on the

ability to convert this recognition event into a useful electrical signal.

Using DNA-modified gold electrodes in a manner similar to that discussed earlier,

Barton and co-workers were able to detect changes in DNA structure upon protein

binding.120 Daunomycin was used as a redox indicator and was covalently linked to

the top of the DNA film. Binding of the base-flipping enzyme M.HhaI or the TATA-

box binding protein, which causes the DNA to bend 90�, cause a reduction in the

amount of charge transfer to the daunomycin probe.120 Proteins that bind to the DNA

but do not disrupt the base stack do not show a significant reduction in the yield of

charge transfer. Binding of the TATA-box protein was determined at micromolar

concentrations using macroelectrodes,120 and it was recently detected at nanomolar

concentrations usingmicroelectrodes andNile Blue as the redox active probe.121 This

technique couldbe adapted for use in the electrical assayofDNA-bindingproteins ona

chip. Difficulties with this technique can arise, however, when probe DNA is closely

packed on an electrode surface because target DNA can be repelled from the

negatively charged surface.

Wong and Gooding71 have developed an electrochemical DNA biosensor that is

able to detect DNAhybridization in real time using long-range charge transfer with an

approach theydescribe as an in situ assay.Theydeveloped this approach to (i) simplify
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the detection of DNA hybridization so that it is compatible with PCR on a chip,

(ii) reduce the time needed for detection of a subnanomolar concentration of

hybridization to under an hour, and (iii) detect single-base mismatches without extra

processing steps.71 The redox intercalator 2,6-anthraquinonedisulfonic acid (AQDS)

was used, which binds to hybridized DNA. Thiolated ss-DNA probes were bound to

a gold electrode, and 6-mercapto-1-hexanol was used as a diluent to prevent

nonspecific adsorption of DNA and AQDS to the electrode surface and to disperse

theDNAprobes. To cut back on the time required for sample preparation, detection of

hybridizationwas conducted in the presence of target DNA and the redox intercalator.

The detection in the presence of target DNA and indicator can be performed because

there is a shift in the reduction electrode potential of the anthraquinone at the

ds-DNA-modified electrode that does not occur at a bare ormodified electrode.122, 123

This method was further used to differentiate between complementary target DNA,

noncomplementary target DNA, and target DNAwith single-base-pair mismatches.71

The intercalation must occur above themismatch in order to affect the charge transfer

through the DNA duplex.

Kelley and co-workers have developed oligonucleotide-functionalized gold

nanoelectrode ensembles (NEE) as a nanoelectrode DNA detection platform.124

Two- and three-dimensionalNEEs thatwere created featuregold nanowires templated

by a polycarbonate membrane. The label-free DNA detection system developed in

their laboratory uses a catalytic reaction between two metal complexes, Ru(NH3)6
3þ

and Fe(CN)6
3�, to detect DNAhybridization. Upon hybridization, there is an increase

in the concentration of phosphates at the electrode surface, which increases the local

concentration of Ru(NH3)6
3þ and produces a change in the electrocatalytic signal.125

A thiolated ss-DNA probe containing a portion of the 23S rRNA gene sequence from

the target DNA was attached to the NEEs, and the surfaces were analyzed using

Ru(III)/Fe(III) electrocatalysis before and after hybridization of the target sequence.

Hybridized sequences resulted in an increase in electrocatalytic current, while

significant increases in current were not seen for noncomplementary sequences.

The three-dimensional NEEs were better suited for biochemical analysis due to the

production of larger signals upon hybridization; and they were able to detect target

DNA strands down to the picomolar concentrations, with an attamole-level detection

limit.

Since initially discovering the electroactivity of nucleic acids on electrodes at the

end of the 1950s and in the early 1960s, Pale�cek has continued to exploit their activity
for use in electrochemical sensors.70, 126–128 His group has recently developed a DNA

sensor based on the labeling of DNA reporter probe (RP) molecules with osmium

metal complexes covalently bound to thymine bases to create a thymine adduct.126

By changing the ligands bound to themetal center, they can alter the redox potential of

the overall thymine–osmium marker and use it for electrochemical “multicolor”

(multipotential) DNA coding (Figure 12.8). The RP contains a stretch of sequence

complementary to a DNA of interest (tDNA), and a poly-T tail (Tx). Labeling of the

Tx tail with an osmium–ligand complex, where the ligand can be 2,20-bipyridine,
1,10-phenanthroline, bathophenanthroline disulfonic acid, or N,N,N0,N0-tetramethy-

lethylenediamine (TEMED), occurs after blocking of the non-poly-T sequence.
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The tDNA contains the target DNA sequence, alongwith a poly-A sequence upstream

used to complex the tDNA to a magnetic bead. After the target DNA sequence is

complexed to the magnetic bead, the reporter probe containing the osmium label is

hybridized to the target DNA. After removal of the unbound probe DNA, thermal

denaturation is used to separate the reporter probe, target DNA, and magnetic bead,

and the released reporter probe is detected using adsorptive transfer stripping square

wave voltammetry at a pyrolytic graphite electrode. Using this approach, they were

able to determine the identity of the captured probe based upon the potential of

the osmium-labeled poly-T tail. Identification of multiple hybridized probes could be

differentiated from a single sample.

Electrochemical nanoparticle-based hybridization assays were developed from

previous use of nanoparticles in optical bioassays. There are a number of different

types of nanomaterials being used, including gold,129–131 silver,132, 133 CdS,72, 134 and

other nanoparticles,135, 136 carbon nanotubes,137 and magnetic particles.138, 139 In

these systems, the nanoparticles bind to the captured target, followed by dissolution

and anodic-stripping electrochemical measurement of the metal tracer.140

Potentiometric microsensors formonitoringDNAhybridization have been developed

using CdS-nanocrystal tags in a sandwich assay.72 Target DNA (60-mer) is first

hybridized to a thiolated probe (20-mer) bound to the gold surface, followed by the

capture of a secondary DNA probe (26-mer) coupled to the CdS label. A dilute

electrolyte background solution for the potentiometric detection of the released Cd2þ

with a polymer membrane Cd2þ-selectivemicroelectrode is created by dissolving the

nanocrystal in H2O2. This system displays high selectivity for hybridized comple-

mentary DNA strands, with two-base mismatches creating the same response as

Hybridization

(T-Os-L)20

tDNA 
(T)25

Reporter
Probe (RP)

Complementary
to  Reporter Probe
(RP) 

(A)20

(T-Os-L)20

Electrochemical detection of
the Os-L label

(T-Os-L)20

Denature

FIGURE12.8. Scheme showing the DNA sensor developed by Pale�cek and co-workers based
on the labeling of DNA reporter probes (RP) with osmium metal complexes. Target DNA

(tDNA) is captured by magnetic beads containing a poly-T sequence (T25) through hybrid-

ization of the poly-A region (A20) of the tDNA to the T20. After magnetic separation and

washing, a sandwich complex is formed only if there is a complementary sequence between

the tDNA and the osmium-reporter probe complex (RP). After washing, heat is applied to

denature any bound RP, and the released RP is determined electrochemically. (Adapted from

reference 126.)
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a control solution with zero target DNA present. The detection limit for the micro-

electrodewas found to be in the femtomolar range, and it is impressive for an assay that

has no preconcentration step.

Wang and co-workers have created numerous nucleic acid biosensors, based on

a variety different detection methods.4, 49, 50, 69, 72, 134, 136, 140–144 They have recently

described a label-free aptamer-based system for the detection of target proteins.142

This system is based on a sandwich assay, with two aptamers involved in identifying

the amount of bound thrombin protein, each binding the thrombin protein at different

sites. The first DNA aptamer is bound to a magnetic bead and is then exposed to a

solution containing the thrombin analyte. The unbound thrombin is then removed by

separating the magnetic beads containing the bound thrombin from the supernatant

containing any remaining thrombin. A second guanine-rich aptamer is exposed to

the bound thrombin, and excess second aptamer is removed in a wash step. The

remaining bound secondary aptamer is released from the thrombin under acidic

conditions, and it is amplified using PCR. After purification of the PCR products, the

resulting DNA is depurinated under acidic conditions, and adsorptive stripping

measurements of the free guanine nucleobases were carried out using a graphite

pencil electrode.142Using thismethod, the authorswere able to detect low femtomolar

concentrations of thrombin in solution. The overall quantitation of the thrombin

concentration was dependent on the concentration dependence of the guanine

oxidation peak that occurs upon the secondary aptamer binding. The amplification

of the bound secondary aptamerwas also important, and it resulted in an increase in the

sensitivity by approximately four orders of magnitude over detection using a sample

with no amplification.

Commercial sensor technology based on DNA electrochemistry has been devel-

oped by a number of companies.145–149 The eSensor�,150 developed by Clinical

Micro Sensors, Inc. and Osmetech PLC, contains a number of gold electrodes as well

as a reference and auxiliary electrode. The electrodes are printed into a circuit board,

and the gold electrodes are coated with a self-assembledmonolayer (SAM) of capture

probes (Figure 12.9). Unlabeled nucleic acid targets are immobilized onto the surface

of the SAM by sequence-specific hybridization to the capture probes. A third probe,

a ferrocene-modified signaling probe oligonucleotide, contains a sequence that is

complementary to the target probe in the region adjoining the capture probe binding

site. This allows the signaling probe to be in close proximity to the monolayer in a

sandwich complex, where a nucleic acid target of interest is bound simultaneously

by capture probes on the electrode surface and a second probe in the system referred

to as a signaling probe.149 The SAM allows electron transfer to occur between the

immobilized ferrocenes and the gold electrode, and it also acts to insulate the

electrode from any soluble redox species. The ferrous ion in each ferrocene group

undergoes cyclic oxidation and reduction, leading to loss or gain of an electron,

which is measured as current at the electrode surface using alternating-current

voltammetry.150 This electron transfer only occurs when the target is hybridized

by both the capture probe and the signaling probe. An electronic detection system has

been designed to complement the eSensor�, and it can analyze upward of 48 chips
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at a time. The eSensor� platform has been used to detect human papillomaviruses

and have detected 86% of the HPV types contained in clinical samples.146 It has

also been used to detect single-base mismatches found in hereditary hemochroma-

tosis147, 148 and has been approved by the FDA for detection of the gene for cystic

fibrosis.150

12.5. CONCLUSION

Both the methods used and the applications for nucleic acid oxidation have seen

remarkable advances since the electroactivity of nucleobases was discovered in the

last 50years.Oxidationof cellular components includingDNA,RNA,andproteinshas

been implicated as a cause for human diseases, and it provides an impetus for further

research. Improvements in biochemical technology have allowed researchers to use

the basic redox properties of nucleic acids to develop sensor technologies that can be

used in a variety of applications. Creation of nanoscale devices that are cost-effective,

accurate, and portable for diagnostic testing will help to make this technology

available to the larger population. The biological importance of charge transport

through DNA and proteins is also an area of research that is currently gaining

prominence in order to better understand the effect of redox reactions on cellular

machinery.
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13
DNA DAMAGE DUE TO
DIRADICAL-GENERATING
CYCLIZATIONS

SEAN M. KERWIN

Division of Medicinal Chemistry, College of Pharmacy, The University of Texas at Austin,

Austin, TX 78712, USA

13.1. INTRODUCTION

The naturally occurring enediyne antitumor agents are among the most cytotoxic

natural products known. They are also one of the few classes of small organic

molecules that can effect oxidative DNA cleavage in the absence of redox-active

metal ions or irradiation. Most of these natural products are of microbial origin, and

they can be grouped according to the size of the ring containing the enediyne core.

In one family, exemplified by calicheamicin g I1,
1 esperamicin A1,

2 and dynemicin A3

(Figure 13.1), the enediyne is constrained to a 10-membered ring. Other examples of

this family are uncialamycin,4 namenamicin,5 and shishijimicin.6 In contrast to this

family of naturally occurring enediynes, which are produced as isolated chromo-

phores, almost all of the nine-membered enediynes are produced as chromophore–

protein complexes. Figure 13.1 shows the structure of the chromophores for some

members of this family, neocarzinostatin (NCS),7, 8 C-1027 or lidamycin,9, 10 and

N1999A2.11 Other members of this family include kedarcidin12 and maduropeptin.13

Within this family, only N199A2 is produced as the isolated chromophore.

The ability of some naturally occurring enediynes to kill cancer cells in vitro at

concentrations as low as 10�12M14 has fueled interest in studying the mechanism of

action of these agents and their potential application to cancer chemotherapy. Avery

early, critical insight into themechanismof action of these natural products came from

Radical and Radical Ion Reactivity in Nucleic Acid Chemistry, Edited by Marc M. Greenberg
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the results of prior studies by Bergman, who had demonstrated the thermal rearrange-

ment of enediynes to reactive p-benzyne diradicals.15 The generation of benzenoid

diradicals from naturally occurring enediynes, the interaction of these diradicals with

DNA, and the chemical and biological aspects of the resulting DNA damage continue
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to be very active areas of research. While the enediyne natural products appear too

toxic fordirect use incancer chemotherapy, ongoingefforts todevelop these enediynes

have led to the approval of two drugs, a styrene-maleic acid polymer-coupled NCS

(SMANCS)16 andMylotarg (gemtuzumab ozogamicin), a conjugate of calicheamicin

and a humanized antibody that targets CD33.17, 18 The search for improved analogues

for drug discovery continues through studies directed toward understanding and

engineering the biosynthetic pathways for these compounds19–21 and the design and

synthesis of enediynes with improved selectivity, including harnessing other diradi-

cal-generating reactions.22–27

This chapter will provide a brief overview of the diradical-generating cyclizations

of these enediyne natural products. The interaction of these diradicals with DNAwill

be presented, focusing on the resulting 2-deoxyribose-based DNA radicals and their

fate. Finally, alternative diradical-generating systems that have been examined for

DNA-cleavage potential will be discussed.

13.2. DIRADICAL-GENERATING CYCLIZATIONS OF ENEDIYNE
NATURAL PRODUCTS

13.2.1. Bergman Cyclization

The 10-membered enediynes such as calicheamicin and dynemicin are stable to

diradical-generating Bergman cyclization until activated through reduction or nucle-

ophilic attack. In the case of calicheamicin and esperamicin, nucleophilic attack on the

trisulfide moiety reveals a sulfhydryl group poised for intramolecular Michael

addition to the cyclohexenone core (Figure 13.2A). The resulting rehybridization

of the bridgehead carbon from sp2, in which cyclization is prevented by the strain that

would be manifest in the formation of an anti-Brent olefin,28 to sp3 triggers the

Bergman cyclization, which readily occurs with an activation energy on the order of

19.6 kcal/mole.29, 30 In contrast to the 28.8 kcal/mol barrier forBergmancyclizationof

(Z)-hex-3-ene-1,5-diyne,31 the facility of the Bergman cyclization of the post-acti-

vated calicheamicin enediyne core is comparable to the ready cyclization of simple,

monocyclic 10-membered enediynes, which has been attributed to the short distance

between the two terminal sp-hybridized carbons (the c–d distance) in these ene-

diynes.14 Subsequent studies demonstrate that strain energy, rather than the c–d

distance per say, controls theBergmancyclization rate.28Although there is conflicting

evidence concerning the role that DNAplays in the triggering nucleophilic addition,32

recent computational studies have predicted that the product of triggering of cali-

cheamicin bound to the minor groove of duplex DNA is a higher-energy epimer that

cyclizes more readily than the thermodynamic epimer predicted to form from

triggering in solution.30

The reactivity of the benzenoid diradicals derived from enediynes by Bergman

cyclization has been attributed to the relatively small energy difference between the

singlet and triplet states.33 Hydrogen atom abstraction from DNA occurs stepwise to

generate an intermediate monoradical that reacts very quickly, by hydrogen atom

abstraction from either the opposite DNA strand or from solvent.
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Recently, an alternative reactivity of benzenoid diradicals has been observed in the

case of the synthetic 10-membered enediyne 1 (Figure 13.2B).34 Under physiological
temperature in the presence of halide ions, 1 affords the halotetrahydronaphthalenes 4

via nucleophilic trapping of the intermediate benzenoid diradical 2. Addition of halide

ion to 2 affords the anion 3, which is quickly protonated. Although there is no evidence

that this nucleophilic trapping is involved in the mechanism of action of the naturally

occurring enediynes such as calicheamicin, it is plausible that this process is involved

in the biosynthesis of the cyanosporasides 6a,b (Figure 13.2C).35, 36 These marine

natural products, isolated as a 1:1 mixture of positional isomers, may arise from

Bergman cyclization of a precursor nine-membered enediyne 5 followed by trapping
with chloride.

13.2.2. Enyne Cumulene Cyclization

Although the NCS chromophore lacks the 3-ene-1,5-diyne core common to the

10-membered enediynes such as calicheamicin and esperamicin, thiol addition

generates a reactive enyne cumulene system 7 (Figure 13.3A). The diradical-gener-

ating cyclization of this activated form of NCS was first proposed by Myers.8 There

are important differences between the benzenoid diradicals generated from the
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10-membered enediynes and the didehydroindene diradicals generated fromNCSand

related nine-membered enediynes. The activating thiol becomes covalently attached

to the NCS and is proximal to the C2 radical center in the resulting didehydroindene

diradical 8. As a result, the reactivity of the diradical is somewhat dependent on the

nature of the thiol. This may reflect specific interactions with the thiol side chain and

the DNA, the ability of the thiol side chain to quench the C2 radical center through

intramolecular hydrogen atom transfer, the quenching of a ribose-centered radical

through hydrogen atomabstraction from the thiol side chain, or a combination of these

effects.37 Interestingly, under certain conditions, thiol activation is not required for

DNA cleavage by NCS.38 At bulged DNA sites, NCS undergoes a self-activation

involving the intramolecular addition of the naphthoate to form a spirocyclic

cumulene intermediate 9 that undergoes cyclization to diradical 10 (Figure 13.3B).

Although the DNA cleavage arising from this pathway is not as efficient as that

initiated by thiol addition, the selectivity for bulged DNA structures is very high.39
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Another nine-membered enediyne N1999A240 undergoes thiol-dependent activa-

tion like NCS. However, nine-membered enediynes C-1027,41 maduropeptin,13 and

kedarcidin42 are different; possessing the 3-ene-1,5-diyne moiety, they can spontane-

ously and directly undergo Bergman cyclization (Figure 13.3C).

13.3. DNA CLEAVAGE CHEMISTRY OF ENEDIYNE NATURAL

PRODUCTS

These enediyne natural products are directed toward the minor groove of double-

stranded DNA. Within the minor groove, the efficiency and sites of deoxyribose

hydrogen atom abstraction by these natural products are a function not only of the

identity of the activated enediyne, but also of the conformational aspects of the DNA

target that are engendered by sequence or noncanonical base pairing. This gives rise to

varying proportions of single-stranded versus double-stranded DNA cleavage events

for different enediynes at different DNA sites. The DNA cleavage chemistry of the

enediyne natural products has been extensively studied and there are some excellent

reviews comparing and contrasting the cleavage chemistry of the enediyneswith other

DNA cleavage agents that attack the deoxyribose backbone.43–50 In the following

section, an outline of this chemistry is presented, organized by the site of DNA

hydrogen atom abstraction by the enediyne.

13.3.1. 10-Chemistry

The ability of esperamicin A1 to abstract hydrogen from the 10-deoxyribose position
was established by studying the incorporation of tritium into the aromatized enediyne

after incubation with site-specifically tritiated DNA.51 Similarly, a minor lesion

produced by NCS-mediated double-stranded DNA cleavage at 50-AGC�30-TCG sites

was shown to involve hydrogen atom abstraction from the C10 of the C of AGC by

tritium incorporation52 and deuterium isotope effect.53 The NCS C2-radical center

(see Figure 13.3A) is responsible for abstraction of the C10 hydrogen,54, 55 while in the
case of esperamicin, it is presumably the C3 radical center (see Figure 13.2A) that is

involved.PAGEanalysis ofDNAproducts formed as a result of cleavagebydynemicin

A have also been interpreted as evidence for C10 hydrogen atom abstraction.56

In the presence of oxygen, the resulting C10 radical 12 forms a peroxyl radical 13

that ultimately gives rise to an abasic, deoxyribonolactone lesion 14 (Figure 13.4).57

In the context of double-stranded DNA, the deoxyribonolactone lesion is relatively

labile,58 with a half-life of 32–52 h under physiological conditions. Ultimately,

under physiological conditions, or more quickly at higher pH, these lesions

undergo elimination leading to DNA cleavage, releasing 30-phosphate- (15) and

50-phosphate-terminated DNA fragments (17) and 5-methylenyl-2(5H)furanone 16

(Figure 13.4). In addition to leading to DNA strand scission, the deoxyribonolactone

lesions 14 are biologically important due to their unique mutational profile59–62 and

their propensity to formcovalentDNA–protein cross-links via lactone ring openingby

lysine side chains.63, 64
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13.3.2. 40-Chemistry

Abstraction of the deoxyribose C40 hydrogen by calicheamicin g1I has been estab-

lished using isotope incorporation studies of a site-specifically deuterated duplex

oligodeoxyribonucleotide containing a 50-AGGATC site.65 At this site, the C3 radical

center of calicheamicin (see Figure 13.2A) abstracts the C40 hydrogen of theC residue

while, on the complementary strand, the correspondingC6 radical center is involved in

stereospecific abstraction of a C50 hydrogen (see below). Similarly, for NCS in the

context of double-stranded DNA cleavage at 50-AGT sites, the C40 hydrogen of the T
residue is abstracted by the activated NCS C2 radical center, while on the opposite

DNA strand a C50 hydrogen atom is abstracted by the C6 radical center (see below).66

Less direct evidence for C40 hydrogen atom abstraction in competition with C50

hydrogen atomabstractionbyNCShasbeenobserved in the context of single-stranded

cleavage at T of short oligonucleotides containing a 50-GT step.67 It has been noted

that the presence of a G�T mismatch to the 50 side of an NCS cleavage site causes a

switch from C10 to C40 hydrogen atom abstraction.68 Although esperamicin A1

selectively abstracts 50-hydrogen atoms from DNA, other esperamicins derived by

chemical hydrolysis of the natural product afford DNA products commensurate with

40-hydrogen atom abstraction,69 as does the nine-membered enediyne C-1027.70

In contrast to DNA lesions resulting from abstraction of C10 hydrogen, which lead
exclusively to ribonolactone products, the chemistry of DNA lesions resulting from

C40 hydrogen atom abstraction by enediynes (18, Figure 13.5) ismore complicated. In

the case of C40 hydrogen atom abstraction, a number of DNA products are observed,

and their proportions vary with the nature of the activated enediyne, the reaction

conditions, andwhether the initially formedDNA radical is part of a single- or double-

stranded lesion. Although some of these ultimate DNA products, a 40-hydroxylated
abasic site 21, 50-phosphate 17, and 30-phosphoglycolate-terminated cleavage pro-

ducts 23 (Figure 13.5) are the same as observed for bleomycin-inducedDNAcleavage

by C40 oxidation, the mechanism for the formation of these products by enediyne-

mediated DNA cleavage is clearly different.

For enediynes, the formation of both 30-phosphoglycolate-terminated DNA cleav-

age products 23 and 40-hydroxylated abasic sites 21 requires oxygen,52 in contrast to
the case of bleomycin, where 40-hydroxylated sites are formed preferentially under

anaerobic conditions.71 Also in contrast with bleomycin-mediated DNA cleavage,

NCSandcalicheamicin-mediated 30-phosphoglycolateDNAcleavageproducts23 are

only observed in double-strand scission events.37 However, in the case of NCS,

phosphoglycolate products can be formed at single-strand cut sites, but only in the

presence of misonidazole, which serves as an oxidant. In the case of a calicheamicin

activated by base, the ratio of products 23 and 21 is dependent on the nature and

concentration of thiol present. The formation of an additional, 30-phosphate termi-

nated product 15 observed under these conditions is unaffected by thiols.72

A number of different mechanistic proposals have been put forth for the C40

enediyne cleavage chemistry, some of which are summarized in Figure 13.5. In the

case of single-stranded cleavage, it has been proposed that the initially formed

40-radical 18 is trapped by oxygen to form a 40-peroxy radical 19. This radical, in
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the environment of a single-stranded cleavage event, partitions to the 40-hydroxylated
lesion 20 (major) or to a 40-oxy radical 22which, in the presence of thiol, is reduced to
afford the same 40-hydroxylated abasic site 21.37WhenNCS cleavage is carried out in

the presence of misonidazole, the 40-radical 18 is oxidized directly to the oxy radical
22,whichnowcanundergob-fragmentation toultimately afford thephosphoglycolate

23 in competition with reduction to afford 21.37 In the case of double-stranded

cleavage events, the dimerization of two adjacent 40-peroxy radicals 19 is proposed to
lead to a tetraoxide that fragments to afford the oxy radical22,molecular oxygen, and a

corresponding 50-oxy radical on the opposite strand (see below). Just as in the presence
of misonidazole, the efficient formation of the oxy radical 22 in the case of double-

strand lesions leads to increased formation of the phosphoglycolate product 23.

Alternatively, the phosphoglycolate product 23 formed in double-strand scission

events has been proposed to arise from the peroxy radical 19 via a Criegee-type

fragmentation of the corresponding hydroperoxide,73 although the problematic nature

of this fragmentation in the absence of Lewis acid has been noted.37, 66 Finally, based

upon studies of stable precursors to oligodeoxynucleotide C40 radicals, a mechanism

for the formation of phosphogycolate 23 that does not proceed through the 40-oxy
radical 22 or involve a Criegee-type fragmentation has been proposed.73 Heterolytic

bond cleavage of theC40 radical 18 can lead to formation of a 50-phosphate-terminated

product 17 and a 30-hydroxy-40-radical 25.74A second heterolytic event can lead to the

30-phosphate-terminated product 15.72Alternatively, theC40 radical 25 can be trapped
by oxygen to afford the peroxy radical 26. A Grob-like fragmentation of the

corresponding hydroperoxide leads to the aldehyde 27 that undergoes b-elimination

to the 30-phosphoglycolate 23.

13.3.3. 50-Chemistry

The ability of both NCS and calicheamicin to abstract DNA 50-hydrogens in the

context of double-stranded scission events by these agents has been mentioned

above. In addition, single-stranded cleavage by NCS also proceeds, for the most

part, through 50-hydrogen atom abstraction, as is the case for esperamicin A1. Studies

employing site-specifically labeled duplex deoxynucleotides have shown that the

pro-S 50-hydrogen of cytosine is abstracted by the calicheamicin C6 radical center

(Figure13.6).65 Similar deuterium-transfer experiments have established the ability of

NCS to abstract the 50-hydrogen from T residues.75

The major products of 50-hydrogen abstraction by NCS are a 30-phosphate ter-

minated fragment 15 and a 50-thymidine-50-aldehyde fragment 30 (Figure 13.6).44

Trapping of the 50-radical 28 byO2
76 leads to a peroxy radical 29 that either is reduced

to give 50-aldehyde 30 (thiol-dependent and major pathway,�80%) or gives rise to a

30-phosphoformate 33. The precise mechanism for the formation of the latter is not

clear, and three proposals have been put forth: Criegee-type rearrangement of the

initially formed peroxyradical to either 3546 or 36,77 or b-scission of an oxy radical 31
derived from the peroxy radical (Figure 13.5).37 The phosphoformate 33 is unstable,

and it hydrolyzes to 30-phosphate 15. The fragment derived from the deoxyribose has

been identified77 as the 50-(1,4-dioxo-2-phosphorylbutane) 32. The elimination
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product, 1,4-dioxabut-2-ene (34), can itself undergo condensation reactions with

DNA bases, leading to hydroxytetrahydrofuro[3,2-d]imidazole adducts of dC and

dA.78

13.4. DNA ADDUCTS AND CROSS-LINKS WITH ENEDIYNE

NATURAL PRODUCTS

The ability of NCS to form adducts with DNA had been reported as early as 1983.79

Separate oligodeoxynucleotides containing either 50-AGC1/5
0-GCT2 or 50-AGT1/

50-ACT2 target sequences, which form mostly single-strand cleavage products at

T2 under aerobic conditions, lead to almost exclusive monoadduct formation under

anaerobic conditions.80 In addition to adducts formed at T2,minor amounts of adducts

are also formed at C1 and T1 under these conditions.
80 Bulged DNA substrates also

form adducts with NCS under anaerobic conditions.81 Duplex DNA containing a

two-base 50-AT bulge is selectively cleaved by NCS under aerobic conditions via

50-hydrogen atom abstraction of the deoxyribose of the 30-T position; however, under

anaerobic conditions, only a DNA adduct is formed at this site.81 Although the exact

structure of the adduct has not been elucidated, it appears to involve covalent

attachment of NCS C6 to the 50C of the bulged T.82 The adducted DNA, when

employed as a template, blocks replication by a variety of DNA polymerases.83

Incubation ofC1027with calf thymusDNA leads to the formation ofDNAadducts,

as shown by the fluorescence spectrum of the DNA product after phenol–chloroform

extraction and ethanol precipitation.80 The amount of adduct formed increases when

the incubations are carried out under anaerobic conditions. In a labeled oligonucleo-

tide containing the preferred C1027 cleavage site 50-GTTA1T/5
0-ATA2A3C, mono-

adducts are formed on the bottom strand. Under anaerobic conditions, the amount of

DNA cleavage at A1 and A2 is reduced, and monoadducts on both the top (minor) and

bottom (major) strand are formed in addition to interstrand DNA cross-links.84

Interestingly, under these conditions, cleavage at A3 is unaffected, leading to the

speculation that the cleavage chemistry at this sitemay involve directa-fragmentation

of a 50-centered DNA radical. To confirm that these adducts and cross-links were

initiated byDNAhydrogen atom abstraction, a specifically A2 C1
0-deuterated hairpin

oligonucleotidewas employed, which demonstrated an overall diminution ofC-1027-

mediated DNA damage (kH/kD¼ 1.8) under anaerobic conditions and the disappear-

ance of a product band attributed to the A1–A2 interstrand cross-link.80 The mecha-

nism proposed for adduct and cross-link formation involves the addition of DNA-

centered radicals back onto the cyclized, reduced form of C-1027.

Under anaerobic conditions, calicheamicin also generates both DNA adducts

(major) and cross-links (minor). 80 Studies employing a labeled oligonucleotide

containing the 50-TC1CT/5
0AGGATC2 target sequence showed that adducts are

formed mostly with the bottom strand containing the 50-AGGATC2 sequence.

Interestingly, although the DNA cleavage on the top 5-TC1CT-containing strand is

inhibited under anaerobic conditions, there is little evidence of adduct formation on

this strand. It is postulated that the enediyne C6 radical center abstracts the 50-H of C1
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from the top strand and the resulting DNA-centered radical is quenched, whereas

abstraction of hydrogen from the C2 of the bottom strand leads to a DNA-centered

radical that readily adds back to the cyclized, reduced enediyne.80

The significance of enediyne–DNA adduct and cross-link formation on the

biological effects of these agents was recently shown.85 C-1027 induces interstrand

DNA cross-links in SV40DNA in SV40-infected BSC-1 cells. The formation of these

cross-links is related to the unique cytotoxic profile of CC-1027, which is equally

active against wild-type cells and cells that lack either the ataxia telangiectasia and

Rad3 related gene [ATR(�)] or the ataxia telangiectasia mutated gene [ATM(�)].

In contrast, cells that lack ATM are more sensitive to enediynes such as NSC and

calicheamicin as well as ionizing radiation.86 DeschloroC-1026, an analogue that

lacks the ability to form interstrand DNA cross-links, behaves similarly to NCS and

calicheamicin in that its cytotoxicity is greater inATM(�) cells.85 DesmethylC-1026,

an analogue that predominantly forms cross-links and shows little ability for double-

strand DNA cleavage, is approximately 2.5-fold more cytotoxic to ATR knockdown

cells than to mock-transfected cells.85

When NCS is incubated with a RNA–DNA hybrid with a 30-four base RNA

overhang in the presence of thiol and oxygen, an adduct is formed between the

activated NCS chromophore and one of the unpaired uridines.87 The formation of this

adduct is thought to involve initial addition of theC6 radical center of theNCS-derived

diradical to the 5-position of the uracil base C5–C6 double bond. Trapping of the

resulting uracil C6 radical with oxygen is proposed to lead to a peroxy radical that is

reduced with thiol to a C6-hydroxyl group. Elimination of water from this

C6-hydroxylatedC5-C6-dihydrocytosine intermediate regenerates theC5–C6 double

bond to form the observed adduct.

13.5. DESIGNED DNA CLEAVAGE AGENTS BASED ON OTHER
DIRADICAL-GENERATING CYCLIZATIONS

The remarkable anticancer activity of the enediyne antitumor antibiotics coupledwith

a need for improved selectivity has spawned numerous approaches to designed

enediynes. In contrast to these efforts to refine and harness the Bergman cyclization,

a different approach involving the search for alternative diradical-generating cycliza-

tions thatmayprovide enhanced levels of selectivity has also been pursued. In the ideal

case, these alternative cyclizations would provide a means of controlling both the rate

of diradical production and the reactivity of the diradical species in a tumor-cell-

selective manner. In the following section, the alternative diradical-generating

cyclizations that have been discovered and harnessed for DNA cleavage chemistry

will be described. Specific examples of DNA cleavage agents that employ these

alternative cyclizations will also be discussed. Although not nearly as well studied as

the naturally occurring enediynes, some of these alternative diradical-generating

cleavage agents have been shown to reproduce, to some extent, the cleavage chemistry

of the natural products. In addition, these alternative agents also participate in DNA

chemistry that is quite distinct from the enediynes.
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13.5.1. Myers–Saito Cyclization-Based Agents

Inspired by the diradical-generating cyclization of the 9-membered enediyne NCS

chromophore, Myers88 and Saito89 independently proposed an analogous cyclization

of enyne allenes (e.g., 37) to a,3-didehydrotoluene diradicals 38 (Figure 13.7). Two
features distinguish this cyclization from the Bergman enediyne cyclization. First, the

intrinsic barrier for theMyers–Saito cyclization is lower than theBergmancyclization,

so much so that simple enyne allenes such as 37 cyclize spontaneously under

physiological conditions.90 Second, the diradical 38 arising from the Myers–Saito

cyclization is not a s,s-diradical as in the case of Bergman-cyclization-derived

p-benzyne, but rather as,p-diradical in which one of the radical centers is delocalized
on to the newly formed aromatic ring. This leads to the prediction that hydrogen atom

abstraction by thes-radical center fromdeoxyribose is favorable, whereas abstraction

by the p-radical is thermodynamically disfavored. As a result, double-stranded DNA

cleavage analogous to that observed for enediynes would not be expected from enyne

allenes.

In the initial reports of the thermal cyclization of enyne allenes, evidence was

obtained for both diradical and polar reaction pathways. Trapping studies in cyclo-

hexadiene afforded the expected toluene product (40) of hydrogen atom abstraction,

but inmethanol, amixture of hydrogen atom abstraction and polar addition product 41

were obtained (Figure 13.7).88 Based on computational studies supported by experi-

mental product distribution studies, it has been proposed that both the diradical 38 and
zwitterionic 39 forms of the didehydrotoluene intermediate are produced from the

common cyclization transition state by a process of post-transition state nonadiabatic

transition to the zwitterion,which is the excited state of the diradical.91, 92 In this sense,

the enyne allene system is not different from that of the enediynes, which have also

been shown to give polar trapping products (see above), but in the latter case, these

polar trapping products are proposed to arise from direct nucleophilic attack on the

p-benzene diradical.

CH2
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CH2

H

H

CH2

OMe
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MeOH

R-H

37

38
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or
40

41

FIGURE 13.7. Myers–Saito cyclization of enyne allenes.
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A number of DNA cleavage agents have been designed to exploit the Myers–Saito

cyclization. In most cases, the only DNA cleavage activity reported is from super-

coiled plasmid cleavage studies, which, although quite sensitive, do not providemuch

insight into the mechanism of DNA cleavage. In only a few cases have the DNA

products of cleavage been resolved by PAGE, and these studies provide evidence for

both enediyne-like and unique DNA cleavage chemistry.

The 10-membered cyclic enediyne sulfones 42, 43, and 44 were designed to

undergo isomerization to the corresponding allenes (e.g., 45) and subsequent

Myers–Saito cyclization.93These sulfoneswere shown tocleaveDNAusingaplasmid

nicking assay, which demonstrated single-strand cleavagewith EC50’s (concentration

required to cleave 50%of the supercoiled plasmid) in the 100mMrange (Figure 13.8).

However, detailed mechanistic studies of the DNA cleavage chemistry for most of

these enyne allenes is lacking, and the role of the Myers–Saito-cyclization-derived

diradicals is in doubt, given the potential of the allenic sulfones to alkylate DNA.94

A series of 10-membered cyclic enediyne thioethers of general structure 46 have

been reported to cleave DNA. Treatment of 46 with strong base in organic solvent

affords trapping products that are presumably formed through initial isomerization to

the enyne allenes 47 followed byMyers–Saito cyclization.95, 96 In supercoiled nicking

assays, the DNA cleavage activity of these compounds is pH-dependent, requiring

pH> 7.5, which has been attributed to the requirement for base-promoted isomeriza-

tion to trigger diradical generation. Themost active DNA cleavage compounds in this

series, thenaphthoate48 and theb-carboline ester49, displayEC50values of<100mM
at pH 8.5. The products of cleavage of radiolabeled duplex restriction fragments were

analyzed by PAGE, and both 48 and 49 showed DNA base-selective cleavage at

purines, especiallyG’s.97 Similarly, the 10-membered enediyne 50 also demonstrated

G-selectiveDNAcleavage after piperidine-heat treatment of theDNA.98 Inboth cases,

the DNA cleavage was attributed to DNA alkylation.

Due to the lower activation energy forMyers–Saito cyclizationversus theBergman

cyclization, even simple, acyclic enyne allenes can generate diradical intermediates

under physiological conditions.Thus, the simple enyneallenes51and52 (Figure13.9)

cleave supercoiled plasmid DNA at 37�C, pH 8. Interestingly, both linear and nicked,

relaxed products of DNA cleavage were observed, indicative of both double-strand

and single-strand DNA cleavage.99 At lower pH, only products of single-strand

cleavage were observed.

The simple, acyclic enyne allene 53 and 54, its conjugate with the DNA minor

groove binding element derived from distamycin A (Figure 13.9) also display DNA

cleavage activity. Analysis of the DNA cleavage of a 50-radiolabeled duplex deoxy-

ribonucleotide by the simple acyclic enyne allene 53 revealed very weak, non-base-

selective cleavage indicative of deoxyribose hydrogen abstraction chemistry and a

stronger,G-selective cleavage suggesting alkylativedepurination.100The correspond-

ing distamycin conjugate 54 shows much more potent DNA cleavage activity

localized to the 30-ends of sites that are protected fromMPE-Fe(II)-mediated cleavage

in the presence of 54.100 The cleavage pattern and kinetics supported a mechanism

involving hydrogen atom abstraction by the Myers–Saito cyclization-derived dira-

dical, although no details of the DNA cleavage products that would indicate the site of
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hydrogen atom abstraction were reported. No double-strand DNA cleavage was

observed for 54.

13.5.2. C2–C6 Cyclization of Enyne Allenes

In 1995, Schmittel and co-workers described a new thermal cyclizationmode of enyne

allenes to fulvalene diradicals.101, 102 The benzannulated enyne allene 55 undergoes

the expectedMyers–Saito cyclization in the presence of 1,4-cyclohexadiene to afford
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FIGURE 13.8. DNA cleaving agents based on the Myers–Saito cyclizationi of 10-membered

cyclic enyne allenes.
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the naphthalene product 57 (Figure 13.10). However, the analogue 56 bearing a toluyl

substituent on the alkyne undergoes cyclization to afford the trapped product 58.

Although formally a product of an ene-cyclization of 56, extensive mechanistic and

theoretical studies support the intermediacy of the diradical 59, which undergoes

intramolecular hydrogen atom transfer to afford 58.103 The switch between

Myers–Saito and this C2–C6 cyclization mode can be controlled by the nature of

the alkyne substituent; bulky substituents or those capable of stabilizing the adjacent

radical center favor the C2–C6 cyclization.

Both the benzannulated enyne allene 60104 and the corresponding phosphonate

61105 have been shown to cleave DNA in supercoiled nicking assays. However, while

the “ene”-type product of the C2–C6 cyclization-derived diradical (similar to 58)

could be identified in thermolysis studies of 60, no product of intermolecular trapping

fromeither 60 or 61was isolated, althoughmass spectrometric analysis of thermolysis

products did show ions corresponding to the addition of two hydrogen atoms. Thus, it

is not entirely clear what type of DNA cleavage is occurring with these compounds.

13.5.3. Moore–Cyclization-Based Agents

In 1985, Moore and co-workers described a new synthesis of benzoquinones from

alkynylcyclobutenones.106 Mild thermolysis of cyclobutenones 62 led to the enyne

ketenes 63 (Figure 13.11). Depending upon the nature of the alkyne substituent R, the

HO N
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O N

H
N

O

O

O

R

OAc

51: R = POPh2
52: R = SOPh
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FIGURE 13.9. DNA cleavage agents based on acyclic enyne allenes.
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isolated products were the benzoquinones 64 or the cyclopentenediones 65.

Subsequent experimental studies led to the mechanistic proposal that in both cases,

the diradicals 66 or 67 were intermediates,107 a conclusion that has found support in

theoretical studies.108Thus, theMoore cyclization of enyneketenes is anoxa analogue

of the Myers–Saito and C2–C6 cyclizations of enyne allenes.

A series of cyclobutenones, including the anthracene derivative 68 (Figure 13.11)

were assayed for DNA cleavage activity in a plasmid nicking assay.109 Compound 68

demonstrated the highest level of activity, affording complete conversion of super-

coiled plasmid to the circular, relaxed form at 2.3mM concentration after 19.5 h at

45�C. The observation that the DNA cleavage was inhibited in the presence of BHT

and the isolation of a trace of the benzoquinone trapping product of the diradical 70

under the DNA cleavage reaction conditions lend support for a role of this diradical in

the observed cleavage; however, the majority of the isolated trapping products were

derived from hydrolysis of the ketene intermediate 69.

An alternative entry to the enyne ketene system pioneered by Saito involves the

photolysis of the diazoketone 71 (Figure 13.12).110 The resulting carbene 72 can

undergoWolff rearrangement to the ketene 73, followed byMoore-type cyclization to

the diradical 74 (Figure 13.12). In photolyses carried out in organic solvents, this

pathway leads to the isolation of the benzoquinone derived by trapping of 74. In DNA

cleavage studies, irradiation of solutions of supercoiled plasmid DNA in the presence

of 71 affords nicked, relaxed DNA products. However, subsequent studies revealed

that the cleavage is due to the carbene 72 rather than the diradical 74. Under the

conditions of the DNA cleavage reactions, only products derived from trapping the

carbene 72 were observed.111

13.5.4. Aza-enyne Allene Cyclization-Based Agents

Adiradical-generating cyclization analogous to theMyers–Saito cyclization has been

observed for N-allenyl-C-alkynylimines (aza-enyne allenes) 76 (Figure 13.13).27

Readily available N-propargylimine 75 undergoes simultaneous fluoride-mediated

desilylation and rearrangement to the allenylimine 76, which can be observed by

NMR. At ambient temperature the imine 76 undergoes aza-Myers–Saito cyclization

over the course of minutes to the didehydro-3-picoline 77.., which in the presence of

1,4-cyclohexadiene is trapped to afford the 3-picoline 78. In analogy to the enyne

allene Myers–Saito cyclization, the polar trapping product 79, formally derived from

Ph

N2

O

hv

Ph

O
Ph

O

71 73

Ph

O

72 74

FIGURE 13.12. Moore cyclization of enyne ketene from Wolff rearrangement of an

a-ketocarbene.
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the zwitterionic formof the intermediate77�, is formed in the presence ofmethanol.27

The facility of the cyclization of 76 is notable; while the enyne allene 37 (Figure 13.7)

has ahalf-life of 20.5 hat 39�C,90 aza-enyneallene76cyclizes completely after just 8 h

at 4�C.27 DFT calculations confirm the relative facility of the aza-Myers–Saito

cyclization relative to the parent Myers–Saito cyclization; and they also predict

that the corresponding aza-C2–C6cyclization, although disfavored in the case of76, is

more competitive with the aza-Myers–Saito cyclization than in the enyne allene

case.27

A series of N-propargyl-2-alkynyl heterocycles have been prepared and evaluated

for their ability to cleaveDNA through an aza-Myers–Saito or aza-C2–C6 cyclization

pathway.112, 113 The benzimidazole 80 (Figure 13.14) exemplifies this series, inwhich

a propargyl to allene isomerization such as observed for 75 ! 76 (Figure 13.13) is

facilitated by the presence of an adjacent positively charged nitrogen. Indeed, 80was

found to cleaveDNAinapH-dependentmanner; its approximateEC50 ina supercoiled

plasmid nicking assay is 10 mM at pH 9, but >100mM at pH 7.112 In contrast, the

benzimidazole 81 (Figure 13.14), which lacks the ability to form an aza-enyne allene,

does not cleave DNA at either pH.112 PAGE analysis of the DNA cleavage by 80

demonstrated a unique cytosine-selective DNA cleavage pattern after piperidine-heat

treatment of the DNA.114 In the absence of piperidine-heat treatment, evidence for

covalent adducts formed between the DNA and 80 was observed as low-mobility

bands on the PAGE gel.114 No adduct or DNA cleavage products were observed with

81.114 ESI-MS analysis of the covalent adducts formed between short deoxyoligor-

ibonucleotides and 80 provided evidence for bonding between the 2-substituent of 80
and the cytosine exocyclic amino group, as in 87 (Figure 13.14).115 A mechanistic

proposal that invokes direct addition of cytosine to 80 fails to account for the lack of

interaction with 81, the pH dependence of the adduct formation, or the selectivity for

cytosine, which is not observed with other, structurally related electrophilic alkynes,

which alkylate at G residues.113 An alternative proposal shown in Figure 13.14

involves initial base-promoted isomerization of 80 to the allene 82 followed by an aza-

C2–C6 cyclization. The resulting intermediate can be formulated as either the
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diradical 83 or the carbene 84. Recent computational116 and experimental evidence117

support the role for carbene intermediates such as 84 in C2–C6 cyclizations,

particularly those involving aza-substituted enyne allenes. Trapping of the carbene

84 as the ylide 85 by nucleophilic addition may be followed by a Grob-like

fragmentation to 86. Prototropic rearrangement then produces the adduct 87.

The compound 88 (Figure 13.15) is an example of a series of pyridine-based aza-

enyne allene precursors that have been examined for DNA cleavage activity.118 As in

the case of the benzimidazole 80, in supercoiled DNA nicking assays pyridine 88 is

more active at pH 8 than at pH 7. TheDNAcleavage activity of 88, with an EC50 value

at pH 8 of <10mM, is higher that that of the benzimidazole analogue.118 PAGE

analysis of theDNAcleavageproducts of88demonstrate abase- and sequence-neutral

cleavage pattern similar to that observed for hydroxyl radical.118 However, unlike

hydroxyl radical, the cleavage due to 88 is not inhibited by DMSO or other hydroxyl

radical scavengers.118 Distamycin A protects against DNA cleavage due to 88,

indicating that cleavage by this compound requires access to the DNA minor

groove.118 Based on PAGEmobility, the groups at the 30-termini of the DNA cleavage
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products were identified as 30-phosphate- (major) and 30-phosphoglycolate- (minor),

with phosphate groups at the 50-termini.118 In addition, DNA treated with 88 under-

goes a base-promoted, G-specific cleavage that is associated with the formation of

8-oxo-G, with no evidence for DNA-adduct formation.118

A mechanistic proposal commensurate with these observations involves isomeri-

zation of 88 under basic conditions to the allene 89 followed by an aza-Myers–Saito

cyclization to the diradical 90 (Figure 13.15).118Abstraction of theC40 hydrogen atom
from DNA by 90 leads to the deoxyribose-centered radical 18 and the drug-derived

radical cation 91. As discussed previously regarding the 40-chemistry for the naturally

occurring enediynes (Figure 13.5), the radical18 can undergoheterolysis by loss of the

50-phosphate 17 and formation of a deoxyribose radical cation 92, which can be

trapped by the addition of water to give 25 (Figure 13.15). In turn, radical 25 can give

rise to either the 30-phosphate 15 or 30-phosphoglycolate 23 (Figure 13.15) products
following the samepathwayasproposed inFigure13.5.Here it shouldbenoted that the

DNA cleavage due to 88 is nearly exclusively single-stranded scission, and unlike

the natural enediynes, the formation of 30-phosphoglycolate product 23 does not

involve double-strand DNA cleavage. However, studies of C40 deoxyribose radicals
18 generated by photolysis of 40-acylated nucleotide-containing duplex DNA dem-

onstrate that an alternative pathway exists in which radical cation 92 initiates electron

transfer from the DNA bases, resulting in the formation of the enol ether 93 and a

guanine radical cation.119 In the case of the radical cation 92 generated upon DNA

cleavage by 88, this electron transfer may be the source of the observed 8-oxo-G

products (Figure 13.15).Alternatively, the radical cation91derived from88may serve

as the oxidant, leading to the zwitterion 94 (Figure 13.15). It is possible that the

G-selective cleavage observed from the enyne allenes 48–50 (Figure 13.8) might also

be due to a similar electron transfer process.

13.6. CONCLUSIONS

Studies of the DNA cleavage chemistry of the naturally occurring enediynes have

provided insights into the chemistry derived from hydrogen atom abstraction from

DNAbydiradicals.Althoughmuchhas been learned in the process, there are still some

specific aspectsof theDNAcleavage chemistry that areunclear.These studieshave led

to an appreciation of the diverse chemistry of the deoxyribose-centered radicals that

are produced by hydrogen atom abstraction by these natural products. The interaction

between the DNA and the reduced drug modulates the observed cleavage chemistry

and can even lead to relatively efficient DNA adduction and cross-linking, either

directly or via the deoxyribose-derived products of DNA cleavage.

Alternative diradical-generating cyclizations have been discovered and applied

toward the design of DNA cleavage agents. Although there are only a few examples in

which the products of DNA cleavage by these diradicals have been determined, it

appears that the interaction of these alternative diradicals with DNA resembles

some of the chemistry observed with the natural enediynes and also provides

evidence for additional pathways. In addition to potentially leading to more selective
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diradical-based DNA cleavage agents for therapy, the study of these alternative

diradical-generating systems also provides further insight into factors that contribute

to the diverse deoxyribose-radical chemistry of the natural enediynes.
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DNA DAMAGE BY PHENOXYL
RADICALS
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14.1. INTRODUCTION

Phenols are ubiquitous substances that contain a hydroxyl substituent attached to an

aromatic ring.Thephenolic compounds shown inFigure 14.1 highlight their structural

variation and vast range of biological activities. For example, the essential amino

acid tyrosine contributes greatly to the active sites of many enzymes, including

ribonucleotide reductases that catalyze the conversion of nucleotides to deoxynucleo-

tides, supplying a pool of deoxynucleoside triphosphates needed for DNA replication

and repair.1, 2 Enzymatic hydroxylation of tyrosine by tyrosine hydroxylase generates

L-dihydroxyphenylalanine (L-DOPA),3which undergoes decarboxylation to generate

dopamine, a critical neurotransmitter in the central nervous system. Dopamine

contributes importantly to the neurophysiological control of arousal, initiation of

movement, perception, motivation, and emotion.4 Vitamin E (a-tocopherol) is the
major lipid-soluble chain-breaking antioxidant in human blood plasma and has the

essential role of inhibiting the oxidation of lipids, thereby preventing lipid peroxida-

tion.5 A similar role is carried out by the commercial antioxidant, butylated hydro-

xyanisole (BHA), which is used as a food additive to prevent the oxidation of fats.6

Dietary polyphenols, such as epicatechin and quercetin, are found in a variety of fruits,

vegetables, and beverages (notably red wine and green tea) and are also known for

their antioxidant properties.7 It is believed that the consumptionof certain polyphenols

provides protection against cardiovascular disease and cancer.8
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Phenolic compounds are also important drugs. Etoposide and the anthracycline

antibiotics, daunorubicin and doxorubicin, are clinically used therapeutics for cancer

treatment. Etoposide is a semisynthetic derivative of the natural plant extract

podophyllotoxin and acts as a DNA topoisomerase II inhibitor.9 The proposed

mechanism for the cytotoxicity of anthracyclines is the production of reactive oxygen

species (ROS) during intracellular metabolism.10 Equilenin is an estrogen component

of Premarin isolated from horse urine (Pregnant Mares’ urine); it is widely used in

hormone replacement therapy by postmenopausal women to alleviate menopausal

symptoms and to protect against osteoporosis.11 The bis-phenolic compound phenol-

phthalein is used as a laxative and is also a well-known pH indicator.12

Phenolic compounds are alsousedasmonomers for polymer production.Bisphenol

A (BPA) is used in the manufacturing of polycarbonate plastics and epoxy resins,

which have applications in a variety of consumer products (including baby bottles),

in the lining of food cans, and in dental sealants.13 Chlorophenols are used as

germicides, analgesics, antiseptics, weed killers, bactericides, and fungicides; penta-

chlorophenol (PCP) is an extremely effective wood preservative.14
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Despite the beneficial effects of some phenolic compounds, they can also be toxic.

Chlorophenols, PCP, and the natural chlorophenol ochratoxin A (OTA) exhibit

carcinogenicity in animal models and are classified by the International Agency

for Cancer Research (IARC) as probable (Group 2B) human carcinogens.14,15

Ingestion of dietary polyphenols duringpregnancy has been linked to the development

of specific types of infant leukemia.16 Use of the anticancer drug etoposide is also

associated with the increased risk of developing secondary leukemias,9 while the

anthracycline antibiotics are noted for their cardiotoxicity due to the production of

ROS, posing a major problem in their clinical application.10 Long-term hormone

replacement therapy with equine estrogens is also associated with a higher risk of

breast, ovarian, and endrometrial cancers.11 In April 2008, Canada moved to become

the first country to set exposure limits on BPA.17 Polymers that contain BPA are

typically sturdy, but it is possible forBPA to be released frompolycarbonates that have

not completely polymerized. BPAmay pose a risk for newborns and infants, and thus

the proposed ban in Canada targets polycarbonate baby bottles.17

The toxicity of phenols is thought to stem from their oxidative metabolism

with formation of the phenoxyl radical regarded as the rate-determining step in

phenol-induced toxicity.18 Generation of the phenoxyl radical in biological systems

is known to promote oxidative stress mediated by thiol oxidation, antioxidant

depletion, and enhanced ROS production to afford oxidative DNA damage.19 In

this mode of damage, the phenol does not interact with DNA directly and the observed

genotoxicity represents an indirect mechanism of action. A direct mode of phenol-

induced genotoxicity involves covalent DNA adduction derived from phenoxyl

radicals and quinone electrophiles produced by oxidative metabolism of phenols.

DNA adduction by quinone electrophiles is a well-developed topic because these

a,b-unsaturated carbonyl compounds react readily with the nucleophilic nitrogen

atoms of the DNA nucleobases.20–22 However, in this chapter, attention is focused on

covalent DNA adduction by the electrophilic phenoxyl radical that displays ambident

(OversusC) electrophilicity in direct radical addition reactionswith the nucleobases to

afford bulky covalent DNA adducts.23 While little is known about the biological

properties of these types of adducts, they are expected to play an important role

in DNA–protein cross-link (DPC) formation24, 25 and the toxicity of phenols in

peroxidase-rich tissues.23 Structural evidence shows a tendency for phenoxyl radical

attachment at the purine C8 position, especially C8 of 20-deoxyguanosine (dG), as

noted with hydroxyl radical (HO.) in formation of 8-oxo-dG.23 The synthesis of

C-boundC8-PhOH-dG adducts has shed light on their structural, optical, and chemical

properties. These experiments provide a basis for future studies aimed at gaining an

understanding of the structural and biological impact of DNA adducts derived from

phenoxyl radical species.

14.2. OXIDATION OF PHENOLS

Theoxidation of phenol is outlined inScheme14.1. In dipolar aprotic solvents, such as

acetonitrile and N,N-dimethylformamide (DMF), phenol possesses a one-electron
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oxidation potential of �1.6V versus NHE.26 The resulting phenolic radical

cation is a very strong acid with a pKa��2,27 and so typically oxidation is

accompanied by proton transfer to afford the neutral phenoxyl radical species. In

aqueous media the pKa of phenol is �10 and the phenolate undergoes one-electron

oxidationmuchmore readily than the protonated specieswith anoxidation potential of

�0.86V versus NHE.26

Attachment of electron-donating and–withdrawing substituents on the phenolic

ring affect both the acid–base behavior and the oxidation potential of the phenol.

Electron-donating groups at the ortho and para positions lower the oxidation potential

because of through-resonance between the electron-deficient phenoxyl radical site

and the ring substituent. Electron-withdrawinggroups increase the oxidation potential

but lower the phenolic pKa by stabilizing the phenolate anion. For example, the pKa

of PCP is �4.74 and its phenolate has an oxidation potential �0.99V versus NHE26

to afford the PCP-phenolic radical that possesses an absorption spectrum in H2O

at 440 nm and decays via second-order kinetics with kd ¼ 9.1� 108M�1s�1,

as evidenced by pulse radiolytic studies.28

In terms of rates of phenolic radical production, bimolecular rate constants, k2, for

the H-atom transfer (HAT) reaction of peroxyl radicals with phenols to generate the

phenoxyl radical and peroxide are�103M�1s�1 for phenol and�5� 106M�1s�1 for

compounds related to vitamin E.29 This HAT process has been well-studied for
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phenols bearing electron-donating groups that can act as antioxidants. However,

phenols bearing electron-withdrawing groups that do not possess antioxidant proper-

ties undergo the HAT process sluggishly, if at all. These electron-deficient phenols

favor phenolate formation followed by electron transfer, the so-called sequential

proton loss electron transfer (SPLET) mechanism, for phenoxyl radical formation in

aqueous solution.30 Wright and Shadnia predict a rate of �50mM per s for phenoxyl

radical formation by a SPLET mechanism for 10mM phenol with a pKa¼ 7.31

Once the neutral phenoxyl radical is formed, it can dimerize by radical coupling

processes to generate isomeric dihydroxybiphenyls and diaryl ethers.32, 33 In nonpolar

solvents, the dihydroxybiphenyls are favored and are formedby an initial dimerization

of the phenoxyl radicals to produce the isomeric diketo intermediates that enolize

to form the final stable products. In aqueous solution, sufficient catalyst is present

such that the rate of enolization of the metastable diketo intermediates is very high

and absolute rates of dimerization of phenoxyl radical are equal to the rate constant

for the diffusion-controlled reaction, �6� 109M�1s�1.32

The HO. reacts with substituted benzenes predominantly by addition to the

aromatic ring and not by interaction with the substituent.34 In reaction of HO.

with phenol to yield dihydroxybenzenes, the ratio of the probabilities for attachment

of HO. to one ring position, para : ortho :meta, is 9 : 6 : 1. The HO. exhibits a strong

preference for attachment at the positions activated by the hydroxyl substituent

of the phenol, a preference that stems from the electrophilic character of HO.. As

pointed out by Raghavan and Steenken, this selectivity is quite remarkable given that

the highly reactive HO. reacts with phenol with a rate constant that is in the upper end

of the diffusion-controlled limit (k¼ 1.4� 1010M�1s�1).34

Attachment of HO. at the activated para and ortho positions of phenol generates

para- (hydroquinone) and ortho-hydroxyphenol (catechol) that are prone to further

oxidation to generate the corresponding quinones. For example, the one-electron

oxidation potential of the phenolate of hydroquinone is �0.17V versus NHE

(compared to �0.86V for the phenol phenolate).26 Hydroquinone reacts rapidly

by aHATreaction to generate the semiquinone, which are transient species in aqueous

solution at neutral pH, rapidly disproportionating into the hydroquinone and the para-

quinone.31 Quinones are electrophiles that react with biological nucleophiles, includ-

ing GSH and the nucleobases of DNA,20–22 and are predicted to play an important

role in the toxicity of certain phenolic compounds.35

Enzymatic oxidation of phenol also generates phenoxyl radical and quinone

intermediates. Many phenols are substrates for peroxidases that in the presence

of hydrogen peroxide (H2O2) can oxidize the phenol to their corresponding phenoxyl

radical.36 Specific examples of mammalian peroxidase enzymes include: lactoper-

oxidase (LPO), which is found in milk, saliva, and tears as well as in the mammary

glands; eosinophil peroxidase (EPX) and MPO, found in white blood cells; and

cyclooxygenase (COX) enzymes that have peroxidase activity and are found in

most mammalian cells. In tissues the relative concentration of the phenolic

radical compared to the concentration of biochemical reductants is small, and so

radical coupling reactions to form dihydroxybiphenyls are unlikely. Instead, the

neutral phenoxyl radical is prone to undergo a redox-cycling mechanism by a HAT

OXIDATION OF PHENOLS 425



reaction with GSH for example, to yield GS., which repeatedly generates the parent

phenol as a substrate for peroxidase.19 Phenols are also substrates for cytochrome

P450 enzymes. Certain P450 isoforms such as 3A4 are known to favor ortho-

hydroxylation of phenols to form the catechol that subsequently undergoes oxidation

to furnish the ortho-quinone.37

14.3. OXIDATIVE DNA DAMAGE

Themetabolism of phenols by peroxidase enzymes in the presence of H2O2 furnishes

phenoxyl radicals that can react with suitable biochemical reductants (glutathione

(GSH) and NAD(P)H) to generate the parent phenolic compound and a reductant-

derived radical.12 As outlined in Scheme 14.2, the HAT reaction of phenoxyl radical

with GSH generates GS
.
that reacts with GSH to generate a GSH disulfide anion

radical that can reductively activate molecular O2 to generate the superoxide radical

anion (O2
.�).19 Because one molecule of phenol can undergo multiple cycles

of oxidation and reduction in a process termed “futile metabolism,” it can generate

O2
.� in quantities that greatly exceed the concentration of the phenolic compound.12

This process facilitates O2
.� toxicity leading to the release of free ferrous iron (Fe2þ),

production ofH2O2 through spontaneous dismutation ofO2
.�, andHO. production by

the Fenton reaction or Haber–Weiss processes that causes oxidative DNA damage.38

EnhancedO2
.�production to stimulate oxidativeDNAdamagealsooccurs through

hydroxylation of phenols by P450 enzymes to afford catechols (Scheme 14.2),
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or hydroquinonemetabolites.20 In the example shown in Scheme14.2, autoxidation of

the catechol generates the semiquinone and ortho-quinone intermediates along with

O2
.�. Reduction of the ortho-quinone by P450 reductase or quinone reductase

regenerates the semiquinone species that can continue to redox cycle and produce

O2
.� for the generation of ROS and subsequent oxidative DNA damage.20

Evidence for phenol-mediated oxidative DNA damage includes the finding that

inhibition of MPO activity in HL60 cells prevented production of the etoposide

phenoxyl radical with the concomitant decrease in etoposide-induced oxidative DNA

damage and cleavage of the MLL gene known to be associated with acute myeloid

leukemia.9, 39 The 4-hydroxylation of equilenin (Figure 14.1) by both P450s 1A1 and

1B1 forms the catechol, which undergoes autoxidation to the 3,4-ortho-quinone.40

Studies carried out in vitro41 and in a rat model42 show that 4-hydroxyequilenin

facilitates oxidative DNA damage. The mutagenicity and carcinogenicity of the

chlorophenols PCP and OTA is also thought to be associated with ROS production

and oxidative DNA damage.14 Treatment of rodents and cell cultures with the

chlorophenols leads to an increase in 8-oxo-dG levels, DNA strand scission, and

other biomarkers for oxidative stress including GSH depletion.14

14.4. COVALENT DNA ADDUCTION

Early structural evidence for covalent DNA adduction by phenoxyl radical species

was provided by the Dizdaroglu laboratory from efforts to establish the structure

of DNA–protein cross-links (DPCs) formed when cells are exposed to ionizing

radiation.43, 44 In order to generate authentic cross-link material, N2O-saturated

aqueous mixtures of thymine and tyrosine were treated with ionizing radiation to

afford HO.. This treatment generated hydroxytyrosines (HO. attachment to the

phenolic ring of tyrosine), tyrosine dimers (tyrosyl radical coupling reactions), and

a single thymine–tyrosine cross-link resulting from covalent bond formation between

the methyl group of thymine and C3 of tyrosine.43 With an authentic cross-linked

component in hand, it was then shown that the same species is produced upon

treatment of calf thymus nucleohistonewith ionizing radiation.44 A likelymechanism

for formation of the cross-link (Scheme 14.3A) involves addition of the 5-(20-
deoxyuridinyl)methyl radical (produced by HAT from the 5-methyl group of thymine

to HO.) to the C3 position of the tyrosine ring, requiring the close proximity of the

radical to a tyrosine in the DNA–protein complex.44 Although the alternative

mechanism involving combination of the tyrosyl and 5-(20-deoxyuridinyl)methyl

radical species could not be ruled out, it appeared less likely due to the requisite

formation of two radical species in close proximity under the low radiation doses

used for cross-link formation. Further experiments showed that the same thymine–

tyrosine cross-link (Scheme 14.3A) was formed by treating mammalian chromatin

with hydrogen peroxide in the presence of iron or copper ions.45 A cross-link

between cytosine and tyrosine was also produced upon radiation,46 as outlined in

Scheme 14.3B.
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The HO. can also abstract a single electron from dG to generate the base radical

cation (G.þ) that can subsequently react with tyrosine to form DPCs. This reactivity

was initially demonstrated by theBartonLaboratory24 through the use of flash-quench

experiments involving DNA-bound ruthenium complexes in the presence of the

tripeptide lysine–tyrosine–lysine (Lys–Tyr–Lys). Irradiation of the ruthenium com-

plex at 436 nm to initiate G.þ production was accompanied by the tyrosyl radical at

405 nm. Inspection of the DNA sample by HPLC and MALDI-TOF mass spectro-

metric analysis showed the presence of a peak with the mass expected for a cross-link

between DNA and Lys–Tyr–Lys with covalent selectivity of Tyr for adenine and

thymine. Replacement of the central Tyr residue with tryptophan showed that the

Lys–Trp–Lys tripeptide failed to react covalently with DNA, suggesting that the

tryptophan radical exhibits no reactivity toward the DNA bases, unlike the tyrosyl

radical.24

On the basis of the above results, Bjorklund and Davis25 speculated that charge

transfer in DNA involving G.þ production can lead to the formation of DNA–histone

cross-links. To test this prediction, DNA charge-transfer reactions in model nucleo-

some core particles (NCPs) were investigated by attaching an anthroquinone (AQ)

label to the 50-end of a 162-bp DNA duplex bound to chicken erythrocyte histone

protein. The AQ linker has been utilized extensively by the Schuster laboratory47 to

study charge transfer within DNA. Selective photoirradiation of the AQ label at

350 nm introduces a radical cation into the duplex that willmigrate through the duplex

until it reaches a GG site (deep trap), where the G.þ may react with H2O to generate

8-oxoG lesions.48 In the presence of histone proteins, Bjorklund and Davis noted

that �69% of all 32P-labeled AQ-tethered DNAwas cross-linked to histone proteins

as a result of DNA charge transfer.25 A proposed mechanism for DPC formation is

outlined in Scheme 14.4 and involves a tyrosinemoiety that is invan derWaals contact

with the minor groove of several DNA base pairs. In this proposed mechanism,

photoirradiation of AQ triggers G.þ formation that has a reduction potential
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(E0¼ 1.3V versus NHE49) high enough to cause spontaneous oxidation of tyrosine

(E0¼ 0.94V versus NHE50) to generate the tyrosyl radical.25 Given that tyrosine

residues form cross-links with pyrimidines,43–46 covalent attachment of tyrosyl

radical to the pyrimidine 5–6 double bond was proposed.25

In the work outlined by Bjorklund and Davis multiple DPCs were produced that

could not easily be rationalized by the proposed mechanism outlined in

Scheme 14.4.25 While it was speculated that other protein residues such as lysine

may participate in DPC formation, the Wagner laboratory has demonstrated that

the AQ radical anion (AQ.�) generated during photoirradiation of AQ-tethered

oligonucleotides is also capable of forming covalent adducts with DNA residues51

andmaybe expected to reactwith protein residues aswell. In the proposedmechanism

outlined in Scheme 14.5 charge transfer from thymine to excited AQ generates AQ.�

and T.þ that is proposed to undergo deprotonation to yield the neutral 5-(20-deoxy-
uridinyl)methyl radical that subsequently reacts covalently with AQ.�.51 Likewise,
radical coupling reactions between AQ.� and a nearby tyrosyl radical may also yield

DPCs in the model DNA–histone system studied by Bjorklund and Davis.

In the above studies on DPC formation it is interesting to note that cross-link

formation between the tyrosyl radical and dG has not been reported. This lack of

evidence for covalent attachment to dG by a phenoxyl radical is contrasted by results

presented by theBurrows laboratory.52–54 In studies involvingoxidativeDNAdamage

by metallosalens, it was discovered that a phenolic radical generated as part of a

metallosalicylaldehyde complex undergoes facile addition to the C8 position of dG to

forma covalent adduct, such as 8-[Ni(sal-RH)]þ-dG shown inFigure 14.2. In ourwork
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on DNA adduction by chlorophenol toxins, it was found that metabolic activation

of PCP by peroxidase enzymes in the presence of H2O2 yielded the 8-PCP-dG

adduct (Figure 14.2) resulting from O-attachment to C8 of dG.55, 56 In contrast,

the natural product OTAyielded the C-adduct 8-OTA-dG following oxidative activa-

tion.57 These results were consistent with the ambident (O- versus C-attack) reactivity

of phenolic radicals in DNA adduction with dG, as outlined in Scheme 14.6.23 Here,

extensive delocalization of the phenolic radical or steric factors that may block

O-attachment would favor C-adduct formation, while phenoxyl radicals with the

unpaired electron localized on the oxygen atom would favor O-attack.23 For the

C-adducts shown in Figure 14.2, the phenolic O-site in 8-[Ni(sal-RH)]þ-dG is bound
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to a transition metal, while the phenolic OH of 8-OTA-dG is flanked by two carbonyl

groups that would hinder O-attachment. For O-attachment by PCP it is known

that phenoxyl radicals exhibit a linear correlation with Brown sþ constants

because of the through-resonance between the electron-deficient phenoxyl radical

and the ring substituent.26 A high positive value of sþ suggests that the radical is

localized on the oxygen atom, while a negative value suggests extensive radical

delocalization. For PCP thesþvalue is 1.1, while the corresponding value for 4-MeO-

PhOH is�0.78.26 The high positive sþ value for PCP suggests that its oxidation will

produce a reactive O-centered phenolic radical, which is consistent with 8-PCP-dG

(Fig. 14.2) formation.23

The C-adducts 8-[Ni(sal-RH)]þ-dG and 8-OTA-dG shown in Figure 14.2 are

structurally related to a family of 8-aryl-dG adducts, such as those shown in

Figure 14.3. Derivatives of 8-Ph-dG (X¼H) with various para substituents

(X¼H, CH3, CH2OH, COOH) are derived from aryl hydrazines that are found in

the mushroom Agaricus bisporus and are metabolized to arenediazonium ions and

then to aryl radicals that form C8-purine adducts.58–60 An interesting aspect of aryl

hydrazine reactivity is that the aryl radical intermediates favor attachment to the C8

site of dA,60 while phenolic radicals favor attachment to C8 of dG.23 This observation

is consistent with the electrophilicity of the phenolic radical that favors attachment to

the more electron-rich purine, as noted with electrophilic HO.,61 while aryl radicals

are nucleophilic in nature62 and hence favor attachment to themore electron-deficient

purine dA.

Other C8-aryl adducts (Figure 14.3) include the 8-phenol derivatives, 8-(400-
hydroxyphenyl)-dG (8-p-PhOH-dG) and 8-(200-hydroxyphenyl)-dG (8-o-PhOH-

dG) that are generated by reaction of phenol with excess nitrite.63 This reaction

generates diazoquinones that break down into hydroxyphenyl radicals that subse-

quently attach to the purine C8 position. Carcinogenic polycyclic aromatic hydro-

carbons (PAHs), such as benzo[a]pyrene (BP), also form C8-dG adducts (8-BP-dG,
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Figure 14.3) following radical cation production mediated by P450 peroxidase.64–66

The estrogen 3,4-estronequinone (3,4-EQ) also undergoes metabolic activation to

form C8-purine adducts,67, 68 such as 8-3,4-EQ-dG (Figure 14.3); in this case the

reactive intermediate is the 3,4-EQ radical anion. Given that a wide range of toxins

form C8-aryl-purine adducts that are structurally related to phenolic C-bound

adducts, such as 8-OTA-dG (Figure 14.2), our laboratory is interested in gaining

an understanding of the structural and electronic properties of C-bound C8-phenolic-

dGadducts that are expected to play important roles in the biological activity of certain

phenolic toxins.

14.5. CARBON-BOUND C8-PHENOLIC-DEOXYGUANOSINE ADDUCTS

A common property of C8-aryl-purine adducts are their tendency to undergo

depurination to form abasic sites.60, 65–68 For example, diazonium ion treatment of

calf thymus DNA at pH 7 generated �30% 8-Ph-dG (X¼CH3) and 70% 8-Ph-G

(X¼CH3), while for X¼CH2OH the corresponding ratios were 7% and 93%,

respectively.60 For 8-BP-dG formation, �50% had undergone depurination to form

8-BP-G,65 while 8-3,4-EQ-dG gave way to 8-3,4-EQ-G following 30-min incubation

in 1 : 1 DMF:aqueous buffer.68 The latter result prompted Akanni and Abul-Hajj to

propose that 8-3,4-EQ-dG is formed as an intermediate prior to the loss of the

deoxyribose sugar.

To gain an understanding of the hydrolytic stability of C8-aryl-dG adducts,

first-order rate constants for a number of p-substituted 8-Ph-dG adducts, including

8-p-PhOH-dG, were determined spectrophotometrically by monitoring formation
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of the deglycosylated product at its absorbance maximum. In 0.1N HCl at 37�C, t1/2
ranged from 0.4min for the phenyl adducts bearing electron-withdrawing CN and

CHO substituents up to 1.45min for 8-p-PhOH-dG. In pH 4 at 48.4�C, 8-p-PhOH-dG
was the most reactive and underwent hydrolysis with t1/2�22min. Protonation of N7

of dG (pKa for protonated dG is 2.3469) is known to accelerate the rate of hydrolysis,

as the positively charged purine ring becomes a good leaving group for a heteroatom-

assisted SN1-type hydrolysis reaction.
70–72 Thus, in acid where N7 is protonated, the

purine ring bearing electron-withdrawingCNandCHO substituents are better leaving

groups and increase the rate of hydrolysis, while in pH 4 where N7 is not initially

protonated, electron-withdrawing CN and CHO substituents lower N7 basicity and

decrease the rate of hydrolysis. For dG itself, the t1/2 is 17.7min in 0.1 N HCl at 37�C
and 2840min in pH 4.1 at 48�C.70 Thus, 8-p-PhOH-dG undergoes deglycosylation

�12 times faster than dG in 0.1N HCl and�129 times faster at pH 4. A rate constant

of 3.82� 10�5 s�1 for t1/2�302 h (12.6 days) was also determined for 8-p-PhOH-dG

at 37�C pH 7. A rate for spontaneous loss of G from duplex DNA at pH 7.4, 37�C
is�3� 10�11 s�1 (t1/2¼ 730 years).72While 8-p-PhOH-dG is certainlymore reactive

than dG toward depurination, it is not as reactive as 8-NO2-dG (t1/2 �1 h at 37�C,
pH 7.273) and is reasonably stable at physiological pH.

A rationale for the tendency of C8-aryl-purine adducts to undergo deglycosylation

at physiological pH is provided in Scheme 14.7. Direct radical attachment to C8 of dG

would produce the nucleobase radical intermediate. In the gas phase under vacuum

the Kentt€amaa laboratory has found that the radical addition reaction by aryl radicals

at C8 of purines is always followed by cleavage of the N-sugar bond to eliminate

the deoxyribose moiety and produce the free base.74, 75 A competitive HAT process

is required for production of the nucleoside adduct that is stable at pH 7, but

undergoes deglycosylation under acidic conditions. Candidates for catalysis of the

HAT process include phenoxyl radicals,76 phenyl radicals,77 and molecular O2.
78

Given that O2 would be the most abundant radical species present (1.2mM for O2-

saturated solution78), it is themost likely candidate for abstracting theHatom from the

nucleobase radical intermediate to form the aromatized nucleoside adduct and

the hydroperoxy radical (HOO.). Rate constants for this HAT process should be

�109M�1s�1 based on rate constants for the reaction of O2 with cyclohexadienyl

radical in benzene.78 The pathways outlined in Scheme 14.7 suggest that the

deglycosylation process will dominate when the concentration of O2 in solution
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is sufficiently low, while adduct formation becomes a competitive process in

O2-saturated solution.

As noted for heteroatom (O and N) attachment to C8 of dG to form 8-oxo-dG and

C8-arylamine adducts, attachmentof thePhmoiety also enhances the1-electrondonor

characteristics of the purine nucleoside.79 The redox properties of 8-p-X-Ph-dG

(X¼OH,OCH3,CH3,H,CN,CHO)adducts havebeen studied by cyclic voltammetry

in anhydrous DMF.79 The C8-aryl adducts exhibited irreversible one-electron oxida-

tion peaks with half-peak potentials (Ep/2) ranging from 0.85V versus saturated

calomel electrode (SCE) for 8-p-PhOH-dG (X¼OH) up to 1.11V/SCE for 8-p-CHO-

Ph-dG. All adducts were oxidized more readily than dG, which gave Ep/2¼ 1.14V/

SCE in DMF.79

The results from the electrochemical measurements suggested that the oxidation

of 8-p-PhOH-dG was coupled with phenol deprotonation to yield the neutral

phenolic radical. Consistent with this hypothesis, treatment of 8-p-PhOH-dG with

the one-electron oxidant Na2IrCl6, using conditions developed by Burrows for the

oxidation of 8-oxoG,80 generated polyphenol materials through the intermediacy of

the phenolic radical intermediate, as outlined in Scheme 14.8.79 In contrast to the

behavior of 8-p-PhOH-dG, treatment of 8-p-OMe-Ph-dG with Na2IrCl6 gave rise to

spiroiminodihydantoin (Sp)-like products (Scheme 14.9), as noted with 8-oxo-dG80

and C8-arylamine adducts.81 These results showed that replacement of the phenolic

OH in 8-p-PhOH-dG with OCH3 restores the well-established oxidative chemistry of

the purine nucleoside and that attachment of the phenolic ring to dG expands the redox

chemistry of the nucleoside to generate the phenolic radical instead of the purine

radical cation that reacts with water.79

The C8-PhOH-purine adducts can also provide insight into the electronic

properties of p-purine substituent by determining phenolic pKa values, as utilized

historically to determine substituent (s�) constants.82 For 8-p-PhOH-N1-Me-dG
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a phenolic pKa of 8.90 was determined from basic pH titrations using the spectropho-

tometric procedure;83 a phenolic pKa for 8-p-PhOH-dG could not be determined due

to overlap with N1 deprotonation (N1 pKa of dG is 9.2569). The phenolic pKa of

8-p-PhOH-dA is 8.70,83 confirming that the dA adduct is a stronger acid than the dG

adduct, which is consistent with the one-electron oxidation potentials (E0) for

purine nucleosides (1.42V/NHE for A versus 1.29V/NHE for G49). Calculation of

Hammett substituent constants afforded as� of 0.55 for dAand 0.46 forN1-Me-dG,83

which are comparable to those established for 2-pyridyl (0.55), CONH2 (0.61),

N(CF3)2 (0.53), and C6F5 (0.43).
84

Another interesting aspect of 8-PhOH-purine adducts is that they act as fluor-

ophores (emission at �390 nm in aqueous buffer at pH 7) and the fluorescence

is quenched upon addition of base.83 For the p-isomers the protonation/deprotonation

on/off fluorescence switching mechanism may be exploited for the development

of nucleobase analogues with fluorescent pH-sensing properties. Figure 14.4 high-

lights the pH-dependent fluorescence of 8-p-PhOH-N1-Me-dG. Similar properties

were noted for 8-p-PhOH-dA, which prompted the synthesis of 8-p-(2-Cl-PhOH)-dA

that has a phenolic pKa of 7.29 and exhibits fluorescent pH-sensing in the physiologi-

cal pH range.83

The optical properties of the 8-o-PhOH-purine adducts have provided insight

into their ground-state structures at the nucleoside level.85 These adducts have the

ability to phototautomerize, through an excited-state intramolecular proton transfer

(ESIPT) process, to generate the keto form. This tautomerization depends on the

presence of an intramolecular H-bond between the phenolic OH and the imine

nitrogen (N7). In water, 8-o-PhOH-dG shows only enol emission at �395 nm;

in hexane, keto emission at �475 nm is observed.85 These results show that in water

the intramolecular H-bond required for ESIPT is disrupted, while the H-bond is

present in the nonpolar hexane solvent. The absorption spectrum of 8-o-PhOH-dG

in hexane also displayed a shoulder at �320 nm that was absent in water. In CHCl3
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and MeCN the absorbances at 320 and 280 nm are of almost equal intensity. These

results provided insight into the conformational equilibria of 8-o-PhOH–purine

adducts, which are summarized in Scheme 14.10 for 8-o-PhOH-dG. In water, these

adducts exist in a solvated (S) nonplanar “twisted” conformation that absorbs at

�280 nm and cannot undergo ESIPT. Desolvation of this structure yields the

twisted H-bonded structure that is prevalent in hexane and undergoes ESIPT.

In CHCl3, the equilibrium shifts more in favor of the planar H-bonded species that

absorbs at �320 nm and undergoes ESIPT.85

Support for the predicted conformations of 8-PhOH–purine adducts derived

from optical data was provided by DFT calculations.86 As shown in Figure 14.5,

the adducts adopt a syn conformation about the glycosidic bond due to the presence

of anO50�H � � �N3hydrogen bond,where the antiminima are 20–30 kJmol�1 higher

in energy. While the deglycosylated nucleobase adducts are planar, the presence

of the deoxyribose sugar induces a twist about the carbon–carbon bond connecting

the phenol and nucleobase rings. The 8-o-PhOH-purine adducts are less twisted

(25�) than the corresponding 8-p-PhOH-purine adducts (40�) due to stabilization

provided by an intramolecular O�H � � �N7 bond. Solvation calculations demonstrate

that the structural preference is solvent-dependent, where solvents with hydrogen-

bonding abilities disrupt the intramolecular O�H � � �N7 hydrogen bond such that a

greater degree of twist is observed, and less polar solvents stabilize the planar

structure.86

While the structural impact of phenolic adducts has yet to be determined in duplex

DNA, the phosphoramidite of 8-Ph-dG has been prepared and used to incorporate the

adduct into oligonucleotides using solid-phaseDNAsynthesis.87, 88 In the 12-mer 50-d
(GCGCCXGCGGTG), where X¼ 8-Ph-dG, the Tm of the duplex was 5.6�C lower

than the normal dG : dC base pair, while the Tm of 8-Ph-dG : dGwas 2.1�Chigher than

that of the mismatched dG : dC base pair.87 These data suggested that 8-Ph-dG exists
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primarily in the anti conformation when paired with dC, while the syn conformation

may pair with dGMP. The miscoding properties of 8-Ph-dG have also been assessed

using in vitro primer extension analysis.88Klenow fragment fromE. coli incorporated

predominately the correct base dCMP opposite 8-Ph-dG, while primer extension by

mammalian pol awas strongly blocked opposite the lesion. Small amounts of dGMP

and dAMP were incorporated opposite the lesion; two-base deletions were also

observed, suggesting that 8-Ph-dG is weakly mutagenic and capable of generating

G ! C and G ! T transversions and deletions in cells. These results provide a basis

for the determination of substituent effects on the biological impact of C8-aryl-dG

adducts.

14.6. CONCLUSIONS

Phenoxyl radicals are an important family of reactive intermediates that initiate

oxidative DNA damage and covalent modification of DNA bases. Phenoxyl radicals

play akey role in formationofDNA–protein cross-links (DPCs) that arise during times

of cellular oxidative stress or when cells are exposed to ionizing radiation. For certain

phenoxyl radicals the C8 site of dG is most susceptible to direct radical attachment,

wherein the phenoxyl radicals act as ambident electrophiles forming C- and

O-adducts. The natural phenolic carcinogen, ochratoxin A (OTA), has been shown

by the 32P-postlabeling method to form a C-C8-dG adduct in vivo, while the chemical

carcinogen pentachlorophenol (PCP) generates an O-C8-dG adduct following acti-

vation by peroxidase enzymes. The C-adducts of phenols possess fluorescent

pH-sensing properties and undergo oxidative polymerization reactions to afford

ortho–ortho C–C oligomeric cross-linked adducts through the intermediacy of

phenoxyl radicals. Within duplex DNA, the phenoxyl radical intermediates formed

by the oxidation of C-C8-dG adducts of phenols are expected to form covalent cross-

links, which may have therapeutic value.

FIGURE 14.5. Fully optimized (B3LYP/6-311þG(2df,p) low-energy syn and anti structures

of 8-o-PhOH-dG. The arrow in the low-energy syn structure points to an O50�H � � �N3
hydrogen bond that is absent in the anti structure that is 20–30 kJmol�1 higher in energy.
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14.7. FUTURE PROSPECTS

The basic biochemistry of covalent lesions formed by phenoxyl radicals remains

largely unexplored. This is somewhat surprising given that (i) tyrosine residues

play a crucial role in DPC formation that arise in chromatin structures because of

oxidative DNA damage and (ii) phenolic toxins undergo bioactivation by peroxidase

enzymes to generate phenoxyl radical intermediates that form covalent adducts by

direct attachment toDNAnucleobases.Our efforts in this area of research are currently

devoted to the site-specific incorporation of C8-dG adducts of phenols into oligonu-

cleotides to assess their structural impact within duplex DNA and determine how

C8-phenol-dG adducts influenceDNA replication.Within this area of researchwe are

particularly interested in the reactivity of C8-phenol-dG adducts within duplex DNA.

Such adducts should act as radical cation sinks and then go on to generate phenoxyl

radicals whose chemistry within duplex DNA has not been previously studied.
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channel, 259

competitive reactions, 60

mechanism, 184

processes, 164, 215

schematic presentation, 179, 181

Electron trapping, 242

Electrophoresis, 247

analysis, 247–248

band, 247
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Et/Ni-modified DNA, 229

reductive electron transfer,

DNA assay, 229

Etoposide, 422

Et/Zg-modified DNA, 229

oxidative hole transfer, DNA

assay, 229

Excited-state intramolecular proton transfer

(ESIPT) process, 435

Femtosecond events, groups, 240

Fenton reactions, 326, 426

Fenton reagents, 155

Fenton-type conditions, 145

Ferrous iron (Fe2þ) 426
Flash-quench technique, 370

Fluorescence quenching, 229

Formamidopyrimidine DNA N-glycosylase,

83

GCAT tetramer, 253, 258, 268, 269, 270, 274

CGTA, 253

damage yield, comparison, 258

film, CNO� ion yield function, 270

incident electron energy, 274

O� ion yield function, 274

LEE-stimulated desorption yield,

268

thin films, LEE-induced desorption

signals, 269

yield functions, 258

G-C base pairs, 220

Gel electrophoresis, 61, 142, 191,

197, 366, 367

analysis, 142

experiments, 191, 197, 367

techniques, 61, 366

Ghox lesions, 343

5,6-glycols, 74, 75

dehydration of, 82

formation of, 74, 75

half-life, 75

Gold nanoelectrode, 375

Gold nanoparticles (GNP), 279–281
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Ribonucleotide reductases, 110

RNA bases, 16

excitation energies, 16

nuclear relaxation energy (NRE) 29

transient negative ion (TNI) 17

vertical excitation energies, 17

RNA model systems, 20

RNA uracil, 332

Ru(bpy)3
2þ, 363, 367, 369, 371

cyclic voltammograms, 363, 367, 369, 371

S-radicals, 135, 153

Saccharomyces cerevisiae, 83

Scanning probe microscopies, 248

Scanning tunneling microscope (STM) 246

Secondary electrons (SE) 240, 241

Self-assembled monolayer (SAM) 377

Sensitive sensor systems, 357

Sensitizer radicals, 304, 305

formation, 304–305

spectral properties, 305–307

Sequential proton loss electron transfer

(SPLET) mechanism, 425

Short DNA strands, 270

neutral radicals, 270–272

ESD, 270–272

Single-nucleotide polymorphisms

(SNPs) 192, 200

Single-strand breaks, 313

formation pathways, 313

456 INDEX



Single-stranded DNA, 141, 359

nucleobase radical reactivity, 141–143
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Stilbene diether (Sd) capped DNA hairpins,

223

Strand breaks, 259

percentage distribution, 259

Styrene-maleic acid polymer-coupled NCS

(SMANCS) 391

Sugar-phosphate-sugar model, 15

Sugar-phosphate backbone, 243, 263

Sugar-phosphate group, 15

Sugar carbocation, 74

Sugar moiety, C10 position, 74
Sugar radical formation, 21

from, 20-deoxyguanosine (dGuo) 21
wavelength-dependence study, 21

Sugar radical formation mechanism, 20

Sugar radicals, 100, 313

reactions, 313–314

Sugar ring, 101

shielding effect, 101

Sulfate radical anions, 327

One-electron oxidation, 327

Sulfolobus solfataricus, 173

Supercoiled nicking assays, 403

Tandem lesions, 145, 146, 333

oligonucleotides, oxidation of, 333

Target DNA sequence, 362, 376

hybridization, 362

TATA-box binding protein, 172, 374

Terminal phosphate groups, 262

Tetramers, 253, 258

GCAT, 253

TGT trinucleotide, 80

riboflavin photosensitization of, 80

Thermodynamic expectations, 343

Thiazole orange, 228

Thiol-depleting reagents, 296

Thiol-reactive radiosensitizers, 303

Thymidine hydroperoxides, 72

decomposition of, 72

Thymidine nucleobase radicals, 137

formation, 137

Thymidine radical cation, 71

decomposition mechanisms, 71

Thymidin-30-yl radical, 109
Thymine, 164, 332

chemical structures, 164

CPK models, 164

Thymine derivatives, 52

EPR studies, 52

Thymine hydroperoxides, 72

formation of, 72

Thymine moiety, 71

ESR-spin-trapping experiments, 71

MQ-mediated sensitization, 71

Thymine radical anion, 53

Thymine radical cation, 73, 77, 87

deprotonation of, 73, 87

hole transfer, 47, 48

hydration, 73, 77

5,6-pyrimidine bond, 73
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Thymine-tyrosine cross-link, 427

Time-dependent density functional theory

(TD-DFT) 13, 16, 21

Tirapazamine, 299

Transient absorption, 194–196

spectrum, 194, 195

time profiles, 196

Transient negative ion (TNI) 15, 17–19, 241,

242, 249, 267

formation, 17, 249

sugar-phosphate group, 17

potential energy surface (PES) 19

transition energy, 18

Trapping, 55, 60

efficiency, 56

proton transfer, role, 60

Triplex forming oligonucleotides (TFOs) 151

TT dimer, 217–219, 221

cleavage, 217–219, 221

cycloreversion, 219

electron trap, 221

Tunneling process, hole/electron

migration, 56

Tyrosyl radical coupling reactions, 427

Ultra-high vacuum (UHV) 243, 246

system, 246

Unoccupied molecular orbitals (UMOs) 15

Uracil-5-yl radical, 103, 106, 164,

165, 176

generation, 164

UVA excitation, 70

UVA radiation, 71

UVC laser irradiation, 87

UVC laser pulses, 70, 74

Vacuum-dried DNA films, 245

Vacuum ultraviolet mass-analyzed

threshold ionization (VUV-MATI)

spectroscopy, 4

Vertical electron affinities (VEAs) 10

Vertical ionization potential, definitions, 4

Vicinal diol, periodate oxidization

of, 106

Viologens, 309

X-ray induced secondary electrons emission,

246

Xeroderma pigmentosum (XP) patients, 123

Z-DNA, 171, 172, 180

electron transfer, 180

5-halouracil, 171

photochemical reaction, 171–172

structure, 172
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