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Abstract

The genotoxic effects of high energy ionizing radiation have been largely attributed to the 

ionization of H2O leading to hydroxyl radicals (OH) and the ionization of DNA leading mostly to 

damage through base radical cations. However, the contribution of low energy electrons (LEEs; ≤ 

10 eV), which involves sub-ionization events, has been considered to be less important than that of 

hydroxyl radicals and base radical cations. Here, we compare the ability of LEEs and high energy 

X-ray photons to induce DNA damage using dried thin films of TpTpT trinucleotide as a simple 

and representative model for DNA damage. The main radiation-induced damage of TpTpT as 

measured by HPLC-UV and LC-MS/MS analyses included thymine release (-Thy), strand breaks 

(pT, Tp, pTpT, TpTp and TpT), and the formation of base modifications (5,6-dihydrothymine (5,6-

dhT), 5-hydroxymethyluracil (5-hmU) and 5-formyluracil (5-fU)). The global profile of products 

was very similar for both types of radiation indicating converging pathways of formation. The 

percent damage of thymine release, fragmentation and base modification was 20, 19 and 61 for 

high energy X-rays, respectively, compared to 35, 13 and 51 for LEEs (10 eV). Base release was 

significantly lower for X-rays. In both cases, phosphodiester bond cleavage gave mononucleotides 

(pT and Tp) and dinucleotides (pTpT and TpTp) containing a terminal phosphate as the major 

fragments. For base modifications, the ratio of reductive (5,6-dhT) to oxidative products (5-hmU 
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plus 5-fU) was 0.9 for high energy X-rays compared to 1.7 for LEEs. These results indicate that 

LEEs give a similar profile of products compared to ionizing radiation.

Keywords

Ionizing radiation; DNA damage; X-ray photon; low energy electrons; dissociative electron 
attachment

INTRODUCTION

It is well known that high energy ionizing radiation, e.g., X-ray and γ-ray, induce DNA 

damage, including strand breaks and a multitude of base modifications, by the reaction of 

hydroxyl radicals (•OH) with DNA or via one-electron ionization of DNA components.1 In 

particular, damage that occurs in close proximity to each other, referred to as clustered 

damage, is responsible in large part for the deleterious effects of high energy ionizing 

radiation, including cell death and the induction of mutations and genetic abnormalities that 

lead to cancer.2 This damage is also important to help eradicate many types of cancer, 

particularly if they are confined to a specific site in the patient with a well-defined margin 

from healthy normal tissue.3 To further increase the potential curative effects of ionizing 

radiation, it is necessary to understand the exact mechanism of radiation-induced DNA 

damage at the physical chemical and chemical level.3b,c As mentioned above, high energy 

radiation can generate secondary species along the radiation track, and thus, it is important 

to differentiate the effect of ionization from the effect of secondary electrons. These studies 

will hopefully provide additional information needed to treat cancer and design strategies 

combining both radiation and chemotherapeutic drugs.

During the last two decades, numerous theoretical and experimental studies have shown that 

low energy electrons (LEEs) can induce DNA damage, including single-strand breaks 

(SSB), double-strand breaks (DSB), base release and structural modifications.4 LEE-

mediated DNA damage may also contribute to the synergistic effects of radiation in 

combination with certain chemotherapeutic agents, such as cis-platin.5 In general, secondary 

electrons, positive and negative ions, and radicals are generated along high energy radiation 

tracks.6 Among these species, secondary electrons with a most probable energy of about 10 

eV are the most abundant species (~ 4 × 104 /MeV).6b These species do not readily ionize 

DNA components but they undergo resonance processes, such as dissociative electron 

attachment (DEA).6b, 7 After much experimental and theoretical work, it is now well 

established that LEEs can induce DNA damage by the formation of transient anion states 

predominantly localized on the nucleobase moieties of DNA.8 Transient anions usually have 

a short lifetime (10−14 s); either the electron autodetaches or the anion dissociates (e− + AB 

→ AB*− → A + B−) by a process known as dissociative electron attachment (DEA). This 

can lead to immediate phosphodiester (C-O bond) cleavage and N-glycosidic bond (C-N) 

cleavage.9

The overall goal of our work is to investigate the mechanism of LEE-induced DNA damage 

through the identification of intermediates and stable products; in this study, we compare the 

profile of damage for LEE radiation and high energy radiation. For LEE radiation, thin films 
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of TpTpT were irradiated under ultrahigh vacuum (UHV). For X-ray photon radiation, DNA 

containers were irradiated at room temperature with a hydration level (Γ) of 2.5 mole H2O / 

mole nucleotide. To identify differences in the two types of radiation, DNA damage thereby 

produced was analyzed by high performance liquid chromatography with UV detection 

(HPLC-UV) and HPLC coupled to tandem mass spectrometry (LC-MS/MS).

EXPERIMENTAL METHODS

Sample preparation and irradiation

Trinucleotide TpTpT was purchased from UCDNA Services (Calgary, AB) and purified by 

HPLC before use. HPLC grade methanol and acetonitrile were purchased from Fisher 

Scientific and ammonium acetate (CH3COONH4) from Sigma-Aldrich. The irradiation of 

TpTpT samples with LEEs was carried out at the University of Sherbrooke while identically 

prepared samples were sent to the University of Rochester for X-ray irradiation. The 

experimental setup and procedure for LEE irradiation of TpTpT samples has been described 

in detail elsewhere.10 In brief, the experimental setup consists of a spin-coating device to 

deposit oligomer films onto the inside wall (3.2 cm length × 2.6 cm inner diameter) of 

tantalum (Ta) cylinders and a LEE irradiation system that generates monoenergetic LEEs 

and irradiates the DNA target under UHV. Such a system allows one to obtain the relatively 

large quantities of LEE-irradiation products needed for chemical analysis.

For spin-coating, 91 nmol of purified TpTpT (77 μg) was dissolved in 4.9 mL of nanopure 

grade H2O (Milli-Q water system, 18 M Ω·cm, 25°C) and the solution was evaporated inside 

seven cylinders. The average thickness of films inside the cylinder was estimated to be 2.5 

nm ± 0.1 nm (4 to 5 monolayers (ML)), assuming that the molecules are uniformly 

distributed onto the inner surface of the cylinder and that the average density of DNA is 1.7 

g cm−3.11 After spin-coating, the cylinders were transferred to the LEE irradiation chamber, 

which was subsequently evacuated for ~24 h to reach a vacuum of 10−8 torr. The electron 

gun with an energy resolution of 0.5 eV full width at half-maximum produced a 

monoenergetic 10 eV electron beam by adjusting the potential between the filament and the 

cylinder. Other parameters that can be adjusted include the time of irradiation, beam current, 

incident electron energy and the magnitude of the collimating magnetic field.10 The current 

and irradiation time of LEE exposure were selected to give an exposure within the linear 

regime of a dose response curve. In this regime, the film does not charge appreciably (i.e., 

does not accumulate much excess charges). The films were individually irradiated with 

monoenergetic 10 eV LEEs. The total number of electrons that reach the film (i.e., the 

fluence) was approximately 1016 with a beam flux of 1.28 × 1012 electrons/s cm2. All 

procedures were performed at room temperature (RT).

In the case of X-ray irradiation, purified and lyophilized TpTpT was dissolved in ultrapure 

distilled water (Gibco, Invitrogen). The concentration of this solution was determined by UV 

absorbance at 260 nm and was found to be approximately 5.7 mM. Aliquots of the TpTpT 

solution were then pipetted into open-ended silylated suprasil quartz tubes and dried in 

sealed chambers against P2O5. Under these conditions, DNA contains ~ 2.5 mole H2O/ mole 

nucleotide of duplex DNA (Γ = 2.5).12 The film weights were measured periodically with a 

Mettler Toledo XP2U Microbalance with an accuracy of ± 0.1 μg, which in terms of percent 
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error of the film weight is less than 0.2%. The level of hydration of the film was calculated 

from the difference in the weight of the pre- and post-equilibrated films. The open ends of 

the suprasil tubes containing solid DNA at a specific level of hydration (Γ = 2.5) were X-ray 

irradiated at RT in a glove box. The X-ray source was a Varian/Eimac OEG-76H tungsten-

target tube operated at 70 keV and 20 mA, and the X-ray beam was filtered by a 25 μm thick 

aluminum foil. The dosimetry is described elsewhere.13 The dose rate at RT inside the 

suprasil quartz capillary, after taking into account the attenuation by the quartz, was 1.1 

kGy/min. The dose regime extended from 0 to a maximum of 75 kGy for the TpTpT films. 

After irradiation, the films were dissolved in ultrapure distilled water (Gibco, Invitrogen) to 

0.5–1 fold weight to volume and then stored at −20°C before analysis by HPLC-UV.

Chemical analyses

In the case of LEE irradiation, the samples were recovered from the surface of each Ta 

cylinder by dissolution with 14 mL of nanopure grade H2O followed by lyophilization until 

the sample was completely dry (overnight). Usually, six TpTpT films were irradiated with 

LEEs and one cylinder was used as a control without irradiation. The samples were 

lyophilized and dissolved in 200 uL for HPLC-UV analysis. Half of the irradiated samples 

was analyzed directly by HPLC-UV while the other half was treated with alkaline 

phosphatase (AP, Roche Applied Science) for 60 min at 37°C before analysis to determine 

whether the fragments contained a terminal phosphate group. TpTpT samples exposed to X-

rays were also analyzed by HPLC-UV using the same procedure as that for LEE-irradiated 

samples. The mixture of products was separated using an Alliance 2695 instrument (Waters) 

equipped with an YMC-Pack Pro C18 column (5 μm particle size, 250 mm length × 6.0 mm 

I.D., YMC) using a linear gradient of mobile phase from 0% to 15% acetonitrile combined 

with 20 mM ammonium acetate buffer for 90 min (flow rate: 1.0 mL/min). The HPLC 

chromatograms of products were recorded by UV absorption at 210 nm and 260 nm. LC-

MS/MS analysis was performed with a Shimadzu HPLC system consisting of an 

autosampler (SIL-HTc), binary pumps (LC-10ADvp), degasser (DGU-14A), column oven 

(CTO-10ASvp), UV/Vis detector (SPD-20A) and an API 3000 tandem mass spectrometer 

with a Turbulon Ionspray source (MDS Sciex, Applied Biosystems). Parameters for the 

detection of products were optimized prior to analysis using a syringe infusion pump 

(Harvard Model 22) set at a flow rate of 20 uL/min. For optimal detection of TpTpT, the 

cone voltage was set to 4500 volts and the collision energy set to 45 volts. The G-value for 

X-irradiated samples was calculated within the linear region of dose-response curves (0 to 

40 kGy) and was based on the estimated target mass consisting of DNA and solvation shell, 

i.e., DNA alone plus 2.5 H2O per nucleotide.

RESULTS

The irradiation of TpTpT (see structure in Fig. 1) was carried out by exposing a thin film of 

TpTpT to a monoenergetic beam of LEEs (10 eV) under UHV, whereas in the case of X-

rays, solid and dry samples of TpTpT were irradiated in sealed tubes under ambient 

conditions. The level of hydration of TpTpT was similar for both samples (Γ ≤ 2.5 mole 

H2O / mole nucleotide) assuming that UHV conditions of LEE irradiation reduces the level 

of hydration to a minimum, i.e., less than 2.5 mole H2O / mole nucleotide. Thus, one can 
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assume that the formation of hydroxyl radicals is negligible for both LEE and X-ray 

irradiations. In addition, one can rule out an effect of O2 because both samples were 

evacuated of O2 before irradiation. It can be expected that both types of radiation generate 

radicals and ions in the solid state. Depending on the reactivity of these species, they will 

either transform further in the solid state or ultimately they will transform into stable 

products when the target is exposed to ambient conditions and dissolved in aqueous solution. 

The same procedures were used to recovery the products for analysis after irradiation.

The profile of products for X-ray and LEE irradiated samples was very similar (Figs. 2 and 

3). In the case of LEEs, TpTpT gave five characteristic fragments (see Fig. 1 for structures), 

which includ non-modified thymine base (Thy), two mononucleotides (pT and Tp), and two 

dinucleotides (pTpT and TpTp). The fragments were identified by co-elution on HPLC-UV 

with authentic compounds and LC-MS/MS analysis. When the sample was treated with 

alkaline phosphatase enzyme, which removes the terminal phosphate of nucleotides, we 

observed the conversion of mononucleotide, e.g., pT and Tp, and dinucleotide fragments, 

e.g., pTpT and TpTp to thymidine (dT) and TpT, respectively. This confirms the identity of 

the fragments and indicates that they contain a terminal phosphate. In addition, the 

chromatograms show that fragments with a terminal phosphate on the 5′ or 3′ terminus are 

formed in approximately equal yields. This pattern of fragmentation was previously reported 

for TpTpT as well as several other derivatives exposed to LEEs using the same system.8

In the case of X-rays, the same fragments were observed as major products (Thy, pT, Tp, 

pTpT and TpTp; see Fig. 1 for structures). Similarly, mononucleotides converted to dT and 

dinucleotides to TpT upon treatment with alkaline phosphatase, and the yield of fragments 

with 5′ and 3′ phosphate termini was approximately equal. Thus, both LEE and X-rays 

irradiation of TpTpT lead to cleavage of the N-glycosidic bond giving Thy and cleavage of 

the phosphodiester bond giving fragments with a terminal phosphate group. The yield of 

fragments without a terminal phosphate, e.g., dT and TpT, was minor compared to those 

with a terminal phosphate. In addition, there were a number of other peaks in the 

chromatogram. The region of the chromatogram at short elution times (<15 min) points to 

the formation of small fragments of TpTpT consisting of a modified nucleobase or 

mononucleotide; however, the identification of these products was not possible because of 

the low yield. The region of the chromatogram between 40 and 60 min indicates the 

formation of as yet unknown di- or tri-nucleotides, which contain a base modification that 

shifts the polarity either to longer retention times for dinucleotides (more non-polar) or 

shorter retention times for trinucleotides (more polar). The profile of peaks in this region did 

not change upon treatment with alkaline phosphatase, suggesting that they do not contain a 

terminal phosphate. Together, unknown peaks in the chromatogram constituted about 20% 

of the total UV absorption at 260 nm. We did not attempt to identify these products because 

of their number and low yields but focused on the region of the chromatogram after 60 min 

which appears to contain the majority of base modifications.

Base modifications of TpTpT eluted in the region of the chromatogram close to or between 

TpT and TpTpT (60–70 min). Initially, we compared the profile of base modifications on a 

one-to-one basis for TpTpT exposed to either LEE or X-ray (Fig. 4). On the basis of co-

elution with a mixture of LEE and X-ray products, we labeled a total of seven major and 
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common peaks in the chromatograms. The identity of peaks 1–7 was confirmed by LC-

MS/MS (Table 1).

A large number of samples was pooled and carefully purified from each radiation mixture in 

order to obtain sufficient amounts for product analysis by LC-MS/MS. A major molecular 

ion was observed in each of the purified peaks. Thereby, peaks 2, 3, 4 and 6 were identified 

as TpTpT containing a single 5,6-dihydrothymine (5,6-dhT) on the basis of their molecular 

ion (m/z 853), fragment ions (m/z 629, 531, 225 and 127) and identification of the 

corresponding modified nucleoside after enzymatic digestion of the trinucleotide. These 

results confirm the formation of 5,6-dhT in TpTpT exposed to LEEs as reported in a 

previous study.8h Further analysis of the purified peaks revealed two addition molecular ions 

(m/z 867 for peaks 1 and 5 and m/z 865 for peak 7). The modification within TpTpT was 

subsequently identified from the analysis of peaks 1 and 5 as 5-hydroxymethyluracil (5-

hmU), whereas that in peak 7 was identified as 5-formyluracil (5-fU), on the basis of 

enzymatic digestion of the trinucleotide and comparison of the mixture of nucleosides with 

authentic standards by LC-MS/MS analysis. The chromatograms depicted nonmodified dT 

together with modified nucleosides of 5-hmU or 5-fU with the same molecular ion, 

fragmentation spectra, and retention time on HPLC as authentic standards.14

The relative yield of products by X-rays was estimated from the formation of products as a 

function of dose taking the initial and linear part of the function (Fig. 5; Table 2). The 

majority of products increased linearly as a function of dose through the entire dose range 

(0–75 kGy) with the exception of dT and Thy, which appeared to reach a plateau at doses 

above 10 kGy (Fig. 5). Thus, we used 10 kGy X-irradiated TpTpT in order to compare the 

yield of each group of products under single hit conditions. In the case of LEEs, the 

formation of products was linear as a function of time of irradiation up to 5 min, at which 

point, the formation of products decreased and reached a plateau at about 10 min. No 

reaction occurred at longer times (>10 min) due to charging of the film by trapped electrons. 

Thus, the yield of products for LEE experiments was taken in the linear region of the dose 

response curve. From these analyses, the relative yields of each group of products were 

compared for LEE and X-ray radiation (Table 2). For LEEs, the yield of base release and 

base modification dominated over fragmentation with percentages of 35% and 51% of the 

total damage, respectively. The ratio of base modifications to base release plus 

fragmentation was 1.06; thus, half of the incident LEEs induced DNA base modifications 

while the other half induced fragmentation upon interaction with DNA subunits. For X-rays, 

the percent of base release, fragmentation and base modifications was 20, 19, and 61, 

respectively. The dominant process was base modification, and the ratio of base modification 

base release plus fragmentation was 1.6. The main difference between LEE and X-ray 

radiation was the greater relative formation of base release (-Thy) in the case of LEEs. The 

yield of base modifications was also determine by enzymatic digestion of irradiated TpTpT 

followed by LC-MS/MS in multiple reaction monitoring (MRM) mode of the instrument. 

These results indicate that the ratio of reductive (5,6-dhT) to oxidative (5-hmU and 5-fU) 

was 0.9 and 1.7 for X-rays and LEEs, respectively (Table 3).

The G-value for total damage induced by X-irradiated samples was estimated to be 363 ± 14 

nmol/J from the formation of product as a function of dose (Fig. 5). It was not possible to 
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estimate the G-values for LEE-induced damage using this irradiation system because the 

number of electrons actually absorbed by the film is not known with certainty. As shown by 

Alizadeh and Sanche, determination of G values for LEEs requires a study of the thickness 

dependence on the total degradation yields; such measurements were not possible with the 

present irradiator owing to large local variations in film thickness. The G value for strand 

breaks obtained from a study of the film thickness dependence of LEE-induced damage to 

plasmid DNA has been estimated to be 260 ± 50 nmol/J.15 Thus, assuming that strand 

breaks in plasmid DNA is equal to base release and fragmentation in our study with TpTpT, 

the G values for damage by LEE are comparable to those by X-rays.

DISCUSSION

A major finding of the present study is that exposure of TpTpT to either X-rays or LEEs 

lead to the same products. The reaction of both X-rays and LEEs with TpTpT involved the 

release of the nonmodified nucleobase, Thy, the formation of specific fragments (i.e., pT, Tp, 

pTpT and TpTp), and the formation of modified bases. The major base modification 

included a reductive product (5,6-dhT) and two oxidative products (5-hmU and 5-fU). The 

above fragments and base damage accounted for approximately 80% of the total UV 

absorbing products in the HPLC chromatogram upon irradiation of TpTpT. These results 

indicate that X-rays and LEEs induce similar radical intermediates and pathways of 

decomposition. Indeed, the formation of all of the products can be rationalized by pathways 

that involve either one-electron ionization, in the case of X-rays (Scheme 1), or sub-

ionization processes, i.e., dissociative electron attachment (DEA), in the case of LEEs 

(Scheme 2).

Mechanism of formation of products by one-electron ionization

The removal of an electron from TpTpT upon exposure to X-rays can give the corresponding 

radical cations of the base (Thy), sugar and phosphate moieties (Scheme 1; only radical 

cations of Thy are shown). The formation of stable products from the nucleobase and 

nucleoside radical cations of Thy has been studied in detail by the analysis of intermediate 

species and stable products.1b, 16 Thereby, Thy derivatives undergo deprotonation from the 

methyl group leading to the corresponding 5-(uracilyl)methyl radical in competition with 

hydration at C6 of the pyrimidine ring leading to 6-hydroxyl-5,6-dihydrothymin-5-yl 

radicals. The division of these pathways depends on the experimental conditions such that 

deprotonation is favored (>90%) in dry solid samples, whereas hydration is favored over 

deprotonation with a ratio of 7:3 in aqueous solutions.16a Thus, the formation of 5-hmU and 

5-fU modifications of TpTpT upon exposure to X-rays under dry conditions can be 

explained by initial deprotontation of Thy radical cations to 5-(uracilyl)methyl radicals 

(Scheme 1). It should be noted that 5-(uracilyl)methyl radicals are fairly long-lived in the 

condensed phase.16d The formation of 5-hmU likely involves the oxidation of 5-

(uracilyl)methyl radicals to a 5-(uracilyl)methyl cation, followed by hydration of the cation 

once the sample is dissolved in H2O. The oxidation of 5-(uracilyl)methyl radicals may be 

favored in the condensed phase by the presence of nearby oxidizing radicals, such as, 5,6-

dihydrothymin-5-yl radicals. Similar redox reactions have been proposed to account for the 

greater yield of products compared to free radical precursors.16d Electron transfer between a 
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5-(uracilyl)methyl radical and a 5,6-dihydrothymin-5-yl radical can give the corresponding 

cation and anion, respectively. This reaction not only explains the formation of 5-hmU, but 

also another major product in the reaction mixture, 5,6-dhT (described in more detail 

below). In contrast, the formation of 5-fU likely takes place when the sample is dissolved in 

aerated aqueous solution. The reaction of 5-(uracilyl)methyl radical and O2 leads to the 

formation of peroxyl radicals that in turn can give 5-fU by a number of pathways. For 

example, one-electron oxidation of the nucleoside (dT) in aerated aqueous solution gives a 

high yield of 5-fU nucleoside due to bimolecular decay of the intermediate peroxyl radicals.
17 In contrast, peroxyl radicals attached to the trinucleotide can decompose by other 

pathways, which in aqueous solution, includes intramolecular reactions with adjacent bases 

and the sugar moiety.18 These reactions produce a hydroperoxide, i.e., 5-

hydroperoxymethyluracil, which in turn can decompose to 5-fU by dehydration. It is also 

possible that intermediate peroxyl radicals afford 5-fU directly by reactions involving metal 

ions that are present in trace amounts in aqueous solution. Interestingly, X-ray irradiation 

favors the formation of 5-hmU over 5-fU (3:1) (Table 3), whereas dT radical cations 

generated in aqueous give a much lower amount of 5-hmU (1:3).14, 17 This suggests that 5-

hmU is the major product of 5-(uracilyl)methyl radicals by reactions in the condensed phase 

whereas 5-fU is formed predominantly when the sample is dissolved in aerated aqueous 

solutions.

The exposure of thymine derivatives to X-rays leads to the addition of electrons to the 

pyrimidine ring leading to an intermediate thymine radical anion that subsequently 

undergoes protonation at C6 in aqueous solution.16d, 19 5,6-Dihydrothymine modifications 

(5,6-DhT) are the main reductive product observed upon exposure of thymine, thymine 

derivatives and DNA to ionizing radiation.16b, 16d, 20 Likewise, this reaction explains the 

formation of 5,6-dhT upon exposure of solid TpTpT to X-rays. Thy radical anions undergo 

protonation at temperatures above 140°K to give C5 centered radicals.19a Following 

protonation of Thy radical anions, the resulting 5,6-dihydrothymin-5-yl radicals can either 

undergo reductive or oxidative chemistry to give either 5,6-dhT or 5-hydroxy-5,6-

dihydrothymine, respectively. Under aerobic conditions, 5,6-dihydrothymin-5-yl radicals 

should be diverted to the oxidative pathway because of the addition of O2. In the present 

study, however, we did not detect this product after purification the main peaks and LC-

MS/MS analysis. Other studies have also reported a lack of products from this pathway 

when DNA is irradiated in the solid state.16d, 20b

The mechanism of formation of base release and strand breaks by one-electron ionization 

likely involves radical cations of the sugar-phosphate backbone. For example, a radical 

cation on the sugar moiety can undergo deprotonation to give a neutral carbon centered 

radical with the most likely sites of deprotonation occurring from C5′ and C3′.21 In turn, 

neutral radicals of the sugar moiety can convert to strand breaks by a number of pathways 

that have been proposed on the basis of their independent generation under controlled 

conditions.22 Another pathway of base release involves deprotonation of thymine and 

cytosine radical cations from C1 of the sugar moiety giving 2-ribonolactone as the final 

product.16a, 23 In addition, guanine and adenine radical cations transform into neutral sugar 

radicals at 3′ or 5′ upon electronic excitation of the cation.24 The yield of base release by 

direct ionization is estimated to be 2.8 lower than that by OH radicals.12 In general, the yield 
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of base release is comparable to the formation of strand breaks although neutral sugar 

radicals such as those at 1′ give fragments containing the base moiety and certain products 

of neutral sugar radicals are known to slowly transform into strand breaks, such as 2-

ribonolactone.22a, 25 Other interesting findings related to base release from DNA irradiated 

in the solid state include the lack of stoichiometry between base release and sugar radicals in 

EPR analyses taken at low temperature, variation of base release according to base type or 

sequence, effects of DNA hydration and O2.12, 21, 26

Mechanism of formation of products by LEEs

The formation of base release, strand breaks and base modification by way of LEEs (0–10 

eV) has been described in detail with monomeric nucleic acids, short oligonucleotides, and 

plasmid DNA under UHV at room temperature.4d, 8 The initial step of LEE-induced DNA 

damage involves transient capture of the electron by DNA bases followed by bond cleavage 

within the base or transfer of the electron to another site, which often leads to scission of the 

N-glycosidic bond (C-N) or the phosphodiester bond (C-O), respectively. These bonds are 

prone to cleavage by interaction of transient molecular anion with low lying antibonding 

orbitals of the molecule. The bonds can rupture by a process known as dissociative electron 

attachment (DEA) such that the bond breaks giving a neutral radical species and a stable 

anion. The formation of DEA products is governed by the occupation of an electron in a 

localized orbitals of the molecule, and thus, the process shows distinctive shape or core-

excited resonances below the ionization threshold of the molecule. In the case of nucleic 

acid components, these resonances are clearly visible in the region between 0–12 eV, with a 

broad peak around 10 eV, when the yield of DEA products is measured as a function of 

electron energy.4d, 7, 8c, 8d, 27 Above 12 eV, the yield of products decreases and then slowly 

rises at higher energies (>20 eV) indicating the onset of non-resonant fragmentation via 

either electronic excitation of high lying dissociative states or dipolar dissociation (DD).
4d, 28 The total ionization cross-sections as a function of energy peak at about 80 eV and 

appear to be negligible at energies below 10 eV for various DNA and RNA components.29 

Thus, it is reasonable to assume that the exposure of DNA to LEEs of 10 eV or lower 

induces damage nearly entirely through DEA with a minor contribution from ionization.

On the basis of this and previous studies8h, 5,6-dhT, 5-hmU and 5-fU are the major types of 

base damage formed upon exposure of TpTpT to LEEs (10 eV). The formation of 5,6-dhT 

was proposed to take place by the initial reaction of hydride anions (H-) at C6 of T followed 

by protonation of the anion upon dissolution of the sample in H2O.8h Hydride anions are 

major DEA products generated from the reaction of LEEs (5.5–12 eV) with Thy.27, 30 In 

addition, H atom radicals are also generate by LEEs but at lower energies (< 3 eV).31 

Although 5-hmU and 5-fU are generally considered to be produced by Thy radical cations, 

this work establishes that they are also produced in high yields when TpTpT is bombarded 

with LEEs. A previous study32, however, reported the formation of the nucleobases of 5-

hmU and 5-fU after bombardment of Thy with synchrotron ultrasoft X-rays, which generate 

low energy auger electrons from the ionization of the nitrogen and oxygen K shells of the 

molecule. The formation of 5-hmU and 5-fU can be explained by a DEA mediated pathway 

involving cleavage of the C-H bond of the exocyclic methyl group of Thy leading to 5-

(uracilyl)methyl radicals and H anions. The sites of DEA were determined by monitoring 
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the formation of H and D anions from differentially labeled Thy as a function of energy.30 

Interestingly, H anions from N1 and N3 of Thy were predominantly observed at low 

energies (4–6 eV) while D anions from either C6 or the CH3 group of Thy were observed 

with equal intensity at higher energies (7–12 eV). These results suggest that 5-

(uracilyl)methyl radicals and H anions should be the preferential products of DEA when 

TpTpT is exposed to LEEs at 10 eV. The 5-(uracilyl)methyl radical can subsequently convert 

into 5-hmU and 5-fU once the samples are dissolved in water (see explanation above for X-

rays). In addition to base damage, the mechanism of formation of base release and strand 

breaks by LEEs likely involves the initial formation of a transient anion followed by transfer 

to either C-N or C-O bonds leading to their cleavage by DEA, respectively. The most 

favorable DEA products of N-glycosidic bond cleavage (C-N) are a neutral radical at C1 of 

the sugar moiety and a Thy anion, whereas those of phosphodiester bond cleavage (C-O), 

include a neutral radical at C3′ of C5′ of the sugar together with a phosphate anion.
4b, 8a, 8b, 9b, 33

Role of LEEs in X-ray induced DNA damage

The percentage of base release to total measured damage was significantly lower for X-rays 

(20%) compared to that for LEEs (35%). This result indicates that LEEs induce base release 

more efficiently than X-rays. The pathway to base release by LEEs, which involves DEA 

mediated cleavage of the C-N bond, implicates fewer steps than a pathway through base or 

sugar ionization, which invokes initial deprotonation of the sugar radical cation and 

multistep reactions of subsequent radicals. The higher amount of base release at 

oligonucleotide termini may be a specific phenomenon of LEE reactions. In tri- and tetra-

nucleotides, the yield of base release was several fold higher from the termini than from the 

center, e.g., the release of Thy was at least 6-fold higher than the release of X from TpXpT, 

where X = U, C, A, G.8f, 8g The end effect mediated by LEE is rationalized in terms of 

preferential capture of the electron by terminal bases and/or a lower probability of transfer to 

the C-O bond by terminal compared to central bases because termini can only transfer to a 

single CO bond while central bases can transfer to two C-O bonds. It is worth noting that 

transfer of an electron from the base to the C-O bond leading to C-O bond cleavage is driven 

by DEA to the phosphate group, and thus, this reaction only takes place next to a 

phosphodiester bond.9b In contrast, the end effect observed when oligonucleotides are 

exposed to X-rays is smaller and dependent on the presence of G, which can undergo 

electron transfer with sugar radicals and change the course of the reaction.26

There are other arguments suggesting that LEEs play a role in the formation of DNA 

damage induced by high energy X-rays. The inability of anthracycline to inhibit base release 

when intercalated in DNA indicates that OH radicals, base radicals and possibly certain 

sugar radicals are not immediate precursors of base release in three crystalline double-

stranded oligomers after X-irradiation at 4K.21 Although this effect was attributed to the 

high reactivity of sugar radicals, one cannot rule out the reaction of LEEs, which occurs on a 

very short time-scale (10−14s) and releases Thy anion and a sugar radical at C1′. Another 

example in which LEEs may be implicated in DNA damage reported that the yield of 5,6-

dihydropyrimidines decreases concomitantly with an increase in H2 as a function of 

increasing hydration, both reaching a plateau with maximum hydration.19b This 
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phenomenon was explained by intra-spur reactions involving bulk water, and a source of H2 

emanating from reactions involving DNA. However, the matching but inverse association of 

5,6-dihydropyrimidine products and H2 may also point to the formation of H anions by the 

reaction of LEEs.

CONCLUSION

DNA damage induced by exposure of TpTpT to LEEs and X-rays was examined by HPLC-

UV and LC-MS/MS. The final products included base release (-Thy), strand breaks (pT, Tp, 

pTpT, TpTp and TpT), and base modifications (5,6-dhT, 5-hmU and 5-fU). The finding that 

LEE induces the formation 5-hmU and 5-fU permits us to provide a more complete profile 

of LEE-induced damage to Thy. We propose that the above products can arise from both 

initial one-electron ionization (X-rays) and the reaction of LEEs leading to sub-ionization 

events such as DEA. The profile of products in both cases was very similar, except for the 

greater yield of base release obtained from LEEs compared to X-rays. We argue that LEE-

induced pathways involving DEA may constitute an important component of DNA damage 

induced by ionizing radiation. However, further experiments will be necessary to estimate 

the contribution of ionization and LEE-induced reactions in the overall chemical effects of 

ionizing radiation.

Acknowledgments

We would like to thank the Natural Science and Engineering Council of Canada and the Canadian Institutes of 
Health Research for financial support.

ABBREVIATIONS

LEE low energy electrons

DEA dissociative electron attachment

LC-MS/MS HPLC tandem mass spectrometry

5,6-dhT 5,6-dihydrothymine
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Figure 1. 
Structure of TpTpT and its modifications. Base release and fragments of TpTpT: Cleavage at 

(a) gives thymine (Thy) while cleavage at (b to e) gives fragments with a terminal phosphate 

group (b): pTpT; (c): Tp; (d): pT; and (e): TpTp, together with an unknown fragment. Base 

modifications of TpTpT: 5-hydroxymethyuracil (5-hmU), 5-formyluracil (5-fU) and 5,6-

dihydrothymine (5,6-dhT); note that the bases remain attached to the TpTpT backbone, for 

example, TpXpT contains a modified base X at the center position of the trinucleotide.
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Figure 2. 
HPLC-UV analysis of TpTpT irradiated with X-rays (10 kGy). TpTpT was irradiated at 

room temperature in the solid state with minimum hydration (2.5 mole H2O/mole 

nucleotide). Samples were dissolved in H2O and injected without further treatment (a), and 

after treatment with AP (b), to convert products with a terminal phosphate to a terminal 

hydroxyl group (black arrows). A control sample without radiation is shown in the bottom 

chromatogram (c).
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Figure 3. 
HPLC-UV analysis of TpTpT irradiated with LEEs (10 eV). TpTpT was irradiated as a thin 

film at room temperature under UHV. Films were recovered from the irradiation cylinders, 

lyophilized and dissolved in H2O for analysis. Samples were injected without further 

treatment (a) and after treatment with alkaline phosphatase (b) similar to Fig. 2.
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Figure 4. 
Comparison of base damage by X-rays and LEEs. Panel (a) shows the chromatogram for X-

ray induced products and panel (b) shows that for LEE-induced products. Products 1–7 

denote TpTpT containing 5-hmU (peaks 1 and 5), 5,6-dhT (peaks 2, 3, 4 and 6), and 5-fU 

(peak 7). The modification can occur at different positions within TpTpT. Peak 7 did not 

separate well from the parent peak in the mixture of products from LEEs. The peaks were 

identified by LC-MS/MS analysis and co-elution with authentic standards (TpTpT 

containing 5,6-dhT).
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Figure 5. 
Base release and strand break formation as a function of X-ray dose. The formation of 

several products is shown: pT and Tp (a), pTpT and TpTp (b), dT and TpT (c) and Thy (d) 

(see Fig. 1 for structures). The points were fit to either a linear or polynomial function.
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Scheme 1. 
Proposed mechanism of base damage by one-electron ionization (X-rays)
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Scheme 2. 
Proposed mechanism of base damage by LEEs with sub-ionization events
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Table 3

Yield of identified base modifications induced by LEE and X-ray radiationa

LEE (10 eV) X-ray (10 kGy)

5-hmU 3.02 ± 0.53 2.99 ± 0.42

5-fU 0.22 ± 0.05 0.98 ± 0.17

5,6-dhT 5.36 ± 0.66 3.53 ± 0.52

Ratiob 1.7 0.9

a
Yields were obtained by enzymatic digestion of irradiated TpTpT and LC-MS/MS analysis of the modified nucleotides14 expressed as the number 

of products per 1000 parent molecules.

b
Ratio of reduction products (5,6-dhT) to oxidation products (5-hmU and 5-fU).
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