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Radical-induced purine lesion formation is dependent 

on DNA helical topology 

Abstract 

Herein we report the quantification of purine lesions arising from gamma-

radiation sourced hydroxyl radicals (HO
•
) on tertiary dsDNA helical forms of 

supercoiled (SC), open circular (OC) and linear (L) conformation, along with 

single-stranded folded and non-folded sequences of guanine rich DNA in selected 

G-quadruplex structures. We identify that DNA helical topology and folding 

plays major, and unexpected, roles in the formation of 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-oxo-dG) and 8-oxo-7,8-dihydro-2'-deoxyadenosine (8-oxo-

dA), along with tandem-type purine lesions 5,8-cyclo-2-deoxyguanosine (5,8-

cdG) and 5,8-cyclo-2-deoxyadenosine (5,8-cdA). SC, OC, and L dsDNA 

conformers together with folded and non-folded G-quadruplexes d[TGGGGT]4 

(TG4T), d[AGGG(TTAGGG)3] (Tel22) and the mutated tel24 

d[TTGGG(TTAGGG)3A] (mutTel24) were exposed to HO
•
 radicals and purine 

lesions were then quantified via stable isotope dilution LC-MS/MS analysis. 

Purine oxidation in dsDNA follows L > OC >> SC indicating greater damage 

toward the extended B-DNA topology. Conversely, G-quadruplex sequences 

were significantly more resistant toward purine oxidation in their unfolded states 

as compared with G-tetrad folded topologies; this effect is confirmed upon 

comparative analysis of Tel22 (~50% solution folded) and mutTel24 (~90% 

solution folded). In an effort to identify the accessibly of hydroxyl radicals to 

quadruplex purine nucleobases, G-quadruplex solvent cavities were then 

modelled at 1.33 Å with evidence suggesting that folded G-tetrads may act as 

potential oxidant traps to protect against chromosomal DNA damage.  

Keywords: cyclonucleoside, DNA oxidation, hydroxyl radical, G-quadruplex, 

superhelix  
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Introduction 

The hydroxyl radical (HO
•
) is a potent oxidant that reacts at near diffusion-limited rates 

with most biomolecules, including nucleic acids.[1]
 

This radical is produced in 

biological systems through oxygen metabolism, however, several well recognised 

exogenous factors, e.g. exposure to ionising radiation or redox metal ion overload, are 

known to produce  HO
•
 and related reactive oxygen species (ROS).[1] With regard to 

DNA chemical reactivity, diffusible HO
•
 are known to either add to base moieties,[2] 

with the majority of HO
•
 attacks occurring at this location, or abstract a H-atom from 2-

deoxyribose units.[3] Indeed, given the proximity of deoxyribose C5 toward the edge 

of the minor groove, H5 abstraction by diffusible HO
•
 predominates over all other 

possible sugar positions with reactions at purine nucleosides (1), leading to tandem-type 

lesions of 5,8-cdG and 5,8-cdA (Scheme 1).[3,4] Both 5,8-cdG and 5,8-cdA lesions, 

in their 5S (2) and 5R (3) diastereomeric forms,  are repaired at low efficiency by the 

human nucleotide excision repair (NER) pathway[5] with recent work demonstrating 

ca. 2 times greater efficacy for 5R over 5S diastereomer repair, owing to greater DNA 

backbone distortions encountered in 5R diastereomeric lesion-containing sequences.[6] 

In contrast to sugar H-atom abstraction, HO
•
 attack on purine base moieties is widely 

known to generate lesions of 8-oxo-dG and 8-oxo-dA (Scheme 1, (4)) that impact on 

genome structural integrity, mutagenicity, excision repair, and polymerase fidelity.[2,7]
 

  DNA lesion quantification methods, developed and extensively used within the 

last decade, are mainly based on liquid chromatography coupled with highly sensitive 

mass detectors. Although LC-MS/MS has been used to identify the yields of radiation-

induced purine lesions of calf thymus DNA in aqueous solutions,[8] the quantification 

of purine lesions from gamma (γ)-irradiation sourced hydroxyl radicals on tertiary 
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superhelical double stranded (dsDNA) conformations—supercoiled (SC), open circular 

(OC), and linear (L)—have yet to be elucidated. 

Scheme 1 here 

The presence of molecular oxygen in the reaction of HO
•
 radicals with DNA can 

substantially change the reaction products and/or the mechanistic pathways. For 

example: (i.) under aerobic conditions (20% O2 corresponds to 2.68 x 10
–4

 M, which is 

ca. 7 times higher than of typical well-oxygenated tissues, i.e., [O2] ~0.04 mM),[9] 

about 50% of 8-oxo-dG and 8-oxo-dA are involved in tandem damage and are produced 

by base-derived peroxyl radicals that  add onto C8 of a vicinal purine base,[10] and (ii.) 

the levels of 5,8-cdG and 5,8-cdA lesions were found to decrease steadily with an 

increase in O2 concentration. [11]
 
Competitive kinetic studies indicated the rate constant 

of C5 radical cyclization (kc) to the purine base to be ca. 2 x 10
4
 s

–1
 in dsDNA (Scheme 

2).[12]
 

 

Scheme 2 here 

A detailed protocol revision for the quantification of the six purine lesions of 

DNA reported in Scheme 1 has been recently provided by some of us.[13] The 

quantification of radiation-induced purine lesions in single and double stranded calf 

thymus DNA and in the absence or presence of oxygen was performed too.[12] In 

particular, under physiological levels of oxygen (e.g., 6.7 x 10
–5

 M) the formation rates 

of 5,8-cdG and 5,8-cdA in dsDNA are similar and close to 0.08 lesions per 10
6
 

nucleotides per gray (Gy) with the formation of 8-oxo-dG and 8-oxo-dA being 280 and 

30 times higher, respectively. Given the significance of oxidative DNA damage toward 

genomic strand breaks and mutagenic nucleobase modification, the current work 
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presents a model which shows for the first time how DNA helical topology and G-

quadruplex folding influences HO
•
 induced purine lesion formation. To that end, we 

report how 8-oxo-dG, 8-oxo-dA, and tandem-type 5,8-cdG, and 5,8-cdA lesions, 

generated via -radiation sourced HO
•
 under physiological levels of oxygen, are directly 

influenced by tertiary dsDNA helical form. To identify lesion formation within dsDNA 

helical forms, supercoiled plasmid DNA—a substrate that mimics, in many ways, the 

conformation of histone-wound supercoiled genomic DNA found within mammalian 

cells
 
[14,15] was employed. The structural and energetic status of 5,8-cdG and 5,8-cdA 

lesions has recently been studied in nucleosomes along with DNA-histone interactions 

and local electrostatic potentials, with emphasis on the hydrogen bond between Lys115 

of histone H3 and the DNA backbone which has been observed in the case of cdG 

lesions. [16] Secondly, given the importance of non-coding repeat guanine-rich 

sequences found in the telomeric ends of chromosomes,[17,18] allied with recent 

discovery of G-quadruplex formation with human telomeres, [19] purine lesion 

frequency within folded and unfolded G-quadruplex states were identified. Three DNA 

G-rich sequences capable of forming G-quadruplex structures in solution, namely 

d[TGGGGT]4 (TG4T),[20] d[AGGG(TTAGGG)3] (Tel22),[21,22] and the mutated 

tel24 d[TTGGG(TTAGGG)3A] (mutTel24)[23] were synthesised and characterized by 

NMR prior to -irradiation. NMR studies on these quadruplex structures reveal that 

TG4T is folded into a tetramolecular parallel quadruplex.[20]
 
On the contrary, Tel22 is 

folded into monomeric antiparallel quadruplex,[21]
 
while mutTel24 into a so-called 

hybrid structure,[23]
 
where three strands are parallel to each other and one antiparallel. 

This provided us a platform to probe purine lesion formation in the context of both 

nucleotide folding and G-quadruplex topology. Molecular modelling on each 

quadruplex cavity was conducted and accessibility by HO
•
 radicals to these cavities is 
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described herein and supports the potential role of G-rich tetrads acting as protective 

sinks (oxidant traps) against chromosomal oxidative damage.[24–30]  

 

Materials and Methods 

pUC19 plasmid DNA amplification and manipulation  

The pUC19 vector (N3041L, 1,000 μg/ml), restriction enzymes; Nt.BspQI (R0644S, 

10,000 U/ml) and HindIII (R0104S, 20,000 U /ml), Bovine Serum Albumen (BSA) 

(B9001S, 10 mg/ml) and buffers; NEBuffer 3.1 (B7203S, 10 X) and NEBuffer 2 

(B7202S, 10 X) were purchased from New England Biolabs (NEB). The pUC19 vector 

(2686 bp) was amplified to a working concentration employing E. coli (MAX efficiency 

DH5α competent cells, Invitrogen, 8258-012) using an LB ampicillin resistant media 

protocol. The DNA obtained was extracted and further purified using a NucleoBond 

Xtra Midi Plus EF kit (Macherey-Nagel, 740422.10). Triplicate DNA quantification 

was carried out using the NanoDrop (ND-1000) spectrophotometer. The procedure was 

scaled up in order to generate >300 μg of superhelical, nicked, and linear pUC19 for 

deoxynucleoside lesion experiments using Nt.BspQI or HindIII endonucleases (1 μl, 

10,000 U/ml) where required. Restriction endonuclease experiments were performed by 

incubating 400 ng of supercoiled pUC19 and bovine serum albumen (0.2 μl, 100 X) 

with Nt.BspQI or HindIII endonucleases (1 μL, 10,000 U/ml). 1 μl of the respective 

restriction enzymes (10,000 U/ml), and 2 μl (10 X) of NEBuffer 3.1 (Nt.BspQI) or 

NEBuffer 2 (HindIII) were added to the digestion reaction and incubated for 2 hours at 

37 °C (HindIII) or 50 °C (Nt.BspQI). Reactions were repeated to generate sufficient 

stocks of nicked and linear pUC19 for subsequent experiments. Nicked and linearised 

dsDNA were then purified from the enzymatic reaction using QIAquick PCR 

purification (QIAGEN), eluted in pure water, and quantified using the NanoDrop (ND-
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1000) spectrophotometer. The conformation of superhelical pUC19 isolated from E. 

coli, along with enzymatically transformed (nicked and linear) pUC19 dsDNA, were 

verified by taking an aliquot from each stock and run on gel electrophoresis containing 

6x loading dye (Fermentas), with 10 mM Tris-HCl (pH 7.6), 0.03% bromophenol blue, 

0.03% xylene cyanol, 60% glycerol and 60 mM EDTA. The samples were loaded onto 

an agarose gel (1.2%) and electrophoresis was completed at 50 V for 30 minutes and 

increased to 70 V for 50 minutes using a wide mini-sub cell (BioRad) in 1x TAE buffer 

(Millipore). 

 

Solid phase oligonucleotide synthesis and characterisation 

The syntheses of d(TGGGGT), d(TTGGGTTAGGGTTAGGGTTAGGGA) and 

d(AGGGTTAGGGTTAGGGTTAGGG) were performed with a DNA synthesizer using 

solid phase -cyanoethyl phosphoramidite chemistry at 15 mol scale. The oligomers 

were detached from the support and deprotected by treatment with concentrated 

aqueous ammonia at 328 K for 12 h. The combined filtrates and washings were 

concentrated under reduced pressure, redissolved in H2O, analyzed and purified by 

high-performance liquid chromatography (HPLC) on a Nucleogel SAX column 

(Macherey–Nagel, 1000-8/46); using buffer A: 20 mM KH2PO4/K2HPO4 aqueous 

solution (pH 7.0), containing 20% (v/v) CH3CN; buffer B: 1 M KCl, 20 mM 

KH2PO4/K2HPO4 aqueous solution (pH 7.0), containing 20% (v/v) CH3CN; a linear 

gradient from 0 to 100% B for 30 min and flow rate 1 mL/min were used. The fractions 

of the oligomers were collected and successively desalted by Sep-pak cartridges (C-18). 

The isolated oligomers proved to be > 98% pure by NMR. The G-quadruplexes formed 

by d(TGGGGT) and d(TTGGGTTAGGGTTAGGGTTAGGGA) were prepared 

dissolving the oligonucleotides in 10 mM KH2PO4 buffer containing 70 mM KClO4 (pH 
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7.0)(~35 OD and ~50 OD, respectively), while d(AGGGTTAGGGTTAGGGTTAGGG) 

was dissolved in 10 mM NaH2PO4 buffer containing 70 mM NaClO4 (pH 7.0) (~50 

OD). Different buffers are required to avoid conformational heterogeneity.
 
[23,31,32] 

All the samples were heated for 10 min at 80 °C and then slowly cooled down to room 

temperature. The 1D 
1
H-NMR spectra showed that d(TGGGGT) and 

d(TTGGGTTAGGGTTAGGGTTAGGGA) were able to form a single well-defined 

hydrogen-bonded structure in solution, whereas 

d(AGGGTTAGGGTTAGGGTTAGGG) was in equilibrium between the folded (G-

quadruplex) and the non-folded form (Figure S1). 

 

γ-Radiolysis experiments and enzymatic digestion of nucleosides 

Materials 

8-Oxo-7,8-dihydro-2'-deoxyadenosine (8-oxo-dA) and 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-oxo-dG) were purchased from Berry & Associates Inc. (Dexter, 

USA). Isotopic labelled lesions were prepared as described elsewhere.[12]
 
All salts and 

solvents, Nuclease P1 from Penicillium citrinum, phosphodiesterase II, 

phosphodiesterase I from Crotalus Adamanteus venom, DNase I, DNase II, alkaline 

phosphatase from bovine intestinal mucosa, erythro-9-(2-hydroxy-3-nonyl)adenine 

hydrochoride (EHNA), benzonase 99%, deferoxamine mesylate salt, BHT and 

pentostatin, were obtained from Sigma (Taufkirchen, Germany and Milan, Italy) while 

the 3 kDa cut-off filters were purchased from Millipore (Bedford, USA). Distilled and 

deionized water (ddH2O) were purified by a Milli-Q system (Millipore, Bedford, USA). 

 

Gamma-Irradiaton Experiments 
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Preparation of dsDNA samples (SC, OC, L): Each sample of dsDNA (100 μg) was 

dissolved (200 μl) in double distilled water (ddH2O) by gently rocking. Next, the 

solution was placed in a glass vial of 2 ml containing 300 μl glass insert. The solution 

was flushed with N2O/O2 95:5 for 10 min and exposed to gamma rays in a 
60

Co 

Gammacell apparatus (dose rate 4.7 Gy/min). The irradiation doses used were 0 and 100 

Gy respectively. In every sampling (50 μl) a balloon filled with N2O/O2 95:5 mixture 

was supporting the sample with the necessary amount of gas in order to keep the 

reaction conditions unaltered. The samples were freeze-dried before subjecting to 

enzymatic digestion. All irradiation experiments were performed in triplicate at ambient 

temperature (25 
o
C). 

 

Preparation of the ODN samples for experiments with unfolded and folded in G-

quadruplex structures: Each sample of ODN was dissolved in ddH2O (non-folded 

ODN) or the appropriate phosphate buffer containing perchlorate anions (folded ODN) 

by gently rocking in order to have concentrations of ~80 OD / 1 ml for the ODN1 and 

ODN2 or ~60 OD / 1 ml for the ODN3, respectively. In a typical experiment, a 40 μl 

solution (in case of ODN3 60 μl were used) was placed in a glass vial of 2 ml 

containing 100 μl glass insert. The solution was flushed with N2O for 10 min and 

exposed to gamma rays in a 
60

Co Gammacell apparatus (dose rate 4.7 Gy/min). The 

irradiation dose was increased from 0 to 20, 40, and 60 Gy, respectively. In every 

sampling (10 μl; or 15 μl in case of ODN3) a balloon filled with N2O was supporting 

the sample with the necessary amount of gas in order to keep the reaction conditions 

unaltered. After irradiation, the samples containing buffers and salts were transferred in 

a microspin filters (3 kDa), ddH2O was added and then desalinated by centrifugation at 

14000 g (4 
o
C) for 20 minutes. Subsequently, the samples were freeze-dried and 
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digested enzymatically. All the irradiation experiments were performed in triplicate at 

ambient temperature (25 
o
C). 

 

Enzymatic Digestion 

Digestion of the dsDNA samples (SC, OC, L): The freeze-dried samples from the 

experiments with the dsDNA were digested according to a protocol described 

previously.[12] In a typical experiment, 25 μg dsDNA were dissolved in 50 μL of Ar 

flushed 10 mM Tris-HCl buffer pH 7.9 containing 10 mM MgCl2, 50 mM NaCl, 0.2 

mM pentostatin, 5 μM BHT and 3 mM deferoxamine and the isotopic analytes that were 

used as internal standards. Next, 1.5 U of benzonase (in 20 mM Tris HCl pH 8.0, 2 mM 

MgCl2 and 20 mM NaCl), 2 mU phosphodiesterase I, 1.5 U DNAse I, 1 mU of PDE II 

and 1 U of alkaline phosphatase were added and the mixture was incubated at 37 °C. 

After 21h, 17 μL of Ar flushed buffer containing 0.3 M AcONa and 10 mM ZnCl2 (pH 

5.6) were added along with 0.3 U of Nuclease P1 (in 30 mM AcONa pH 5.3, 5 mM 

ZnCl2 and 50 mM NaCl), 2 mU phosphodiesterase II and 62 mU of DNAse II and the 

mixture was further incubated at 37 °C for other 21 h. Next, 10 μL of 0.5 M Tris HCl 

pH 8.9 were added and the incubation continued for other 2 h, before quenching with 

1% formic acid solution (pH 7.0). The digestion mixture was placed in a microspin 

filter (3kDa) and the enzymes were filtered off by centrifugation at 14000 g (4 
o
C) for 

20 minutes. Subsequently, the filtrate was freeze-dried before HPLC analysis, clean-up 

and enrichment. 

 

Digestion of the oligonucleotide samples (ODN1 (mutTel24), ODN2 (Tel22), ODN3 

(TG4T)): The freeze-dried samples from the experiments with the three different ODNs 

were digested according to a protocol based on Nuclease P1 reported previously in the 

JU
ST A

CCEPTED



 

literature[33] but in absence of oxygen and in presence of antioxidants and a 

chelator.[12] It is worth mentioning that the enzyme benzonase alone was incapable of 

reaching complete digestion of the oligos used (HPLC traces of peaks probably dimers 

were found upon first trials; benzonase is known for this action[34]). In particular, 0.5 

OD (~25 μg) of ODN were dissolved in 10 μl of Ar flushed buffer containing 0.3 M 

AcONa (pH 5.6), 10 mM ZnCl2, 3 mM deferoxamine mesylate, 1 mM EHNA and the 

isotopic analytes that were used as internal standards. Next, 2 U of Nuclease P1 (in 30 

mM AcONa pH 5.3, 5 mM ZnCl2 and 50 mM NaCl) and 2.5 mU phosphodiesterase II 

were added, and the mixture was incubated at 37 °C for 48 h under inert atmosphere 

before the addition of 10 μl of 0.5 M Tris-HCl buffer (pH 8.9; also flushed with Ar) and 

2 U of alkaline phosphatase together with 2.5 mU of phosphodiesterase I. The mixture 

was incubated for an extra 2 h before quenching with 1% formic acid. The digestion 

mixture was transferred in a microspin filter (3 kDa) and centrifuged at ~14000 g for 20 

min (4 °C) for the removal of the enzymes. The filtrate was freeze-dried before HPLC 

analysis, clean-up and enrichment. 

 

Stable isotope LC-MS/MS analysis and purine lesion quantification 

The quantification of the lesion (in lesions / 10
6
 normal nucleosides units) in the 

enzymatically digested samples (spiked with the internal standards prior to digestion) 

were based on the parallel quantification of the unmodified nucleosides after HPLC 

clean-up and sample enrichment (according to their absorption against their response 

calibration curves, at 260 nm), and the quantification of the single lesions by stable 

isotope dilution LC-MS/MS analysis (LC, Perkin Elmer Inc., USA; triple quadrupole 

MS/MS, Q-Trap 4000, AB Sciex Inc., Canada). The enzyme free samples were injected 

into the HPLC-UV system and the peaks resolved on a 4.6 mm x 150 mm Luna C18 (2) 
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100 Å column (5 μm particle size, Phenomenex). In each analysis, the unmodified 

nuclosides were quantified, the fractions containing the lesions were collected (the time 

windows were identified by injection of a pure standard of a lesions mixture), pooled 

and then freeze-dried. Next, the samples were dissolved in a constant volume of double 

distilled H2O and subjected to LC-MS/MS analysis (Multiple Reaction Monitoring 

mode). The analytes resolved on a 2 mm x 150 mm Luna C18 (2) 100 Å column (3 μm 

particle size, Phenomenex) and the values of the lesions calculated against their 

response calibration curves.[12] In this study, folded ODNs were examined in 

phosphate buffered solution containing perchlorate anions, while non-folded ODNs 

were examined in unbuffered solution (dd H2O).  

 

Structural analysis of G-quadruplex structures  

Table S1 gathers solvent-accessible surface areas (SASA) for ODN1 (mutTel24), 

ODN2 (Tel22), and ODN3 (TG4T) structures, computed using the POPS program[34] 

at atomic level (server: http://mathbio.nimr.mrc.ac.uk/wiki/POPS[36]) with a radius 

probe of 1.33 Å. SASA values restricted to guanine-only were also estimated using the 

molecular modeling software VMD Version 1.9.1.[37] We note that very similar values 

and SASA ranking are obtained with VMD (respectively 4122.96, 3912.74, 4470.87 

and 6536.25 Å
2
). The area equation is defined by a product Π of terms that estimate the 

reduction of SASA of atom i by the overlap with its neighbours j: Πi=1
N
 [ 1 - (pi pij bij(rij) 

/ Si) ][38]. i is the atom for which the POPS* area is computed,  j is any of N neighbour 

atoms.  pi is an atom type specific SASA parameter.  pij is a sphere overlap parameter 

depending on the degree of bonding between i and j (1-2, 1-3, 1-4, 1-(>4)).  bij is a 

geometric construct based on the radii and distance (rij) of i and j.  Si is the SASA of 

the free atom i (no neighbours). The atom specific parameters (radii, SASAs) are listed 
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in the Parameters files for the atoms of all standard PDB residues, followed by the 

connectivity parameters (pij, bij) and the solvent radius for water. Surface and volume 

for the cavities displayed in Figure 3 were computed using the CASTp (Computed Atlas 

of Surface Topography of proteins[39]). For 1KF1 (Figure 3c), the four cavities occupy 

a total surface of 501.5 Å
2
, for a corresponding volume of 673.8 Å

3
. These calculations 

were also performed using a radius probe of 1.33 Å. 

 

Results and Discussion 

Quantification of purine lesions in dsDNA conformers 

In this study we enzymatically manipulated negatively charged supercoiled (SC) pUC19 

plasmid dsDNA, a 2686 bp vector containing 51% GC, to obtain the open circular 

(OC), and linear (L) tertiary forms. Total plasmid dsDNA pUC19 vector was isolated 

from an overnight LB ampicillin resistant E. coli media and exploited in its natural SC 

form. SCDNA was transformed using type II restriction endonucleases Nt.BspQI, a 

nicking enzyme that induces one single strand break on pUC19, and HindIII, a double 

strand cleaving enzyme with one recognition site on pUC19, to generate OC and L 

forms (Figure 1a-c), respectively.  Nicked and linear dsDNA conformers were purified 

from the enzymatic reaction using a standard nucleic acid purification protocol (Qiagen 

QIAquick PCR Purification) and eluted in pure water before being quantified on the 

NanoDrop spectrophotometer. To confirm transformation and purity, the three 

conformers SC, OC and L dsDNA were subject to gel electrophoresis (Figure 1c). 

Aqueous DNA solutions of each conformer (150 µg/300 µL) were then -irradiated 

using a 
60

Co source (4.7 Gy/min). It is known that radiolysis of neutral water leads to 

reactive species of hydrated electrons (eaq
–
, 0.27), hydrogen atoms (H

•
, 0.062) and 

hydroxyl radicals (HO
•
, 0.28) where the values in parentheses represent the radiation 
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chemical yields (G) in units of μmol J
–1

.[40] In a N2O(95%)/O2(5%)-saturated solution 

(0.02 M of N2O and 6.7x10
–5

 M of O2), eaq
–
 are transformed into HO

•
 through reaction 

with N2O (k = 9.1 x 10
9 

M
–1

 s
–1

), whereas H
•
 are efficiently converted into O2

•−
 (k = 2 × 

10
10

 M
−1

 s
−1

, pKa(HOO
•
) = 4.8).[40] Since O2

•−
 does not react with DNA, these are 

appropriate biomimetic conditions for studying the reaction of HO
•
 radicals with DNA 

in the presence of oxygen.[12]  

 

Figure 1 here 

 

The levels of lesions produced were determined prior to irradiation by enzymatic 

digestion in conditions that avoid oxidation artefacts. Stable isotope dilution LC-

MS/MS analysis was employed in the enzymatically digested samples, previously 

spiked with the internal standard.
 
[12,13] Figure 2 (blue colour) shows the average of 3 

independent measurements. The purine lesions followed the order: 8-oxo-dG >> 8-oxo-

dA >> 5,8-cdG  5,8-cdA, with the SC conformation being more resistant to 

autoxidation. The quantities of lesions in SC form are more than an order of magnitude 

lower than the corresponding values observed in commercial calf thymus 

dsDNA[12,13]
 
indicating the high quality of plasmid production and purification. 

Initially, the radiation dose was changed from 0 to 50, and 100 Gy, and the 8-oxo-dG 

and 8-oxo-dA lesions increased linearly as previously observed in calf thymus 

dsDNA,[12] whereas 5,8-cdG and 5,8-cdA remained essentially unchanged. Due to the 

limited amount of stating materials, we decided to run only the experiment at 100 Gy in 

triplicate. Interestingly, the levels of (5'R)-5,8-cdG, (5'R)-5,8-cdA, and (5'S)-5,8-cdA 

did not increase with respect to background levels after 100 Gy in all three dsDNA 
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conformations (Figure 2), whereas only slight increases were observed for 5'S-cdG in 

OC and L forms.  

 

Figure 2 here 

 

The overall 8-oxo lesion formation, regardless of topology, followed 8-oxo-dG 

>> 8-oxo-dA (Figure 2). DNA damage between tertiary dsDNA forms are stark and in 

the order L > OC >> SC indicating significantly higher damage toward extended, or 

unwound, B-DNA topologies. Indeed, 8-oxo-dG levels rose from 13.9 for SC to 140.7 

and 180.2 lesions for OC and L forms, respectively. Differences in 8-oxo-dA levels 

among tertiary forms were found to be smaller but noteworthy, i.e. a rise from 0.2 for 

SC to ~8.0 for OC and L was observed. We suggest the 8-oxo lesions are generated by 

addition of HO
•
 onto C8 position and the higher yield of 8-oxo-dG formation compared 

to 8-oxo-dA reflects additional mechanisms such as one-electron oxidation in dsDNA 

that occurs via hole transfer and water assistance and/or the formation of 8-oxo-dG 

through the intramolecular tandem damage involving base-derived peroxyl radicals. 

[2,10,42] Overall, it is noteworthy how supercoiled DNA structure attenuates solution-

borne HO
•
 free radical damage, with 8-oxo-dG and 8-oxo-dA levels increasing ≥10 fold 

within both circular and linear conformers. Within the three tertiary forms, the very low 

levels recorded for purine 5,8-cyclo-2-deoxynucleoside lesions are in agreement with 

the low efficiency of such radiation-induced  lesions in cellular DNA.[11] On the other 

hand, these lesions are harmful since  they accumulate with aging in a tissue specific 

manner (liver > kidney > brain)[33,41] suggesting that DNA repair mechanisms are 

inadequate to effectively deal with these lesions.[16]  
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Quantification of purine lesions in G-quadruplex nucleic acid sequences 

Purine lesion formation within G-quadruplex folded (and non-folded) tetrads of TG4T, 

Tel22, and mutTel24 (Figure 3) were next identified under γ-irradiation conditions. In 

order to study the impact of G-quadruplex folding on the formation of four 5',8-

cyclopurines (5',8-cPus) and two 8-oxo purine lesions, all three sequences were 

examined in folded (buffered) and unfolded (unbuffered) solution. All sequences were 

verified by NMR experiments to adapt the G-quadruplex conformation in the presence 

of phosphate buffers containing perchlorates; results also showed that in the absence of 

buffer and salts, sequences were unfolded and existed as single strands. The use of the 

chloride anion, commonly used in G-quadruplex structural experiments as a counter ion, 

was obligatorily exchanged with perchloride due to its incompatibility with gamma 

irradiation conditions (see Materials and Methods section). NMR results show the use 

of the buffers and salts forced the TG4T and mutTel24 to self-organize, up to 90% into 

quadruplex structures with guanine residues in tetrad configuration. Nevertheless, Tel22 

was unable to exceed 50% in total G-quadruplex folding and so provided an elegant 

insight into tetrad folding effects on purine lesion formation under direct comparison 

with mutTel24. 

 

Figure 3 here 

 

Aqueous solutions of oligodeoxynucleotides (ODNs) were prepared and 

irradiated with 0 Gy, 20 Gy, 40 Gy and 60 Gy in a 
60

Co Gamma Cell apparatus (4.7 

Gy/min). In order to generate detectible differences in levels of cyclopurine lesions, 

experiments were conducted under saturated N2O conditions before purification, 

enzymatic digestion, and enrichment prior to stable isotope dilution LC-MS/MS 
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analysis. Purine lesion formation increases linearly with radiation intensity rising from 0 

Gy to 60 Gy (Figures S2 and S3). The results from the quantification of the four 5',8-

cPus and two 8-oxo purines are summarised in Table 1 including maximum standard 

errors in the range from 0 to 60 Gy of irradiation. In agreement with literature reports, 

the major lesion formed in all cases was 8-oxo-dG.[4] Of particular significance, we 

found self-organization of guanines in G-quadruplex tetrads produced ~3 and ~4 fold 

increases in 8-oxo-dG yields (entries 1 and 3) and from ~2 to ~4 fold enhancement in 

5'R-cdG (entries 7 and 9), while 5'S-cdG yields remained almost constant (entries 4-6). 

The incomplete (50%) self-organization of the Tel22 in presence of phosphate buffer 

and perchlorate salts was found to play a dramatic role in the formation of guanine 

lesions; yields were kept at essentially the same levels as those obtained from the 

unfolded experiments (entries 2, 5 and 8). Additionally, dA nucleosides (Tel22 and 

mutTel24 only) participating in G-quadruplex loop and termini were also influenced by 

quadruplex folding. Particularly, the formation of 5'R- and 5'S-cdA and 8-oxo-dA 

increased by ~2 fold in both mutTel24 and Tel22 (entries 10, 11, 13, 14, 16 and 17) in 

their folded conformation. Taken together, data here indicates G-quadruplex folded 

sequences are significantly more susceptible to purine HO
•
 oxidation. Guanine lesions 

follow 8-oxo-dG >> 5'S-cdG ≥ 5'R-cdG for unfolded sequences, while for folded G-

quadruplex this order changes to 8-oxo-dG >> 5'R-cdG ≥ 5'S-cdG.  

 

Table 1 here (note this is a new table) 

 

Given their potential role in acting as protective sinks against chromosomal 

oxidative damage,[27–29] G-quadruplex architectures have been extensively examined 

for their charge conduction properties. In particular, adjacent guanines in G-quartets 
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appear to be very effective nucleobases for excess electron transfer.[30] Our results 

clearly demonstrate that self-organisation of G-rich sequences gives rise to higher 

numbers of oxidative purine lesions. In order to shed further light on this axiom, solvent 

cavities in each sequence (TG4T, Tel22 and muTel24) were examined—at the 

hydroxide anion radius (1.33 Å)—and are shown in Figure 3 (wireframe, teal). The 

human telomere sequence d[AG3(TTAGGG)3] (Tel22) is known to form an antiparallel 

‘basket’ structure in that Tel22 adopts the same folding topology within phosphate 

buffered perchlorate. Hydroxyl radical solvent accessible surface areas (SASA) differ 

widely within the cavities of both parallel and antiparallel Tel22; the antiparallel (143D) 

tetrad has three small cavities—occupying 155.9 Å
2
 in total (157.6 Å

3
)—that occupy 

three quadrants of the quadruplex base at T5/G3/G9, G4/A2/G10, and G8/G9/G10/G11 

interfaces (Figure 3e). Modification of the Tel22 sequence by adding 5′ and 3′ 

extensions such as TT/TA and A/TT, respectively, are known to stabilise hybrid parallel 

and antiparallel topologies consisting of two lateral loops and one side-chain reversal 

loop.[23] In the mutTel24 hybrid-1 state d[TTG3(TTAGGG)3A] (2GKU), the 5′ loop is 

in the reversed configuration giving rise to the (3 + 1) configuration (Figure 3a) and 

NMR results confirm the structure is indeed stabilised relative to Tel22 (Figure S1). A 

single, large volume, hydroxyl radical cavity (172.8 Å
2
, 233.2 Å

3
) was identified at the 

5′ end (Figure 3f) in close proximity to G1 – G4 residues and their flanking thymine (T1 

– T4) and adenine (A1) parallel loop residues. The final G-quadruplex sequence 

examined in this study, d[TGGGGT]4 (1S47),[20] is the tetra-guanine (parallel-

stranded) quadruplex and contains the largest hydroxyl solvent cavity space of all three 

ODNs examined (1545.5 Å
2
, 1159.3 Å

3
). In this structure, four cavities exist along the 

interface between each parallel strand with additional available cavity space between 

metal ions within the tetrad core (Figure 3d).  
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Conclusions 

In summary, this work has identified how hydroxyl radical-induced purine oxidation is 

attenuated by tertiary helical structure and G-quadruplex folding. While it is interesting 

to note the larger hydroxyl cavity space and total molecular surface area available 

within mutTel24 and TG4T sequences compared to Tel22 (4587 Å
2
,
 
mutTel24; 4279 

Å
2
, Tel22; 7142 Å

2
,
 
TG4T), this analysis alone does not account for increased purine 

lesion formation within folded G-quadruplex structures. This work suggests, therefore, 

it is likely purine damage occurs in proportion to specific quadruplex topology—

indicating a potential role in their action as oxidant traps to protect against chromosomal 

DNA damage—independent of guanine content; this point is exemplified by comparing 

numbers of lesions generated in stabilised (mutTel24) and non-stable (Tel22) tetrads, 

and also 8-oxo-dG lesions produced by mutTel24 (12 G base) and TG4T (16 G base) 

quadruplexes. With regard to lesion formation with dsDNA conformers, results here 

indicate greater damage toward extended, or unwound, B-DNA topology as the overall 

oxidation trend follows linear conformation > open circular >> supercoiled. To our 

knowledge this is the first evidence reporting hydroxyl radical-induced nucleic acid 

damage is attenuated by tertiary helical DNA structure. One consideration is solvent 

accessibility to dsDNA conformers; if superhelical pUC19 DNA has significantly lower 

solvent—and by extension HO
•
 radical—accessibility compared with open circular and 

linear isoforms, the ensuing production of oxidative purine lesions would naturally be 

lower. Furthermore, it is noteworthy how supercoiled DNA structure attenuates 

hydroxyl free radical damage with 8-oxo-dG and 8-oxo-dA levels ≥10 fold within both 

circular and linear conformers. Of further significance is the comparison of dsDNA 

oxidation results obtained here with recent observations on γ-irradiation damage 

distribution to single stranded (ss) and double stranded (ds) calf thymus DNA; HO
• 
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insult (under identical N2O:O2 conditions) showed ca. 2 times higher levels of 8-oxo-dG 

and 8-oxo-dA within ssDNA as compared with dsDNA[12] that shows, in direct 

contrast to unfolded G-quadruplex structures, greater damage toward non-hybridised 

purine nucleosides.     
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Scheme 1. Purine 2'-deoxynucleosides (1) react with hydroxyl radicals (HO
•
) yielding the 

diastereomeric (5'S)- 5',8- cyclo (2) and (5'R)-5',8- cyclo (3) derivatives along with 8-oxo-

dG and 8-oxo-dA lesions (4).  
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Scheme 2. Partition of C5 radical 5 between cyclisation reaction to give 6 and molecular 

oxygen addition to give 7. 

 

 

 

Figure 1.  a) Supercoiled (SC), relaxed (OC), and linear (L) pUC19 tertiary dsDNA structures 

employed. b) Site-specific recognition sequences of the nicking endonuclease Nt.BspQI and 

type II restriction endonuclease HindIII. c) Agarose gel electrophoresis of pUC19 (400 ng) 

tertiary structures; lane 1. superhelical pUC19; lane 2. superhelical pUC19 + BSA; lane 3. 

superhelical pUC19 + Nt.BspQI + BSA; lane 4. superhelical pUC19 + HindIII + BSA.  

OC   
L  
  
SC 

a) 

b) c) 
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Figure 2. Purine lesions/10
6
 Nu for 8-oxo-dG, 5'R-cdG, 5'S-cdG (left side) and 8-oxo-dA, 5'R-

cdA, 5'S-cdA (right side) in supercoiled (SC), open circular (OC), and linear (L) dsDNA forms; 

Blue: prior to -radiation (0 Gy); Green: exposed to 100 Gy dose in the presence of 

N2O(95%)/O2(5%)-saturated solution. Results from n=3 independent experiments.  
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Figure 3. a) Structures of the human telomeric G-quadruplex d[TTGGG(TTAGGG)3A] 

(mutTel24) (PDB entry 2GKU), b) solution structure of Na
+
 stabilised human antiparallel 

telomeric G-quadruplex d[AGGG(TTAGGG)3] (Tel22) (PDB entry 143D) c) X-ray structures 

of K
+
 stabilised human parallel telomeric G-quadruplex d[AGGG(TTAGGG)3] (Tel22) (PDB 

entry 1KF1), d) perspective X-ray structures of the thymine flanked G-quartet in Na
+
/Tl

+
 

stabilised d[TGGGGT]4 (TG4T) (PDB entry 1S47). e) Selected residues of Na
+
 stabilised 

human antiparallel telomeric G-quadruplex d[AGGG(TTAGGG)3] (Tel22) (PDB entry 143D), 

and f) selected residues human telomeric G-quadruplex d[TTGGG(TTAGGG)3A] (mutTel24) 

(PDB entry 2GKU) (right). DNA backbone (connecting P positions), gray90; colour code for 

DNA bases: guanine, green; adenine, red; thymine, grey90 (all in cartoon mode). Quadruplex 

solvent cavities, modelled at the hydroxide anion atomic radius (1.33 Å), are shown in 

  

e) f) 
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wireframe (teal). Figures generated by PyMOL Molecular Graphics System, Version 1.5.0.4 

Schrödinger, LLC. 

 

Table 1. Radiation induced formation of 8-oxo-dG, 8-oxo-dA, and tandem cyclopurine (5'S-cdG : 5'R-

cdG : 5'S-cdA : 5'S-cdA) lesions in G-quadruplex folded and non-folded states in saturated N2O (100%). 

Values represent the mean per 10
6 

dG (or 10
6 

dA) per Gy of γ-irradiation including maximum standard 

errors in the range from 0 to 60 Gy of irradiation (cf. Figure S2and S3 in Supporting Information).  

Lesion Entry Lesions / 106 dG / Gy in 

single-stranded ODNs 

(perchlorate unbuffered) 

Lesions / 106 dG/ Gy in  

G-quadruplex ODNs 

(perchlorate buffered) 

ODN 

8-oxo-dG 1 21.2 ± 3.3 78.4 ± 15.0 mutTel24 

2 12.7 ± 2.4 13.2 ± 4.9 Tel22† 

3 14.4 ± 1.6 39.9 ± 11.3 TG4T 

5'S-cdG 4 0.08 ± 0.01 0.08 ± 0.01 mutTel24 

5 0.09 ± 0.02 0.06 ± 0.01 Tel22† 

6 0.06 ± 0.01 0.06 ± 0.01 TG4T 

5'R-cdG 7 0.04 ± 0.01 0.16 ± 0.02 mutTel24 

8 0.04 ± 0.01 0.04 ± 0.01 Tel22† 

9 0.06 ± 0.01 0.11 ± 0.01 TG4T 

8-oxo-dA# 10 0.64 ± 0.11 1.24 ± 0.23 mutTel24 

11 0.20 ± 0.11 0.48 ± 0.04 Tel22† 

12   TG4T 

5'S-cdA# 13 0.04 ± 0.01 0.10 ± 0.01 mutTel24 

14 0.04 ± 0.01 0.07 ± 0.01 Tel22† 

15   TG4T 

5'R-cdA# 16 0.06 ± 0.01 0.14 ± 0.02 mutTel24 

17 0.04 ± 0.01 0.09 ± 0.01 Tel22† 

18   TG4T 

†
Tel22 exists as a mixture of unfolded and folded in G-quadruplex structure in a ratio 1:1; #dA nucleosides exist only in the end or 

in the loop and are not taking part in the G-quartets. 
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