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Abstract

The focus of our laboratory’s investigation is to study the direct-type DNA damage mechanisms 

resulting from γ-ray and ion-beam radiation-induced free radical processes in DNA which lead to 

molecular damage important to cellular survival. This work compares the results of low LET (γ−) 

and high LET (ion-beam) radiation to develop a chemical track structure model for ion-beam 

radiation damage to DNA. Recent studies on protonation states of cytosine cation radicals in the 

N1-substituted cytosine derivatives in their ground state and 5-methylcytosine cation radicals in 

ground as well as in excited state are described. Our results exhibit a radical signature of 

excitations in 5-methylcytosine cation radical. Moreover, our recent theoretical studies elucidate 

the role of electron-induced reactions (low energy electrons (LEE), presolvated electrons (epre
−), 

and aqueous (or, solvated) electrons (eaq
−)). Finally DFT calculations of the ionization potentials 

of various sugar radicals show the relative reactivity of these species.
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1. Introduction

It has long been recognized that DNA is the principal target of ionizing radiation in the cell. 

The initial effect of ionizing radiation on DNA is to produce holes, electrons and excited 

states on the DNA itself, in its water of solvation, and in the bulk water surrounding the 

molecule. Irradiation of the bulk water produces water radicals, principally •OH, H•, and 

eaq
−, which may diffuse to and damage nearby DNA in a process known as the indirect 

effect. However, owing to the scavenging of these radical species in the DNA environment 

the indirect effect has been estimated to contribute only ca. 50% of the radiation damage in 

cells. Direct-type effects, i.e., ionizations on the DNA itself and its water of solvation 

contribute the remaining 50% of damage.
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Ionization events from direct type effects lead to the formation of DNA-cation radicals 

(DNA•+) and DNA-anion radicals (DNA•−) (Adhikary et al., 2012a; Adhikary et al., 2014a). 

Electron Spin Resonance (ESR) studies of the trapped radicals in irradiated hydrated DNA 

samples at low temperatures (4 K, 77 K) have established that rapid charge and spin transfer 

processes lead to hole localization on guanine, the base with the lowest ionization energy of 

the four bases (scheme 1); simultaneously, localization of the radiation-produced excess 

electrons occurs on the two most electron-affinic bases, thymine and cytosine (scheme 1) 

(Adhikary et al., 2014a; Becker et al., 2007; Bernhard, 2009; Close, 2008; Sagstuen and 

Hole, 2009). Before thermalizing and localization on the bases, a population of the 

radiation-produced excess electrons known as low energy electrons (LEE) have been shown 

to induce direct bond cleavage via dissociative electron attachment (DEA) processes 

resulting in both single and double-strand breaks (Alizadeh and Sanche, 2012; Kumar and 

Sevilla, 2012a), which are biologically important DNA-lesions. A variety of processes 

induce the formation of free radical on the dexoyribose sugar moieties of the DNA (vide 

infra). Many radiation chemical studies have established that sugar radicals are precursors of 

radiation-induced prompt strand breaks. These radiation chemical effects lead, eventually, to 

the biological damage that follows ionizing radiation.

Scheme 1 illustrates the direct-type effect processes that occur in DNA irradiated at 77 K.

In this review, we provide a summary of recent results which describe the major radiation 

chemical induced processes from direct-type effects that lead to DNA damage. In section 1, 

we describe a radiation chemistry track structure model that delineates the spatial orientation 

of radical formation in the high linear energy transfer tracks of ion-beams. The role of LEE 

and possible excited states from ion-beam irradiation are explored here. In section 2, we 

provide a short overview of DNA•+ reactions by taking G•+ as an example and how the 

protonation state of DNA•+ affects these reactions. Also, the reactions of C•+ and its 

prototropic equlibria are examined. Lastly, ground state base-to-backbone hole transfer in a 

2′-deoxycytidine derivative anti-cancer drug, gemcitabine as well as the ground and excited 

state reactions of 5-methyl cytosine cation radical are commented on. In section 3, 

theoretical studies that detail electron-induced reactions are explored including effects for 

LEE, presolvated electrons (epre
−), and aqueous (or, solvated) electrons (eaq

−). Also included 

are recent theoretical investigations into the ionization potentials of various sugar radicals, 

and some implications that arise from these potentials.

2. The Radiation Chemistry Track Structure of Ion-Beam Irradiated DNA

As ion-beam therapy for cancer becomes more prevalent and the likelihood of a manned 

mission to Mars moves closer to reality, the need to understand the details of the radiation 

chemistry that follows ion-beam irradiation of DNA becomes more pressing. According to 

the National Association for Proton Therapy, there are now 22 Proton-Therapy Centers now 

in operation in the US and 14 new centers in-development (National Association of proton 

therapy website, 2016). Carbon ion-beam facilities are now becoming more common around 

the world (Ohno, 2013). For these reasons, understanding the radiation effects of ion-beams 

has become a focus of considerable research around the globe.
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The underlying chemical reactions that occur in cellular DNA after irradiation ultimately 

determine the biological effects of the radiation. The chemical processes that occur after γ-

irradiation and ion-beam irradiation reflect these differences in spatial energy deposition. 

Therefore, characterizing ion-beam radiation chemistry track structure, in three dimensions 

has been a focus of our research.

This section of our review will focus on ion-beam irradiation of DNA under conditions for 

which direct-type effects predominate. This is accomplished by hydrating the DNA to levels 

at which no bulk water exists, i.e., < 14 waters/nucleotide (Swarts et al., 1992; Adhikary et 

al., 2014a).

2.1 The Track Structure of Ion-Beams

γ-irradiation results in sparse ionization, largely in spurs, with an average of one or two 

ionizations per spur in liquid water (Turner et al. 1983, Figure 1A). Spurs are formed by the 

cascade of electrons that results from the initial photon interactions with target molecules 

(Turner et al. 1983). With an ion-beam, however, energy is deposited by the ion along its 

path by relatively frequent interactions of the ion with target molecules, resulting in a 

concentrated deposition of energy along the ion path (Hatano and Mozumder, 2004; Muroya 

et al., 2006; Adhikary et al., 2014a). The energy deposition is characterized by the Linear 

Energy Transfer (LET) of the ion in the material being irradiated. The LET of an ion is an 

average quantity that depends on the ion velocity (energy) and charge, as well as on the 

properties of the material being irradiated. Collisions both with large impact parameters 

(glancing collisions) and with small impact parameters (knock-on collisions) occur. As a 

result of the ion interactions with the material, a relatively small, nearly cylindrical volume 

of high energy deposition exists, designated as the “core” of the ion track (LaVerne, 2004; 

Muroya et al., 2006). Electrons are ejected from the core, sometimes at fairly high angles 

from the core. These so called δ-rays, form a large penumbra, which is very similar in its 

radiation chemistry characteristics to a γ-irradiated target (Muroya et al., Figure 1B). As can 

be seen in Figure 1B, the energy deposition is quite heterogeneous, with a high energy 

density core and low energy density penumbra.

The chemical reactions that follow irradiation, are, as might be expected, spatially 

heterogeneous.

2.2 Radicals in Ion-Beam Irradiated DNA

Electron Spin Spectroscopy (ESR) has been used successfully in identifying a variety of 

radicals stabilized and trapped at 77 K in ion beam irradiated DNA. Once the location and 

identity of trapped radicals are known, the chemistry that leads to them can be posited (see 

section 3.1). Figure 2 shows the ESR spectra (77 K) of closely matched salmon sperm DNA 

samples irradiated with an Ar-36 beam and with γ-irradiation, also at 77 K (Becker et al., 

2003). Beam descriptions and hydration levels (Γ, waters per nucleotide) are shown in the 

figure. It is notable that the spectrum resulting from ion-beam irradiation is qualitatively 

different from that of the γ-irradiated sample, even though both are at similar hydration 

levels and have been irradiated at quite similar dose. This indicates that the populations of 

radicals which are responsible for the two spectra are not the same. Each of the spectra 
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shown in Figure 2A is a composite of the spectra from at least seven radicals. Using 

carefully constructed benchmark spectra for the radicals, shown in the Figure 2B, it is 

possible to determine what underlying radicals are responsible for the composite DNA 

spectrum found after irradiation (Figure 3).

This analysis allows for preparation of a dose-response curve (Becker et al., 2003), and from 

that, G-values of radical formation and k-values for radical destruction by additional 

radiation (Wang et al., 1993). At this point, it has not been possible to quantitate G-values 

for the individual sugar radicals (Figure 3) but composite values for the sum of the sugar 

radicals (ΣdR•=C1′• + C3′• + C5′• + C3′•dephos) have been determined.

Table 1 shows selected G-values for Argon and Krypton ion-beams as a function of LET and 

hydration (Becker et al. 2003, 2012). From the yields of radicals, it has been possible to 

develop a model of the radiation chemical track structure in irradiated DNA that includes a 

description of the spatial arrangement of the radicals in the track and that allows for 

determination of the energy partition between the core and penumbra.

2.3 Spatial Arrangement of DNA-Radicals in Ion-Beam Track

A comparison of the G-values for γ-irradiated samples versus ion-beam irradiated samples 

(Table 1 and Adhikary et al. 2014a) reveals a large disparity in the yields of base radicals 

between the two forms of irradiation. For this comparison, it is profitable to compare the 

sums of the yields of base radicals. For example, for Kr-86 irradiation at LET = 1080 keV/

μm, ΣG(base radicals) = 0.056 μmol/J. The same sum for γ-irradiated samples is 0.19 

μmol/J. The difference between these values is most simply explained by postulating that 

base radicals are formed predominantly or entirely in the γ-like track penumbra. It is 

presumed that, in the core, the high density of ionizations results in formation of oppositely 

charged proximate base radicals in such that rapid recombination occurs due to Coulomb 

attractions; as a result, none of the base radicals stabilized and trapped at 77 K in the core. It 

is also possible that early holes on the bases (A•+, G•+, C•+, T•+) recombine with nearby 

electrons before chemical processes that would lead to stably trapped radicals have a chance 

to occur.

With this model, the difference in base radical yields is attributed to the partition of energy 

between the core and the penumbra, and only the energy (and ionizations) in the penumbra 

produce base radicals. This model now allows for determination of the partition of energy. If 

100% of the energy were deposited in the penumbra, the G-value of base radicals would be 

the same as that found with γ-radiation, 0.19 μmol/J. Using Kr-86 ion beam irradiation at 

LET=1080 keV as an example, with a base radical G-value of 0.056 μmol/J, the actual 

fraction of energy in the penumbra is (0.056 μmol•J−1)/(0.19 μmol•J−1) = 0.29. The fraction 

in the core is the remainder, 0.71. For argon ion-beam irradiated samples, the fraction of 

energy in the core varied from 0.49 to 0.56, depending on Γ and on LET of the argon beam. 

In krypton irradiated samples, with the hydration of the DNA at 12±2 D2O/nucleotide, the 

fraction of energy in the core varied from 0.67 to 0.93, with LETs varying from 1080 keV/

μm to 4000 keV/μm. Figure 4 shows the fraction of energy deposited in the core as a 

function of log(LET) for argon and krypton ion-beam irradiated DNA.
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This model now presents a picture of the ion-beam track in which there is a relatively high 

concentration of sugar radicals in the small volume of the track core, and, in contrast, 

somewhat sparsely distributed base radicals stabilized throughout the large volume of 

penumbra. It should be noted that theoretical calculations of the radius of the physical track 

core give values of a few nanometers to tens or hundreds of nanometers (Chatterjee and 

Holley, 1993; Nikjoo and Uehara, 2004) depending on the ion energy and LET, whereas the 

track penumbra has a radius measured in micrometers, thus the volume of the penumbra is 

considerably larger than that of the core. It should also be noted that ca. 15% of the radicals 

formed in the penumbra are sugar radicals, so even though sugar radical formation is 

concentrated in the core, it is not exclusive to the core.

2.4 Radicals Formed by LEE

Figure 5 shows the ESR spectra of two radicals formed in DNA irradiated with Argon and 

with Krypton ion-beams (Becker et al. 2003, 2012). Because of the hyperfine couplings 

from four protons, the C3′•dephos is characterized by a wide ESR spectrum of over 140 G, as 

shown in the Figure. The simulation shown, in which the outer line components match line 

components in the experimental spectrum (arrows) uses the following parameters for proton 

couplings: [−11, −23.4, −34] G (1 anisotropic H); 26.9 G (1H), 34.9 G (1H), 49.1 G (1H), 

gxx = 2.0036, gyy = 2.0023, gzz = 2.0044, linewidth = 6 G. The phosphorus-centered radical 

spectrum is typical for a radical of the form ROPO2•−. The simulated spectrum assumed 

axial symmetry and employed the following parameters: A⊥ = 775 G, A|| = 610 G, g⊥ = 

2.00, g||= 2.01 and linewidth = 12 G. The origin of these radicals is suggested by the fact that 

LEEs are known to create strand breaks in DNA by dissociative electron attachment (DEA) 

(Boudaïffa et al., 2000). Thus, LEE can form both C3′•dephos and ROPO2•− by DEA at the 

sugar phosphate backbone (scheme 2) (Kumar and Sevilla, 2009, 2012; Adhikary et al., 

2014a).

Thus, via DEA either the C3′—O bond is broken (path I, scheme 2) or the P–O bond is 

broken (path II, scheme 2). With path I, C3′•dephos is formed along with a diamagnetic 

phosphate entity. With path II, a phosphoryl radical results, along with a diamagnetic sugar 

based entity. For both pathways, a frank single strand break occurs as a result, in agreement 

with the experiments that show that LEE causes strand breaks in plasmid DNA. In 

experiments with both Ar and Kr beams, the approximate ratio of the C3′•dephos to 

ROPO2•− formed is approximately 20:1 (Becker et al., 2003, 2012; Adhikary et al., 2014a).

The yield of these LEE-induced strand break radicals in Ar and Kr ion-beam irradiated DNA 

is found to be ca. ten times that found in γ-irradiated samples irradiated to the same dose 

(Becker et al., 2003, 2012; Adhikary et al., 2014a). This suggests that the LEE reactivity is 

largely a core process in the ion-beam irradiated samples. Since LEEs are formed both in the 

core and penumbra, these results suggest that other factors, such as, excited electronic states 

or excited vibrational modes add to the effectiveness of LEE in the core. In this regard, we 

note that theoretical calculations show that stretching of the C-O bond in the sugar-

phosphate backbone (as would occur in excited vibrational modes) leads to electron capture 

into a dissociative state leading to a strand break (Li et al., 2003, Kumar and Sevilla., 2008, 

2009, Kumar and Sevilla., 2012).
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2.5 Excited States in Ion-Beam Irradiated DNA

The high energy density in the ion-beam track core would be expected to lead to excited 

states in the core and to the possible subsequent reactions owing to these excited states 

(scheme 1). So far, there exists no direct experimental evidence that proves the existence of 

such excited state reactions from the oxidative path radiation chemistry, i.e., from reactions 

that originate with hole formation on the DNA. However, as pointed out in section 3.2.2 of 

this review, it has been well-established that sugar radicals are formed from excited state 

base radicals in DNA (Adhikary et al., 2005, 2014a, 2014b), and from nucleotides and 

oligomers as well (Adhikary et al., 2005, 2014a; Khanduri et al., 2011). Depending on the 

specific compounds and experimental conditions, C1′•, C3′•, and C5′• have all been 

observed to form from excited states of the DNA base cation radicals (Adhikary et al., 

2012a, 2014a; Becker et al., 2010).

In Kr-86 irradiated DNA, the G-values for of sugar radical formation are the same at 0.026±.

001 μmol/J as the LET changes from 1080 keV/μm to 2000 keV/μm (Becker et al., 2012). At 

4000 keV/μm, it drops to 0.0069 μmol/J, indicating that DNA•+ (on the sugar backbone) is 

undergoing significant recombination with a proximate electron or DNA•− before 

deprotonation of DNA•+ can occur, at this higher LET. The question now arises of whether 

at the lower LETs, recombination is overcome to some extent by very fast deprotonation of 

DNA•+ (Adhikary et al., 2012b) to achieve the unchanging G-values. Further studies are 

required to answer this significant question.

2.6 An Ion-Beam Radiation Chemistry Track Structure Model

A full appreciation of radical formation and the consequences of that formation in heavy 

ion-beam irradiated DNA would demand knowledge of the radicals that are formed, the 

reactions that lead to them, their spatial orientation in the track, and their fate, especially 

with regard to the potential damage done to the cell (Adhikary et al., 2014a; Becker et al., 

2012). Schemes 3 and 4 summarize this information for the core and penumbra of the ion 

track for argon and krypton irradiated DNA.

In the penumbra (Scheme 3), the processes that occur are the same as those that occur in low 

LET irradiated DNA. After γ-irradiation at 77 K, oxidative and reductive paths of reaction 

develop as shown in scheme 1. In the oxidative path, ionization occurs at all moieties of the 

DNA, i.e., at all four bases and the dexoyribose sugars. Since the only electron-loss base 

radical that is observed at 77 K is the deprotonated guanine cation radical (as 40% of the 

radical population stabilized at 77 K) (Adhikary et al., 2006, 2009, 2010, 2014a; Khanduri et 

al., 2011), it is evident that extensive hole transfer occurs to guanine. This hole transfer is 

also required to explain the predominance of guanine damaged base yields (predominantly 

8-oxoguanine (Swarts et al., 1996) and 8-oxo-guanine radical (Shukla et al., 2004)) observed 

after γ-irradiation. The three uncharged sugar radicals C1′•, C3′•, and C5′• also originate 

with the oxidative path, from deprotonation of deoxyribose radical cations that themselves 

originate from ionization (Adhikary et al., 2012b). In the reductive path, the observation of 

the protonated cytosine anion radical (C(N3)H•) and the pristine thymine anion radical (T•−) 

is evidence of electron attachment to these two bases (Adhikary et al., 2014a). The fact that 

cytosine and thymine have high electron affinities is consistent with this observation (Kumar 
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and Sevilla, 2012a). The protonated cytosine anion makes up 38% of the total radical 

population stabilized at 77 K and the thymine anion radical, 18%. In low LET irradiated 

samples, and presumably in the penumbra as well, there is only a small population of 

radicals that result from low energy electrons (LEE). These are not inconsequential, 

however, for as indicated earlier, LEE cause immediate strand breaks to occur. It is pertinent 

to understanding the radiation chemistry of DNA to note that only ca. 30% of the ionizations 

that occur, end up as trapped radicals in our samples at low temperatures. Significant ion-

radical recombination events (Bernhard, 2009; Adhikary et al., 2014a) account for the loss 

of ca. 70% of the radicals. These may be geminate or by long range electron/hole transfer.

In the model being described, the reaction paths in the track core are quite different from 

those in the penumbra (scheme 4 and Adhikary et al., 2014a). These reaction paths are 

driven by the presumption that none of the base radicals trapped at 77 K originates in the 

core. Thus, after ionization by an energetic ion (and the cascade of secondary electrons that 

result from the ionizations), the oxidative and reductive paths are initiated in a fashion that is 

identical to that in low LET regions. However, extensive recombinations occur that result in 

the elimination of base radical formation in the core (Adhikary et al. 2014a; Becker et al., 

2010). The large number of ionizations in the small volume of core results in formation of 

proximate ionic radicals (or electrons) of opposite charge, and strong Coulomb attractions 

result in extensive recombination. However, in the oxidative path, a population of 

deoxyribose cation radicals escape recombination and eventually deprotonate to form the 

neutral C1′•, C3′•, and C5′• that are observed in relatively high concentration (relative to 

base radicals) in ion-beam irradiated samples. It is possible that this process is facilitated by 

excited states in which deprotonation occurs rapidly (Adhikary et al., 2014a; Khanduri et al., 

2011) before recombinations can occur, even in the densely ionized core.

Another unique feature of core chemistry is suggested by the presence of the C3′•dephos and 

ROPO2•−, in concentrations ca. 10 times those in γ-irradiated samples (Adhikary et al., 

2014a). As shown in schemes 2 and 4, these originate with LEE and dissociative electron 

attachment and are obviously augmented by track processes. Since these radicals are 

indicative of an immediate strand break, it is safe to assume that the core contains a 

significant population of strand breaks in a small volume core. This is especially significant 

near the end of the ion range, where track “pencil down” results in a small core volume.

In conclusion, the heterogeneity of energy deposition in ion beam irradiated DNA leads to a 

heterogeneous spatial distribution of radicals in the ion track at 77 K. Unique core processes, 

including fast recombinations, formation of a high yield of LEE and possible excited state 

reactions lead to a high number of sugar radicals in the small volume core. These radicals 

eventually form strand breaks at higher temperatures. LEE lead to frank strand breaks, again, 

in the low volume core. Track overlap as well as radicals formation in the core itself likely 

results in difficult to repair clustered damage sites, which may be lethal to the cell.
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3. Recent experimental and theoretical studies of radiation-induced DNA-

base and DNA-sugar radicals

3.1. General reactions of trapped ion-radicals (holes and anion radicals)

Experimental as well as theoretical studies have demonstrated that DNA•+ is a stronger 

proton donor and DNA•− is stronger proton acceptor than their parent compounds (Adhikary 

et al. 2014a; Kumar and Sevilla, 2010; Wagenknecht, 2005). For example, in aqueous 

solution and at room temperature the pKa of guanine for H+ loss from N1 is reported to be 

9.6; the corresponding pKa for the guanine cation radical (G•+) is found to be 3.9 (Steenken, 

1997; von Sonntag, 2006). The protonation states of G•+ have been experimentally studied 

employing various experimental techniques, e.g., pulse radiolysis and flash photolysis 

(Steenken, 1997; von Sonntag, 2006), low temperature ESR of X-ray irradiated single 

crystals (Bernhard, 2009; Close, 2008) and ESR of γ-irradiated homogeneous glassy 

solutions at 77 K (Adhikary et al., 2006; Adhikary et al., 2009; Adhikary et al., 2010; 

Adhikary et al., 2014a; Khanduri et al., 2011). The results obtained in aqueous solutions at 

ambient temperatures matched very well with those obtained in γ-irradiated homogeneous 

frozen glassy solutions at 77 K (Adhikary et al., 2009; Adhikary et al., 2010). Understanding 

the various protonation states of DNA•+ is important because reactions of DNA•+ (e.g., G•+) 

depend on its protonation state (Adhikary et al., 2009; Adhikary et al., 2010; Adhikary et al., 

2014a). G•+ in dsDNA undergoes a variety of reactions, for example, intra-base pair proton 

transfer, proton transfer to the surrounding solvent, nucleophilic addition of water at C-8 of 

the guanine base, and sugar radical formation via excited G•+ etc. (scheme 1) (Adhikary et 

al., 2009; Adhikary et al., 2010; Adhikary et al., 2014a). Owing to the greatly increased 

lifetime of G•+ in dsDNA relative to that of a separate nucleotide cation radical, the 

nucleophilic addition of water at C-8 of the G•+ in dsDNA can occur before its 

deprotonation to the surrounding water molecules; this is evidenced by the increased yield of 

8-oxo-G in high intensity laser-irradiated dsDNA relative to that in single stranded (ss) DNA 

or to that in the monomer (Angelov et al., 1997). Various reactions of G•+ including its 

prototropic equilibria (Scheme 1) in DNA as well as in model systems have recently been 

reviewed (Adhikary et al., 2012a; Adhikary et al., 2014a; Becker et al., 2010).

We note here that experiments and calculations employing density functional theory (DFT) 

show that π-type DNA-base cation radicals from a DNA base (G•+, A•+, C•+, T•+) or 

modified analog are almost always lower in energy than the σ-type radical (Adhikary et al., 

2015; Kumar and Sevilla, 2013). However, the σ-states of C•+ and T•+ are predicted to be 

energetically closer to their lower-lying π-states than the σ-states of G•+ and A•+ are to their 

respective low lying π-states (Adhikary et al., 2015; Kumar and Sevilla, 2013).

Although cytosine (C) forms a π-cation radical (C•+) upon one-electron oxidation, 

prototropic equilibria of pyrimidine cation radicals – especially of C•+ are not as well-

studied in comparison to those of G•+ (von Sonntag, 2006; Samson-Thibault et al., 2012; 

Adhikary et al. 2015). Our recent investigations on the reactions of excited one-electron 

oxidized pyrimidines have elucidated an area of little previous work (Adhikary et al., 

2014b). Furthermore, our recent works have established that by deprotonation and by 

subsequent tautomerization, σ-type radicals are formed from C•+ in N1-substituted cytosine 
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derivatives, e.g., 1-methylcytosine (1-MeC), 2′-deoxycytidine (dCyd) but not in 5-

methylcytosine (5-MeC) and in its derivatives (Adhikary et al., 2014b; Adhikary et al., 

2015). Below we summarize our recent studies on the reactions of C•+ and 5-MeC•+ in its 

ground state including its prototropic equilibria as well as on the reactions of 5-MeC•+ in its 

excited state.

3.2. Reactions of C•+ in its ground state

3.2.1a. Prototropic equilibria of C•+ in various cytosine derivatives—ESR and 

ENDOR studies on X-ray irradiated single crystal of cytosine have shown that C•+ 

deprotonates at N1 even at 10 K (Close, 2008; Bernhard, 2009). Owing to this very rapid 

deprotonation of C•+, the pKa of N1-H atom of this cation radical could not be 

experimentally determined (Close, 2008). However, any cytosine derivative in which the N1-

H atom is substituted (e.g., 1-methylcytosine, dCyd) is appropriate as a model system of 

dsDNA. Employing pulse radiolysis (Naumov et al., 2001; von Sonntag, 2006) and ESR 

spectroscopy (Naumov et al., 2001; Close, 2013; Adhikary et al., 2015), experimental 

studies (Naumov et al., 2001; Close, 2013; Adhikary et al., 2015) have been performed to 

elucidate the prototropic equilibria of C•+ in DNA-models (Scheme 5). These works have 

been supported by DFT studies (Naumov et al., 2001; Close, 2013).

In aqueous solution near pH 7 and the site of deprotonation of C•+ in N1-substituted 

cytosines is at the exocyclic –NH2 group, as determined by pulse radiolysis and time-

resolved ESR studies in aqueous solutions at room temperature, and by ESR studies in 

homogeneous glassy solutions at low temperature (von Sonntag, 2006; Close, 2013; 

Adhikary et al., 2015). Pulse radiolysis, time-resolved ESR, and theoretical studies have 

established that the pKa of C•+ in these DNA-models is ca. 4 (Close, 2013).

Deprotonation from the –NH2 group in C•+ produces the neutral π-aminyl radical, C(N4-H)• 

(Scheme 5). Recent ESR and theoretical studies have established that C(N4-H)•, undergoes 

rapid tautomerization to produce a surprisingly stable iminyl σ-radical (Scheme 5) 

(Adhikary et al., 2015). The iminyl σ-radical has a unique electronic structure for a DNA 

base radical. The radical site p-orbital at N4 is in the plane of the molecule and is 

perpendicular to the π-electron cloud. As a result, an anisotropic nitrogen hyperfine 

coupling from N4 (Axx = 0 G, Ayy = 0 G, Azz = 40 G) is observed; furthermore, the iminyl 

σ-radical exhibits a near-isotropic β-nitrogen hyperfine coupling of 9.7 G due to N3 

(Adhikary et al., 2015). This is first observation of a ring beta nitrogen hyperfine coupling 

that is near-isotropic in a DNA-model system. These experimental results have been 

validated by theoretical studies (Adhikary et al., 2015). Our theoretical work (Adhikary et 

al., 2015) has further shown that the iminyl σ-radical can be produced in dsDNA by 

radiation-induced ionization of cytosine followed by deprotonation at its N4 site and 

subsequent tautomerization as described above. The resultant-iminyl σ-radical radical is 

only ca. 8 kcal/mol higher in energy than G•+C and 10 kcal higher than G(-H)• C(H)+.

In summary, the protonation state of C•+ has profound effects on the radical electronic 

structure and its subsequent reactivity.
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3.2.1b. Ground state base-to-backbone hole transfer processes found in 
gemcitabine—Gemcitabine (2′,2′-difluoro-2′-deoxycytidine), an anti-cancer drug that is 

widely used to treat pancreatic cancer patients, is a modified cytidine analog having two 

fluorine atoms in its 2′-deoxyribose moiety (reaction (1), Adhikary et al., 2014c). It has 

been hypothesized that inhibition of ribonucleotide reductase (RNR) activity by gemcitabine 

is one of the predominant processes involved in its anti-cancer activity. The radicals C3′• 

and C2′• produced from gemcitabine are the key intermediates that play an important role in 

its RNR inhibition (Adhikary et al., 2014c). However, these radicals had not been identified 

in gemcitabine or in its analogs in a non-enzymatic system until our recent ESR studies on 

one-electron oxidized gemcitabine and its various analogs such as dCyd, 2′-fluoro-2′-

deoxycytidine (2′-F-dCyd), and 2′-deoxy-2′-fluoro-2′-C-methylcytidine (MeFdCyd) in 

which we investigated the effect of 2′-substitution on the formation of the radical site 

(Adhikary et al., 2014c).

The ESR spectrum of one-electron oxidized gemcitabine at pH ca. 7 shows ESR line 

components owing to two anisotropic β 2′-F hyperfine couplings (Azz of ca. 105 and ca. 69 

G) and one β–proton (C4′) hyperfine coupling of ca. 24 G. On increasing the pH to ca. 9 

and above, the two anisotropic β 2′-F hyperfine couplings become identical (Azz of ca. 86 

G) while the single β–proton (C4′) hyperfine coupling remains unchanged at ca. 24 G. DFT-

predicted hyperfine couplings matched these experimental values well. Theoretical studies 

also demonstrate the feasibility of C3′• formation by one-electron oxidation of gemcitabine 

(reaction 1) (Adhikary et al., 2014c). However, the conversion of C3′• to C2′• is expected 

from gemcitabine studies with RNR but was not experimentally observed in one-electron 

oxidized gemcitabine. However, C3′• to C2′• conversion has been observed for the 2′-

methyl-2′-F analog MeFdCyd (vide infra).

Based upon these results, we proposed a mechanism of C3′• formation in one-electron 

oxidized gemcitabine via a ground state base-to-backbone hole transfer process (reaction 

(1)). The first step of this mechanism involves formation of an unstable C•+ radical after 

one-electron oxidation of the cytosine base moiety. In gemcitabine; this intermediate is 

unstable even at ca. 155 K and undergoes rapid deprotonation at C3′ via a proton-coupled 

electron transfer (PCET) mechanism, producing C3′• (reaction (1)) (Adhikary et al., 2014c).

ESR studies show C2′• formation in one-electron oxidized MeFdCyd, unlike the results 

found for gemcitabine. Theoretical calculations confirm that formation of this radical is 

energetically favored. The mechanism suggested is that initially, on one-electron oxidation, a 

highly unstable C3′• intermediate is produced via rapid ground state base-to-backbone hole 

transfer (reactions (1) and (2)). This is followed by the subsequent rapid conversion of C3′• 

to C2′•, which the calculations suggest can occur via a barrierless proton-assisted HF loss in 

the ground state (reaction (2), Adhikary et al., 2014c). However, the fact that no 

experimentally observed C3′• to C2′• conversion is found in one-electron oxidized 

gemcitabine, is supported by DFT calculations which predict that the proton-assisted HF 

loss from C3′• has a low (5 kcal/mol), but still significant barrier at 155 K (Adhikary et al., 

2014c). Thus, at low temperatures, C3′• formation is found from one-electron oxidized 

gemcitabine and C2′• is found in its derivative MeFdCyd in a homogeneous aqueous glassy 

system (reactions (1) and (2), Adhikary et al., 2014c).
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(1)

(2)

Formation of only C•+/C(N4-H)• is observed in one-electron oxidized dCyd as well as 2′-F-

dCyd (Adhikary et al., 2014c); whereas C3′• production is found in one-electron oxidation 

of gemcitabine and C2′• formation is observed in one-electron oxidized MeFdCyd. These 

results show that relatively small changes in structure exhibit significant effect on the radical 

chemistry, and the differences in reactivity are governed by both thermodynamic and kinetic 

factors.

3.3. Reactions of the 5-methylcytosine pi-cation radical (5-MeC•+) in its ground and in its 
excited state

5-methylcytosine (5-MeC) is a modified cytosine base in which the C5-H atom of the 

pyrimidine ring is substituted by methyl group. 5-MeC is abundant in the mammalian 

genome; it is involved in the transcriptional regulation of genes and, thereby, is essential for 

normal development (Adhikary et al., 2014b). Employing ESR and theoretical calculations, 

we investigated production of 5-methyl-2′-deoxycytidine cation radical (5-Me-dCyd•+) and 

its reactions in nucleosides, in fully ds DNA-oligomers, and in dsDNA-oligomers with a 5-

MeC/A mismatch (Adhikary et al., 2014b). 5-Me-dCyd•+ is produced by one-electron 

oxidation of 5-Me-dCyd with Cl2•− – by annealing in the dark at 150 K (reaction (3)). 

Raising the pH up to ca. 9 did not lead to the formation of the iminyl σ-radical, scheme 5. 5-

Me-dCyd•+, when annealed further at 155 K, produced the allylic radical (C-CH2•) (reaction 

(4)). On the other hand, 5-Me-dCyd•+, when photoexcited, at 143 K, with a 405 nm laser, 

produced only C3′• (reaction (5)). In a similar manner, photoexcitation of 5-Me-2′, 3′-

ddCyd•+ (here the 3′-OH is replaced by an H-atom) still produced a radical at the 3′-site, 

C3′dephos• (reaction (6), Adhikary et al., 2014b, also see scheme 2). These results establish 

that: (a) 5-Me-dCyd•+ led to C-CH2• formation owing to ground state deprotonation from 

C5-methyl group in the base. (b) Spin and charge localization at C3′ in the excited 5-Me-

dCyd•+ ((5-Me-dCyd•+)*) and in (5-Me-2′,3′-ddCyd•+)* along with subsequent fast 

deprotonation from C3′ produced a C-centered radical at C3′. It is significant that 

substitution of the 3′-OH by an H-atom in (5-Me-2′,3′-ddCyd•+)* does not hinder 

deprotonation from C3′. This work concludes that sugar radical formation via an excited 

base cation radical is kinetically controlled and, in these deprotonation events of excited 
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cation radicals, the sugar C-H bond energies do not determine the site of deprotonation and 

associated radical formation (Adhikary et al., 2014b).

(3)

(4)

One-electron oxidation of either a fully dsDNA-oligomer d[GCxGCxGCxGCx]2 (Cx = 5-

MeC) or of a dsDNA-oligomer with a 5-MeC/A mismatch (d[GGACxAAGC:CCTAATCG], 

(Cx = 5-MeC)) results in one-electron oxidation of guanine and a fast deprotonation the 

guanine cation radical to a base-paired cytosine. In this manner, (G(N1-H)•:C(+H+)) is 

formed. In these systems, ESR studies showed no observable formation of 5-Me-dCyd•+ 

(Adhikary et al., 2014b). These results establish that hole trapping at guanine in a dsDNA-

oligomer is not affected by substitution of C by 5-MeC. This is in keeping with the order of 

IPs of G < 5-MedCyd < C (Close, 2008, Adhikary et al., 2014b).

(5)

Photoexcitation of (G(N1-H)•:C(+H+)) in d[GCxGCxGCxGCx]2 produced C1′• only and did 

not result in formation of the expected photoproducts from (5-Me-dCyd•+)* (Adhikary et al., 
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2014b). On the other hand, C5′• and C1′• were formed via photoexcitation of (G(N1-

H)•:C(+H+)) in d[GGACxAAGC:CCTAATCG]. Since C5′• is produced from excitation of 

one-electron oxidized ssDNA-oligomers (Becker et al., 2010; Kahnduri et al., 2011), it is 

likely that the 5-MeC/A mismatched region in the excited one-electron oxidized 

d[GGACxAAGC:CCTAATCG] led to the C5′• formation. It is well-established in the 

literature that C5′• is a frank strand break precursor radical (von Sonntag, 2006). Therefore, 

the mismatch region should lead to a strand break formation via photolysis. Employing 

photolyzed oligomers with and without 5-Me-C mismatches in aqueous solutions at ambient 

temperature, Joseph et al. (Joseph and Schuster, 2012) showed that the mismatched regions 

of the oligomer act a “hotspot” for strand break formation upon hot piperidine treatment. 

Thus, there is substantial evidence that 5-Me-C sites are potential “mutational hot spots” in 

photolyzed DNA (Adhikary et al., 2014b) (Joseph and Schuster, 2012).

(6)

4. Electron Reaction with DNA

The reaction of electrons with DNA and its constituents is of fundamental importance to 

DNA radiation damage (Adhikary et al., 2014a; Alizadeh and Sanche, 2012; Kumar and 

Sevilla, 2010, 2012a; von Sonntag, 2006). The interaction of ionizing radiation with DNA 

and the surrounding bulk water molecules produce “holes” (electron deficient sites), 

secondary electrons and excited states (scheme 1). Within 100 femtoseconds, the hole on 

water, H2O•+ deprotonates to form •OH and H3O+. Secondary electrons produced by the 

ionizing radiation lose their kinetic energy and after thermalization, are captured by the 

pyrimidines, T and C, owing to their high electron affinity in comparison to the purines, G 

and A (Sevilla et al., 1991). Secondary electrons having high kinetic energy before 

thermalization can lead to DNA damage (Alizadeh and Sanche, 2012; Kumar and Sevilla, 

2012a). Those electrons having kinetic energy below 20 eV are recognized as low energy 

electrons (LEE) (Kumar and Sevilla, 2012a). As these electrons lose energy due to collisions 

with atoms, presolvated electrons (epre
−), which are in the water conduction band (0 to −0.2 

eV), are produced. On the picosecond timescale, epre
− is solvated by the surrounding water 

molecules and leads to the formation of solvated electron (eaq
−, −1.6 eV) (Mozumder, 1999; 

Paik, 2004; Pimblott and Laverne, 1998). The reactivity of these radiation-produced 

electrons (LEE, epre
−, and eaq

−) with DNA is discussed below, and their relative energies 

compared to DNA in solution are shown in Figure 6.
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4.1. Reactivity of radiation-produced electrons (LEE, epre
−, and eaq

−) with DNA and its 
model systems

4.1a. Low energy electron (LEE)—LEEs are produced in significant amounts (4 x 104 

per MeV energy deposited) along ionizing radiation tracks and these are found to be potent 

DNA damaging agent (Boudaïffa et al., 2000). In fact, LEE creates more damage than the 

photons of similar energy. Sanche and his group first discovered that LEE can induce single- 

and double-strand breaks (SSB and DSB) in plasmid DNA (Boudaïffa et al., 2000). In a 

number of experiments, they showed that LEEs below ca. 4 eV can induce SSB in plasmid 

DNA through dissociative electron attachment (DEA). In this DEA process, LEEs (0 – 4 eV) 

initially attach to the unoccupied molecular orbitals of the neutral molecule which is termed 

as a “shape resonance”. This results in the formation of a transient negative ion (TNI); TNI 

immediately leads to a variety of chemical changes (Alizadeh and Sanche, 2012; Boudaïffa 

et al., 2000; Kumar and Sevilla, 2007, 2008, 2012a). Since its discovery, the LEE has been 

widely used as an “electron scissor” to dissociate chemical bonds in a molecule and has been 

studied extensively using experiment and theory (Alizadeh and Sanche, 2012; Boudaïffa et 

al., 2000; Gu et al., 2012; Kumar and Sevilla, 2007, 2008, 2012a; Ptasińska et al., 2006; 

Simons, 2006).

4.1b. Pre-hydrated electron (epre
−)—In an aqueous environment, ionizing radiation 

initially produces epre
− in the water conduction band (Figure 6). The energy of epre

− lies in 

between ca. 0 to −0.2 eV and epre
− has a lifetime of several hundred femtoseconds (ca. 100 – 

550 fs) (Alizadeh and Sanche, 2012; Kumar and Sevilla, 2012a). epre
− is the precursor of the 

solvated electron (eaq
−) and has been suggested to react with DNA and other molecules to 

cause fragmentation.

Bond breaking in nucleotides due to epre
− was first reported by Lu and coworkers (Wang et 

al., 2009). In their experiment, electrons were generated by water excitation using two UV 

photon laser pulses. They proposed that epre
− thus generated were captured by the 

nucleotides to form a TNI which subsequently leads to strand breaks via the DEA process. 

Though this work is very interesting, since the solutes did not have high enough solute 

concentrations to scavenge extremely short lived (0.3 ps) epre
−, the role of epre

− is an open 

question. Very recently, the reactions of epre
− with glycine methyl ester and N-

acetylalanylalanine methyl ester have been investigated using ESR at 77 K and density 

functional theory (DFT) (Kheir et al., 2013). In this study, it was found that epre
− adds to the 

peptide bonds initially at 77 K and subsequently cleaves the carboxylic ester group to 

produce methyl radical. In another study (Petrovici et al., 2014), the reaction of epre
− with 

methyl acetoacetate was investigated at 77 K employing ESR and in this case, it was found 

that epre
− added initially to the methyl acetoacetate to form an anion radical which was 

subsequently protonated from the water solvent.

4.1c. Solvated electron (eaq
−)—Solvation of epre

− by the surrounding medium (water) is 

completed within picoseconds of epre
− formation, and solvated electrons (eaq

−) are produced 

(Alizadeh and Sanche, 2012; Kumar and Sevilla, 2012a). The broad absorption spectrum of 

eaq
− with a maximum absorbance around 720 nm was first reported using pulse radiolysis of 

irradiated water (Hart and Boag, 1962). Owing to its fundamental importance in biology, 
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radiation chemistry, photochemistry and nanotechnology, knowledge about its physical and 

chemical properties using experiment and theory has been the locus of considerable debate 

(Bartels et al., 2005; Coe et al., 2008; Feng and Kevan, 1980; Kumar et al., 2015; Larsen et 

al., 2010; Siefermann et al., 2010; von Sonntag, 2006; Uhlig et al., 2012; Young and 

Neumark, 2012).

Based on ESR experiments on electron solvation in NaOH aqueous glasses at 77 K, Kevan 

and coworkers proposed a structure for the solvated electron. In their model, the solvated 

electron resides in a cavity surrounded by six water molecules arranged in an octahedral 

fashion (Feng and Kevan, 1980). Using quantum chemical calculations and molecular 

dynamics simulation the cavity model of the solvated electron has been elaborated in detail 

(Kumar et al., 2015; Shkrob, 2007; Uhlig et al., 2012; Young and Neumark, 2012). Recently, 

the cavity model of the solvated electron has been challenged by Larson et al. (Larsen et al., 

2010) who proposed a delocalized picture of the solvated electron. In their picture the 

solvated electron resides in a 10 Å diameter region of enhanced water density instead of 

residing in a cavity void. Subsequently, the delocalized model of solvated electron of Larson 

et al. was found to be inadequate in reproducing certain physical observables such as the 

radius of gyration and the vertical detachment energy (VDE) (Jacobson and Herbert, 2011; 

Turi and Madarasz, 2011). Very recently, using ab initio and DFT methods incorporating the 

effect of solvation via the polarized continuum model, we have treated the cavity model of 

the solvated electron (Kumar et al., 2015). From this study, we found that the solvated 

electron is localized at the center of a cavity enclosed by four water molecules arranged in a 

tetrahedral fashion. The 4-H2O cluster model of the solvated electron is embedded in a 

polarized continuum dielectric produces a robust model of the solvated electron that 

successfully reproduced each of the experimental observations, such as, resonance Raman 

properties, the radius of gyration derived from the optical spectrum, the vertical detachment 

energy, and the thermodynamic properties. This model also successfully predicted the EPR 

g-factor shift and low temperature ice hyperfine couplings (Kumar et al., 2015).

In addition to the structure of eaq
− (discussed above), the reaction of eaq

− with DNA is 

crucial to radiation chemistry. Earlier pulse radiolysis experiments reported that the solvated 

electron was a strong reducing agent and reduced all the DNA/RNA bases with near 

diffusion-controlled reaction rates, with rate constants of 3.8 x 109 M−1 s−1 to 1.8 x 1010 

M−1 s−1 (von Sonntag, 2006). ESR experiments using γ-irradiated frozen aqueous solutions 

of DNA and model systems show that the electron adds to the bases to form anionic radicals 

which are then protonated from the solvent water (Wang and Sevilla, 1994). This well-

established experimental fact has been recently ignored by Abel and coworkers (Siefermann 

et al., 2010; Siefermann and Abel, 2011). They proposed that fully solvated electrons are 

energetically restricted from reacting with DNA bases. Their argument is based on their 

measurement of VDE (3.3 eV) of the solvated electron which they interpreted as the binding 

energy (electron affinity) of the solvated electron. The theoretical electron affinities of DNA 

bases lie between ca. 1.7 – 2.2 eV which is smaller than the VDE (3.3 eV) of solvated 

electron. The VDE and the electron affinity of the electron are two different quantities and 

well defined in the literature (Gu et al., 2012; Kumar et al., 2016; Kumar and Sevilla, 2010, 

2012a). The VDE is the energy required to remove the electron vertically from liquid water 

into the gas phase, without structure relaxation, whereas, the adiabatic electron affinity 
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(AEA) is the binding energy of the gas phase electron to the liquid water after full nuclear 

and electronic relaxation of the surrouinding water molecules. The VDE for water is ca. 1.8 

eV larger than the AEA because the cavity remains after electron ejection for the VDE but is 

relaxed in the AEA. The AEA is the criteria to use to determine if the electron can react with 

the base.

Very recently, we used an ab initio (Gaussian-4 (G4) level calculation) and the density 

functional B3LYP method, including the full solvent effect via PCM, to calculate the free 

energy of solvation (ΔGo) of a solvated electron bound in a cavity enclosed by 4-H2O (our 

proposed model of the solvated electron, discussed above) (Kumar et al., 2015) and the ΔGo 

for eaq
− binding with the DNA/RNA bases, guanine (G), adenine (A), thymine (T), cytosine 

(C) and uracil (U). The calculation of ΔGo directly leads to the evaluation of one-electron 

reduction potentials (Eo vs. NHE) of eaq
− and nucleobases. The procedures for calculation of 

ΔGo and Eo vs. NHE are provided in our recent work (Kumar et al., 2016).

Our G4-calculated Eo vs. NHE of eaq
− is −2.88 V which is in excellent agreement with the 

reported experimental values −2.87 V and −2.95 V, respectively (Kumar et al., 2016). The 

G4-calculated Eo vs. NHE of G, A, C, T and U in DMF agree with the experimental values 

well with a mean unsigned error (MUE) with respect to experiment is 0.22 V (Kumar et al., 

2016). The G4-calculated Eo vs. NHE of G, A, C, T and U in water are −2.84 V, −2.78 V, 

−2.44 V, −2.42 V and −2.33 V, respectively. From a comparison of the Eo vs. NHE of 

nucleobases with that of eaq
−, it is very clear that eaq

− is able to reduce all the nucleobases 

and contradicts the recent proposal of Abel and coworker (Siefermann et al., 2010; 

Siefermann and Abel, 2011).

In addition, we also modeled the reaction of eaq
− with nucleobases using an approximate ab 

initio molecular dynamics (MD) simulation (Kumar et al., 2016). In our MD simulations, we 

found that an eaq
− residing in a cavity near to U, T and C is transferred within 30 fs and in 

adenine transfer occurs within 120 fs. For guanine, the solvated electron does not transfer 

until a water hydrogen-bond forms to the O6 atom of guanine (Kumar et al., 2016). Also, we 

note that eaq
− does not lead to prompt DNA-strand breaks (Kumar and Sevilla, 2007, 2009; 

Nabben et al., 1982; Rezaee et al., 2013; von Sonntag, 2006). But, eaq
− does cause 

fragmentation of halogenated nucleobases. In 5-halogenated uracil, for instance, eaq
− forms 

a transient anion radical that results in dissociation of the carbon-halogen bond (Wieczór et 

al., 2014) and formation of an uracilyl radical and halogen anion. A schematic diagram of 

energetics and reactions of the electron in the gas phase and in solution are presented in 

Figure 6.

4.2. One-Electron Oxidation of Neutral Sugar Radicals

The direct-type and indirect effects of radiation can produce neutral sugar radicals (C1′•, 

C2′•, C3′•, C4′•, and C5′•) at each carbon site of the deoxyribose sugar in DNA (see 

scheme 1, sections 2 and 3). The irradiation of hydrated DNA (Γ = 12 D2O/nucleotide) by a 

high linear energy transfer (LET) argon ion-beam produced higher sugar radical to base 

radical ratio relative to that found in γ-irradiated samples (section 2).
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Since these excess sugar radicals were formed in the track core, where excitations and 

ionizations are in proximity, it was proposed that excited-state cation radicals could be the 

direct precursors of the neutral sugar radicals (Becker et al., 2003). Based on this hypothesis, 

the radical cations of nucleosides, nucleotides, DNA and RNA oligomers were excited using 

UV–visible light and found to produce neutral sugar radicals, which were further 

characterized by the ESR experiment as the C1′•, C3′•, and C5′• (Adhikary et al., 2005, 

2012a, 2014a; Becker et al., 2010).

In the indirect effect, the •OH produced by ionization of surrounding water molecules may 

diffuse to the DNA, where they react with the DNA with near diffusion controlled rates. 

Most •OH radicals add to the unsaturated bonds in the DNA bases (von Sonntag, 2006). 

However, the data from model systems (nucleosides, nucleotides, and poly (U)) suggest that 

a few (ca. <7%) of the •OH radicals attack the sugar backbone and efficiently abstracts 

hydrogen atoms to produce sugar radicals. The rate and extent of the hydrogen abstraction 

by •OH from different sites of the sugar ring depends on the accessibility of the hydrogen 

atoms to the solvent. The proposed order for reaction is, H5′ > H4′ > H3′ ≈ H2′ ≈ H1′ 
(Balasubramanian et al., 1998). In contrast, for oxidatively damaged DNA, C1′• was found 

to be preferred (Roginskaya et al., 2005a, 2005b; Xue and Greenberg, 2007). In general, the 

relative stability of neutral sugar radicals, calculated using theory, follow the order C1′• > 

C4′• > C5′• > C3′• > C2′• (Kumar et al., 2012b; Li et al., 2006; Miaskiewicz and Osman, 

1994).

The neutral sugar radicals are highly reactive and are known to cause DNA/RNA damage 

such as strand breaks, unaltered base release, and C5′-C8-cyclization (von Sonntag, 2006). 

Experimentally, it has also been found that neutral sugar radicals are the locus for further 

reaction with O2 which reacts with C1′• by one-electron oxidation to produce a carbocation, 

which then reacts with water resulting in base release and the formation of 2′-

deoxyribonolactone (von Sonntag, 2006). Thus, the neutral sugar radical formation (first 

oxidation) and subsequently its one-electron oxidation (second oxidation) is overall a 

“double oxidation” process. These double oxidized sugars (C1′+, C2′+, C3′+, C4′+, C5′+) 

are non-radical carbocations and may cause DNA strand breaks as proposed by Bernhard 

and coworkers (Bernhard, 2009). Therefore, it is obvious that the values of the ionization 

potentials (IP) of the neutral sugar radicals are indicative of their reactivity. In this context, 

we used B3LYP/6-31++G(d) and ωB97x/6-31++G(d) density functional methods and 

calculated the vertical and adiabatic ionization potentials of neutral sugar radicals of 2′-

deoxyguanosine (dGuo) and thymidine (Thd), in the gas phase and in water, considering the 

effect of full aqueous phase via the polarized continuum model with ε = 78. The outcome of 

our study is described below.

4.2a. Ionization potential—The calculated vertical and adiabatic ionization potentials 

(IPvert and IPadia) of various sugar radicals of dGuo and Thd are presented in Table 2. From 

Table 2, it is evident that C1′• from dGuo and Thd have the lowest IP (vertical and 

adiabatic) in the gas phase as well as in solution, and the C2′• radicals have the highest IP as 

predicted by both methods (B3LYP/6-31++G(d) and ωB97x/6-31++G(d)). From these IP 

values, we infer that the C1′• of the sugar ring is easiest to oxidize while the C2′• is the 

most difficult to oxidize. The order of the vertical IPs, calculated for different sites of the 
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sugar radicals of dGuo in the gas phase, is C1′• < C4′• < C3′• < C5′• < C2′•, while, in the 

case of Thd, the vertical IPs in the gas phase are in the order C1′• < C3′• < C4′• < C5′• < 

C2′•. The B3LYP and ωB97x calculated gas phase IP of C2′• and of dGuo lie in the range 

8.02 eV – 8.72 eV which is comparable to the calculated gas phase IP (7.99 – 8.14 eV) of 

guanine, however, for Thd the gas phase IP of C2′• is lower than the thymine base by ca. 0.2 

–0.5 eV (Kumar et al., 2012b).

4.2b. 1′, 2′-Hydride Shift of C1′-H to C2′ in C2′+ Singlet State—C2′• has the 

highest IP among all the sugar radicals (see, Table 1) and the formation of C2′+ from one-

electron oxidation of C2′• is experimentally found to readily occur. C2′+ has been generated 

from the photoreaction of 2′-iododeoxyuridine which then underwent a 1′,2′-hydride shift 

of C1′-H to C2′ to produce C1′+ (Sugiyama et al., 1995). This experimental observation 

was supported by our calculation of the energy of C2′+ within dGuo sing the ω 97x/6-31+

+G(d) method with PCM. Our calculation showed that geometry optimization of C2′+ 

proceeds on a barrierless surface to produce C1′+ by transferring a hydrogen from C1′ to 

C2′, see Figure 2d in reference Kumar et al., 2012b.

4.2c. Cyclization of C5′• and C8 and spin transfer—Experimentally, it has been 

found that the C5′• of dAdo or dGuo forms a bond with the C8 atom with a cyclization rate 

constant of 1.6 × 105 s−1 (Boussicault et al., 2008; Huang et al., 2011; Romieu et al., 1999). 

The C5′-C8 cycloguanine structure exists in two diastereoisomeric forms: (i) 5′(S),8-

cyclo-2′-deoxyguanosin-7-yl and (ii) 5′ (R),8-cyclo-2′-deoxyguanosin-7-yl. Using B3LYP/

6-31++G(d) and ωB97x/6-31++G(d) methods, we optimized the C5′-C8-cycloguanine 

structures in these two diastereoisomeric forms in their neutral radical and in their oxidized 

cationic states. Our calculations showed that the spin density, which is localized on the C5′ 
site of the sugar ring before cyclization transfers to the guanine base after the cyclization, 

see Figure 7. The calculated IPadia values of these two isomers in the gas phase and in 

solution lie in the range ca. 4.3–6.4 eV which is lower than the corresponding IPadia values 

of canonical DNA bases. Thus, from the IPadia values, it is evident that these cyclic radical 

structures in DNA would be the preferred site for one-electron oxidation compared to the 

unreacted DNA bases (Kumar et al., 2012b). Oxidation of this species may result in the 

cyclized 5′,8-cyclo-dGuo molecular product found in irradiated DNA.

5. Conclusion

This short review discusses our recent investigations into the study of the mechanisms 

involved in DNA-radical formation via direct-type effects by γ- (low LET) and ion-beam 

radiation. These DNA-base and sugar radicals, through subsequent reactions, lead to the 

formation of stable DNA damage products. This comparative work between γ- and ion-

beam radiation-induced DNA-damage has elucidated the radiation chemical track structure 

model for ion-beam radiations. This model includes contributions of physicochemical 

reactions occurring in both core and penumbra regions of the ion-beam track, and our 

studies provide support for the concept that penumbra-driven processes in an ion-beam 

radiation track resembles those in γ-radiation. Our work aids our understanding of processes 

after the initial ionization event in which electrons (LEE, epre
−, and eaq

−), the hole ground 

Sevilla et al. Page 18

Radiat Phys Chem Oxf Engl 1993. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and excited states and their prototropic processes play important roles in the production of 

DNA damage including mutagenic lesions, strand breaks and release of unaltered bases.
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Highlights

• The Radiation Chemistry Track Structure of Ion-Beam Irradiated DNA.

• Recent experimental and theoretical studies of radiation-induced DNA-

base and DNA-sugar radicals.

• Electron Reactions with DNA including low energy electrons (LEE), 

prehydrated and solvated electrons.
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Figure 1. 
A. Track of electron in water. Reprinted with permission from Turner et al. 1983, Radiat. 

Res., copyright (1983), Radiation Research Society. B. Track structure of 20Ne10+ ion (97.5 

MeV/nucleon, LET = ca. 70 keV/μm) in water. Ions are generated at the bottom. The point 

of energy deposition in the track is represented by each dot. Reprinted with permission from 

Muroya et al. Radiat. Res., Copyright (2006), Radiation Research Society.
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Figure 2. 
A. ESR spectra of argon-ion irradiated and γ-irradiated, hydrated (Γ = 13±3 D2O/

nucleotide) DNA at 77 K. Adapted from Becker et al., 2003, with permission. B. Benchmark 

ESR spectra used to analyze argon ion-beam irradiated DNA sample spectra. Adapted from 

Becker et al., 2003, with permission.
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Figure 3. 
Radicals which are responsible for the ESR spectra shown in Figure 2.
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Figure 4. 
Plot of log(LET), with LET in keV/μm, versus fraction energy in core for argon ion-beam 

irradiated DNA (triangles) and krypton ion beam irradiated DNA (squares). As expected, the 

percent energy in the core decreases as LET decreases. Reprinted with permission from 

Becker et al. Radiat. Res., Copyright (2012), Radiation Research Society.
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Figure 5. 
A. Sugar radical spectrum isolated from the DNA ESR spectrum from argon ion beam 

irradiated DNA. The outer line components (arrows) closely match those of a simulated 

spectrum of C3′•dephos. Adapted from Becker et al., 2003, with permission. B. DNA 

spectrum of krypton irradiated DNA, using a 1600 G scan range to show line components 

from a phosphorus-centered radical. The simulated spectrum matches the experimental 

spectrum well. Reprinted with permission from Becker et al. Radiat. Res., Copyright (2003), 

Radiation Research Society.
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Figure 6. 
Schematic diagram showing the addition of electrons of various energies to DNA including 

LEE, epre
−, and eaq

−. LEE can be captured into one of the UMOs (unoccupied molecular 

orbital) of DNA (shown as SOMO after the capture) creating the TNI. A TNI formed in 

liquid water is solvated quickly resulting in the adiabatic DNA anion radical. The energy of 

this adiabatic anion radical must be below the energy of eaq
− to be stable to electron loss to 

water. For clarity, the MOs of DNA below the HDMO (highest doubly occupied MOs) and 

above the SOMO are not shown in the figure. The blue arrows surrounding epre
− show four 

unbound water molecules while blue arrows surrounding eaq
− show the binding of solvated 

electron (eaq
−) in the cavity formed by four waters in a tetrahedral arrangement (Kumar et 

al., 2015).
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Figure 7. 
B3LYP/6-31++G(d) calculated spin density distribution in C5′•, and the C5′-C8 cyclic 

structures of 2′-doxyguanosine (Kumar et al., 2012b).
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Scheme 1. 
Radiation-induced ionization-mediated DNA-radical formation by (A) the oxidative 

electron-loss path and by (B) the reductive electron-gain path along with the subsequent 

reactions of these DNA-radicals. SSB denotes single strand break in both (A) and (B). 

Adapted from Adhikary et al. 2012a, with permission.
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Scheme 2. 
LEE leads to strand break as well as C3′•dephos and ROPO2•− formation.
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Scheme 3. 
Penumbra reactions and radical formation/stabilization in Argon and Krypton ion-beam 

irradiated DNA.
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Scheme 4. 
Core reactions and radical formation/stabilization in Argon and Krypton ion beam irradiated 

DNA. Radicals shown in red recombine at some stage of their development and are not 

observed at 77 K.
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Scheme 5. 
This scheme represents C•+ production via one-electron oxidation of cytosine derivatives 

and the prototropic equilibria of C•+ in these compounds. By deprotonation and subsequent 

tautomerization, the C•+ π-radical forms the iminyl σ-radical. The atom numbering scheme 

of cytosine base is presented. The relative stabilities of C(N4-H)•syn, C(N4-H)•anti and the 

iminyl σ-radical in kcal/mol as well as the pKa values (Close, 2013) of C•+, C(N4-H)•syn, 

C(N4-H)•anti are provided. The energy values were obtained with the DFT/B3LYP/6-31G* 

method using geometry optimized structures. Reprinted with permission from Adhikary et 

al. 2015, J. Phys. Chem. B, copyright (2015), American Chemical Society.
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