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Abstract

By use of ESR and UV-vis spectral studies, this work identifies the protonation states of one-

electron oxidized G:C (viz. G•+:C, G(N1-H)•:C(+H+), G(N1-H)•:C, and G(N2-H)•:C) in a DNA 

oligomer d[TGCGCGCA]2. Benchmark ESR and UV-vis spectra from one electron oxidized 1-

Me-dGuo are employed to analyze the spectral data obtained in one-electron oxidized 

d[TGCGCGCA]2 at various pHs. At pH ≥7, the initial site of deprotonation of one-electron 

oxidized d[TGCGCGCA]2 to the surrounding solvent is found to be at N1 forming G(N1-H)•:C at 

155 K. However, upon annealing to 175 K, the site of deprotonation to the solvent shifts to an 

equilibrium mixture of G(N1-H)•:C and G(N2-H)•:C. For the first time, the presence of G(N2-

H)•:C in a ds DNA-oligomer is shown to be easily distinguished from the other prototropic forms, 

owing to its readily observable nitrogen hyperfine coupling (Azz(N2)= 16 G). In addition, for the 

oligomer in H2O, an additional 8 G N2-H proton HFCC is found. This ESR identification is 

supported by a UV-vis absorption at 630 nm which is characteristic for G(N2-H)• in model 

compounds and oligomers. We find that the extent of photo-conversion to the C1′ sugar radical 

(C1′•) in the one-electron oxidized d[TGCGCGCA]2 allows for a clear distinction among the 

various G:C protonation states which can not be easily distinguished by ESR or UV-vis 

spectroscopies with this order for the extent of photo-conversion: G•+:C > G(N1-H)•:C(+H+) >> 

G(N1-H)•:C. We propose that it is the G•+:C form that undergoes deprotonation at the sugar and 

this requires reprotonation of G within the lifetime of exited state.

Introduction

All high energy radiations result in near random ionizations of the bases and the sugar-

phosphate backbone of DNA.1 The initial holes or cation radical sites (i.e., G•+, A•+, C•+, 

T•+, and [sugar-phosphate]•+) are formed roughly in proportion to the electron density at 

that site with favoring of ionization of the outer valence electrons.8 It has been widely 

accepted that the holes are the major damaging entity in DNA radiation damage and much 

work has focused on the transfer and localization of the hole in DNA.1–9 ESR studies at low 

temperatures have clearly established that, for the holes on the DNA bases, a fast hole 

transfer process from A•+, C•+, T•+, and [sugar-phosphate]•+ localizes the hole preferentially 

to a nearby guanine base forming G•+ 1, 8 in agreement with the theoretically predicted 

ionization potential of guanine in the G:C base pair system.10, 11 Both experimental and 

theoretical works have established that stacks of Gs, i.e., GG, GGG, are ultimately the most 
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stable hole localization sites after long range hole transfer and these G stacks form loci for 

DNA base damage. 2 – 6, 12 – 16

Prototropic equilibria critically influence (i) rate and distance of hole transfer and (ii) the 

final stabilization of the hole either at a G or Gn site or another introduced hole acceptor. 

Two important proton transfer processes that control the prototropic equilibrium of one-

electron oxidized guanine in double stranded (ds) DNA are shown in Scheme 1. They are: 

the intra-base proton transfer process (represented as 1) within the one-electron oxidized 

G:C base pair, and the proton transfer processes (2, 3 and 4) from the one-electron oxidized 

G:C base pair to the surrounding water.1 – 3, 8 – 11, 16 – 20

The pKa values of the ion-radicals involved control the extent of these proton transfer 

processes. On the basis of the pKa values of G•+ in dGuo (ca. 3.9) and C(H+) in 2'-

deoxycytidine (ca. 4.5), the equilibrium constant for this intra-base pair proton transfer 

process, Keq, had been estimated by Steenken as ca. 2.5.9,17 From this value of Keq, at 

ambient temperature, both cation radical (G•+:C) (30%) and deprotonated neutral radical 

(G(N1-H)•:C(+H+)) (70%) forms should exist.9 This equilibrium constant suggests that ΔGo 

(intra-base pair proton transfer) = −0.5 kcal/mol at 298 K. 9, 17 It is clear in Scheme 1 that 

intra-base pair proton transfer (G•+:C to G(N1-H)•:C(+H+)) leads to separation of charge 

from spin. Measurements of rate constants for hole transfer with the aid of laser flash 

photolysis in 5-bromocytosine incorporated ds DNA oligomers vis-à-vis in ds DNA 

oligomers containing cytosine yields results in accordance with this equilibrium between 

G•+:C and G(N1-H)•:C(+H+).20

Recent electron spin resonance (ESR) investigations have demonstrated that selective 

deuteration at C-8 on the guanine moiety (G*) in dGuo resulted in an ESR signal from the 

guanine cation radical (G*•+) which is easily distinguishable from that of the N1-

deprotonated radical, G*(N1–H)•.9, 21 Based upon these results, ESR studies at low 

temperatures employing G* incorporated in the ds DNA-oligomer d[G*CG*CG*CG*C]2 

clearly established that one-electron oxidized guanine exists only as G(N1-H)•, or more 

accurately, G(N1-H)•:C(+H+), see scheme 1.9 These results are in good agreement with the 

room temperature results since the thermodynamic equilibrium would shift to the more 

favored species, i.e., G(N1-H)•:C(+H+), at low temperatures.17, 20

Early theoretical studies without the inclusion of bulk solvent (“gas phase calculation”) 

reported that, in G•+:C, for the intra-base pair proton transfer along N1-H bond shown in 

scheme 1, ΔGo (proton transfer) = 1.4 kcal/mol at 298 K.10, 11 Thus, theory predicted that 

G•+:C is thermodynamically more stable than G(N1-H)•:C(+H+); whereas, ESR9 and pulse 

radiolysis17 results have established that one-electron oxidized G:C exists predominantly as 

G(N1-H)•:C(+H+). Recently, DFT theoretical calculations which considered the G•+:C pair 

with 11 waters of hydration have shown that the free energy for intra-base pair proton 

transfer in G•+:C becomes favorable on inclusion of water (ΔG= −0.65 kcal/mol).22 Thus the 

theoretical results22 are in accord with the results obtained by ESR studies on one-electron 

oxidized ds-DNA oligos9 and with the pulse radiolysis studies by Steenken.17
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While the site of intra-base pair proton transfer in G•+:C is now well established to be from 

N1 in guanine producing G(N1-H)•:C(+H+), the site of subsequent deprotonation of G(N1-

H)•:C(+H+) to water is still uncertain. A few recent pulse radiolysis studies in aqueous 

solution at ambient temperature have proposed that the likely site for deprotonation of the 

one-electron oxidized guanine in DNA to water is at the exocyclic amine N2 (see scheme 

1).23, 24 DFT calculations (B3LYP/DZP++) in the gas phase also show the difference 

between the energies of the optimized geometries of G(N2-H)•:C and G(N1-H)•:C is ca. 1 

kcal/mol.25 This very small difference between the energies of the optimized geometries of 

G(N2-H)•:C and G(N1-H)•:C clearly suggests that the site of deprotonation of one-electron 

oxidized guanine in ds DNA to the surrounding water could be either at N2 or at N1 (see 

scheme 1) or more likely a mixture of the two. In this work, employing the B3LYP/

6-31+G** method, the geometries of G(N1-H)•:C and G(N2-H)•:C shown in scheme 1 have 

been calculated in the presence of 11 water molecules and these calculations show that these 

two forms remain nearly identical in total energy. Thus, calculations employing DFT/

B3LYP/6-31+G** method suggest a very little preference for deprotonation from either N1 

or N2 site in the guanine moiety of one-electron oxidized G:C to the surrounding solvent.

In this work, we employ UV-visible and ESR spectroscopy to elucidate the prototropic 

equilibria of one-electron oxidized guanine in a ds DNA oligomer. In scheme 1, we present 

the four protonation states of the one-electron oxidized G:C base pair, i.e., G•+:C, G(N1-

H)•:C(+H+), G(N1-H)•:C, and G(N2-H)•:C. The first two forms, G•+:C and G(N1-

H)•:C(+H+), have already been distinguished in our earlier work by G* substitution in ds 

DNA9 and our results clearly establish that, at low temperatures, only the G(N1-H)•:C(+H+) 

form exists in one-electron oxidized ds DNA9. In this work, we show that G(N1-H)•:C, and 

G(N2-H)•:C are easily distinguished both by ESR and UV-vis spectroscopy, and therefore, 

three of the four protonation states (see scheme 1) are distinguishable.

It is therefore desirable to distinguish the remaining pair of protonation states, i.e., G(N1-

H)•:C(+H+) and G(N1-H)•:C (see scheme 1). However, these species cannot be 

distinguished by ESR or UV-vis spectroscopy owing to the near identical spectra found. 

Sugar radical formation in dGuo and in Guo via photo-excitation of one-electron oxidized G 

has been observed to depend on the pH of the solution.26, 27 Sugar radical formation on 

photo-excitation of the cation radical (G•+) is most efficient with 80 to 100% conversion in 

dGuo26 and in Guo27. However, at pH ≥9, where only G(N1-H)• is present, only small 

amounts (ca. ≤10%) sugar radicals are been found on photoexcitation.26, 27 Production of 

sugar radical in the ss DNA and RNA oligomers have also been reported via photo-

excitation of G•+.8, 26, 27, 29 –31 Thus, arguing from the pH dependence in the formation of 

sugar radicals via photo-excitation of nucleosides discussed above, it is expected that the 

extent of photo-conversion to sugar radicals via photo-excitation of G(N1-H)•:C(+H+) might 

be significantly larger that that via photo-excitation of G(N1-H)•:C with the greatest extent 

of sugar radical formation on photo-excitation of the cation radical G•+:C. This hypothesis is 

tested in this work.

Important in these analyses are the UV-vis and ESR spectra for the legitimate N1 and N2 

deprotonation radicals from G•+. To obtain benchmark information regarding legitimate 

deprotonation from N2, we have investigated 1-methyl-2'-deoxyguanosine (1-Me-dGuo), 
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and the corresponding RNA analog 1-Me-Guo. In these compounds, the N1-H atom is 

replaced by a methyl group and deprotonation occurs only from the N2 site as reported in 

earlier pulse radiolysis studies.17 Our UV-visible spectral data reported in this work, have 

confirmed these earlier results. In addition, ESR spectral data and calculations performed by 

employing density functional theory (DFT) in one-electron oxidized 1-Me-dGuo presented 

in this work further substantiate the identity of G(N2-H)• and its hyperfine couplings are 

reported. Using these results as benchmarks, the UV-visible and ESR spectral data in one-

electron oxidized dsDNA oligomer d[TGCGCGCA]2 at various pHs have been analyzed; it 

have been shown here that the site of deprotonation of the one-electron oxidized 

d[TGCGCGCA]2 to the solvent can be monitored by UV-vis and ESR spectroscopy. This 

allowed us, for the first time, to identify and characterize G(N2-H)• in a ds DNA oligomer 

d[TGCGCGCA]2 both by ESR spectroscopy and by UV-vis spectral studies. Especially, 

significant in this work is the correlation of UV-vis spectra of one-electron oxidized ds-

DNA oligos found in this work at low temperatures with that found in the pulse radiolysis 

experiments reported in earlier studies of one-electron oxidized DNA oligomers at ambient 

conditions.18

Materials and methods

Compounds

1-Methyl-2'-deoxyguanosine (1-Me-dGuo) was procured from Berry & Associates, Inc. 

(Dexter, MI). 2'-Deoxyguanosine (dGuo), 1-methyl-guanosine (1-Me-Guo) and lithium 

chloride (99% anhydrous, SigmaUltra) were purchased from Sigma Chemical Company (St 

Louis, MO). Potassium persulfate (crystal) was obtained from Mallinckrodt, Inc. (Paris, 

KY). The desalted, dried, and column purified ds DNA oligomer, d[TGCGCGCA]2 and the 

desalted, dried, and HPLC purified ds DNA oligomer, d[TGGGCCCA]2 - were obtained 

from SYNGEN, Inc. (Hayward, CA). All the compounds were used without any further 

purification.

Preparation of solutions of dGuo, 1-Me-dGuo and 1-Me-Guo

Following our earlier works with DNA- and RNA-nucleosides and 

nucleotides, 8, 9, 21, 26 – 29 homogeneous solutions of dGuo, 1-Me-dGuo and 1-Me-Guo were 

prepared by dissolving ca. 3 mg of each compound in 1 mL of 7.5 M LiCl in H2O or D2O 

with ca. 5 mg K2S2O8. Some experiments were carried out using 15 M LiCl in H2O to test 

the effect of increasing ionic strength. Note that addition of K2S2O8 as an electron scavenger 

eliminates formation of anion radicals and simply results in an increase in the extent of the 

one-electron oxidant Cl2•−.26 Therefore, presence of K2S2O8 ensures formation of only one-

electron oxidized species, i.e., the guanine cation radical thereby enabling us to study the 

subsequent prototropic reactions of the guanine cation radical (scheme 1) as reported in this 

work.

Preparation of solutions of the DNA-oligomers

As done in our works with DNA-oligomers,8, 9, 30, 31 about 1.5 mg of each of the ds DNA-

oligomers d[TGCGCGCA]2 and d[TGGGCGCA]2 were dissolved in either in 0.35 mL of 

7.5 M LiCl in D2O or in 0.35 mL of 7.5 M LiCl in H2O at room temperature. Occasional 
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vortexing was performed to ensure formation of the homogeneous solution of the ds DNA-

oligomer in 7.5 M LiCl in D2O or in H2O. Subsequently, an electron scavenger, ca. 2.5 – 3 

mg K2S2O8 were added to each solution.

pH/pD Adjustments

As per our earlier work with dGuo 21 and dAdo 28, pH/pD values of the solutions of dGuo, 

1-Me-dGuo, 1-Me-Guo, and the dsDNA-oligomers had been adjusted by addition of μL 

volumes of 0.1 to 1 M NaOH or HCl under ice-cooled condition. To measure pH/pD values 

of these solutions, pH papers were used. Note that due to the high ionic strength of solutions 

required to prepare glassy samples and because of the use of pH papers, the pH/pD values 

reported in this study are approximate.

Measurement of melting point of the DNA-oligomer

To measure the melting point of the ds DNA oligomer d[TGCGCGCA]2 in 7.5 M LiCl in 

D2O, the solution was first warmed in a suprasil quartz cuvette to 70°C; subsequently, by 

measuring the absorbance at 274 nm while this solution was gradually cooled up to room 

temperature (23°C), the melting point of this ds DNA oligomer was determined to be ca. 

48°C. The temperature of the solution containing this DNA-oligomer was recorded directly 

by inserting the probe (Thermocouple Thermometer Type T, Oakton Instruments, Vermon 

Hills, IL) into the solution in the cuvette outside of the light path.

The renaturation curve of d[TGCGCGCA]2 (see results and discussion) shows that this 

DNA-oligomer is double stranded in 7.5 M LiCl in D2O up to 48°C. We note that in 

homogeneous aqueous (H2O) glasses (10 M LiCl), the dsDNA oligomers have been reported 

to be in the B-conformation. 32

Preparation of glassy sample and their storage

All solutions were bubbled thoroughly with nitrogen to remove dissolved oxygen and then 

were drawn in 4 mm suprasil quartz tubes (cat. no 734-PQ-8, WILMAD Glass co., Inc. 

Buena, NJ). Immediate cooling of these tubes containing the solutions to 77 K resulted in 

the formation of transparent glassy samples. As mentioned in our previous work, 9, 21, 26 – 31 

these transparent glassy samples are supercooled homogeneous solutions and not crystalline 

solids. Because of thermal annealing at higher temperatures, these supercooled solutions 

soften on warming and allow molecular migration and solution phase chemistry. These 

glassy samples were stored in the dark at 77 K.

γ-irradiation of these glassy samples and their storage

These glassy samples were γ-irradiated at 77 K in an 109 GR 9 irradiator with a 

shielded 60Co source. Following our earlier work,9 the glassy samples of the nucleosides 

(dGuo, 1-Me-dGuo, and 1-Me-Guo) were γ-irradiated at 77 K with an absorbed dose of 2.5 

kGy, whereas, the glassy samples of d[TGCGCGCA]2, and of T[GGGCCCA]2 were γ-

irradiated at 77 K with an absorbed dose of 5 kGy. All the γ-irradiated samples were stored 

at 77 K in the dark.9
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Formation of one-electron oxidized dGuo, 1-Me-dGuo, 1-Me-Guo, and DNA-oligomers by 
thermal annealing of glassy samples

One-electron oxidized dGuo, 1-Me-dGuo, 1-Me-Guo, and the dsDNA-oligomers were 

produced via annealing these γ-irradiated glassy samples in the dark at 155± 2 K for 20 – 30 

min in a variable temperature assembly (Air Products) employing cooled nitrogen gas.9 

Thermal annealing of these glassy samples leads to the softening of the aqueous (D2O or 

H2O) glass which allows for migration of Cl2•− in these samples. One-electron oxidation of 

the solutes in these viscous solutions by Cl2•− results in the formation of one-electron 

oxidized dGuo, 1-Me-dGuo, 1-Me-Guo, and of the dsDNA-oligomers. Owing to these one-

electron oxidation processes, the intensity of the ESR spectrum of Cl2•− decreases and this 

decrease is accompanied by the simultaneous increase in the intensity of the ESR spectrum 

of one-electron oxidized guanine in dGuo, 1-Me-dGuo, 1-Me-Guo, and of the dsDNA-

oligomers. Subsequent reactions of the one-electron oxidized solute (see scheme 1) were 

followed by ESR and UV-vis spectroscopies on annealing these samples in the temperature 

range of 155 – 175 K. Similar to our already published work in 2'-deoxyribonucleosides/

tides and in DNA-oligomers, and also in Guo and in RNA-oligomers,8, 9, 21, 26 – 31 we do 

not observe sugar radical formation by the direct attack of Cl2•− on the sugar moiety in these 

glassy samples.

UV-visible spectroscopy

A Cary 50 UV-vis spectrophotometer was employed to obtain the UV-vis spectra of the one-

electron oxidized samples (dGuo, 1-Me-dGuo, 1-Me-Guo, and ds DNA oligomers) in liquid 

nitrogen (77 K). The same suprasil quartz dewars used for recording the ESR spectra were 

employed for this purpose. For recording the UV-vis spectra of one-electron oxidized 1-Me-

dGuo or 1-Me-Guo, the glassy (7.5 M LiCl) aqueous (D2O or H2O) solutions of 1-Me-dGuo 

(or 1-Me-Guo) in 4 mm suprasil quartz tubes (cat. no 734-PQ-8, WILMAD Glass co., Inc. 

Buena, NJ) were used. To record the UV-vis spectrum of one-electron oxidized 

d[TGCGCGCA]2, the glassy (7.5 M LiCl) solutions of d[TGCGCGCA]2 in H2O were used 

in 1mL polystyrene cuvettes.

Photo-excitation

The temperature assembly which has already been employed for thermal annealing of the 

glassy samples was used here for photo-excitation of glassy samples of one-electron 

oxidized guanine in d[TGCGCGCA]2.

By employing a photoflood lamp (250 W), the glassy samples of d[TGCGCGCA]2 were 

photo-excited at 148 K (±2 K). During photo-excitation, the IR and UV components of this 

light were cut off by a water filter and a 310 nm cut off filter, respectively. The glassy 

samples of d[TGCGCGCA]2 were also photo-excited at 148 K (±2 K) by employing a 

thermoelectrically cooled blue laser (TECBL-20G-405, World Star Tech., Lot 6880) (λ = 

405 nm, 20 mW). The 405 nm laser has been observed to be several times more effective 

than the photoflood lamp in causing sugar radical formation as the 405 nm light is in the 

optimal wavelength region 310 – 480 nm which is in low intensity in the photoflood lamp.26
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Electron spin resonance

A Varian Century Series ESR spectrometer operating 9.2 GHz with an E-4531 dual cavity, 

9-in. magnet, and with a 200 mW klystron, was employed to record at 77 K and at 45 dB 

(6.3 μW) the ESR spectra of γ-irradiated and annealed samples. The three Fremy's salt 

(potassium nitrosodisulphonate) ESR lines (g (center of the spectrum) = 2.0056, AN = 13.09 

G) were used for field calibration following our work.33

Analyses of ESR spectra

Each ESR spectrum was stored in a 1000-point array along with field calibration marks from 

the three ESR line's of the Fremy's salt following our earlier work.9, 33 We have estimated 

the fractional contribution of a radical species in an experimentally obtained ESR spectrum 

by fitting the benchmark spectrum of that particular radical to the experimentally obtained 

ESR spectrum of interest using least squares analyses by employing programs 

(ESRADSUB, ESRPLAY) developed in our laboratory. 9, 21, 26 – 31, 33 Based on our 

previous error analyses,9 the error limit of these above-mentioned analyses has been 

estimated as ±10% with good quality signals. We have subtracted a small singlet “spike” 

from irradiated quartz at g = 2.0006 from the recorded spectra for our analyses.

Simulations of ESR spectra

Simulations of the experimentally obtained ESR spectra of one-electron oxidized 1-Me-Guo 

at different protonation states were carried out by employing the WIN-EPR and SIMFONIA 

(Bruker) programs. Anisotropic hyperfine coupling constants (HFCC) of nitrogens (N1 and 

N3 in the guanine moiety), of the N1-H-atom, of the N2-H atom, and of the C8-H atom were 

found by the DFT method (B3LYP/6-31G(d)) (vide infra). These values were then 

employed to carry out the simulations of the 1-Me-Guo spectra; the theoretically obtained 

HFCC values and the g-values have been adjusted to fit these experimentally observed ESR 

spectra. The radicals in the two prototropic forms were calculated by DFT to be only slightly 

nonplanar. Therefore, we assume that Azz for the guanine moiety nitrogen atoms are 

colinear with Azz for C8(H). We carried out several simulations of the experimentally 

observed ESR spectrum for each species shown in scheme 2 and have been able to ascertain 

error limits of our fits of ±2 G for the largest nitrogen anisotropic couplings (Azz) and ±1 G 

for each of the three components of the C8(H) anisotropic coupling (see supplemental 

information Figure S1 for examples of simulations which support this). The perpendicular 

nitrogen anisotropic couplings (Axx and Ayy) are not observed as they are small and 

unresolved and predicted to be so by theory (Table 1). We have assumed these HFCC values 

as zero in our simulations and the line-width was adjusted to account for unresolved 

couplings. Note that the N2-H is an exchangeable proton, thus we find that the N2-H 

hyperfine couplings are observed only in H2O and not in D2O. The Axx and Ayy values for 

the N2-H hyperfine are not well determined by experiment and reasonable estimates from 

the published literature (ESR/ENDOR studies of the X-ray irradiated single crystals 40 and 

theoretical studies 21, 41a (see supplemental information Table T1) were employed in the 

simulations. For the Axx, Ayy tensors, principal axes (x and y) were not collinear for the C8-

H and N2-H protons and this has been taken into account in the simulation.
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Studies using density functional theory (DFT)

In the present study, the geometries of 1-Me-Guo cation radical and its N2-deprotonated 

radicals (in anti- and syn-conformations with respect to N3 atom of the guanine (see scheme 

2)) were fully optimized in the presence of seven water molecules using B3LYP functional 

and 6-31G(D) basis set.

We also calculated the geometries of G•+:C and its N1H and N2H′ deprotonated froms - 

G(N1-H)•:C(+H+) and G(N2-H)•:C (see in scheme 1) in the presence of 11 water molecules 

using B3LYP/6-31+G** level of theory. The numbering scheme for these calculations in the 

base pair is shown in scheme 3 below.

In calculating the various properties of the radical species (e.g., HFCC values), inclusion of 

discrete water molecules has already been found to allow us to obtain a good fit to the 

corresponding experimental observations.21, 2228, 34 To calculate the HFCC values of cation 

radical of 1-Me-dGuo and its deprotonated species, 1-Me-dG(N2-H)• (see scheme 2), the 

B3LYP/6-31G(d) method was employed and these calculated HFCC values were used for 

the simulation of experimentally obtained ESR spectra. The B3LYP functional is a Becke's 

three parameter exchange functional (B3)35 with Lee, Yang and Parr's correlational 

functional (LYP)36. All calculations were performed by employing the Gaussian 03 suites of 

programs.37 The applicability of the B3LYP functional for radical species is well established 

in the literature.21, 22, 38 The structures were drawn using JMOL molecular modeling 

program.39

Results and Discussion

A. Organization of the results

Our approach is as follows:

1. In order to elucidate the prototropic equilibrium between DNA and solvent, the 

deprotonation site from the G:C base pair cation radical to the solvent must be 

identified. There are two possibilities - deprotonation either from N1 or from N2 in 

the guanine moiety to the surrounding solvent as shown in Scheme 1. The ESR 

spectrum of the N1 deprotonated species, G(N1-H)• and its UV-vis spectrum are 

now well established,9, 21 but the ESR spectrum of the N2 deprotonated species in 

aqueous systems (scheme 1) is not. We note here that the N2 deprotonated species 

is well-documented in previous ESR/ENDOR studies of X-ray irradiated single 

crystals.40, 41a Our ESR work with dGuo in glassy system at low temperature 21 as 

well as pulse radiolysis studies with dGuo in aqueous solution at ambient 

temperature 17, 18 shows that G•+ naturally deprotonates from N1 first to produce 

G(N1-H)• and subsequently from N2 to form G(−2H)•−. Therefore, to produce an 

authentic ESR benchmark spectrum of the neutral N2 deprotonated species, we 

employ 1-Me-dGuo or 1-Me-Guo, which can only deprotonate from N2 as the N1-

H atom here has been replaced by the CH3 group.

2. While the ESR and UV-vis spectrum of G(N1-H)•:C(+H+) is well established, we 

are not able to distinguish the two forms of G(N1-H)•, i.e., G(N1-H)•:C(+H+) vs. 

G(N1-H)•:C, shown in Scheme 1 either by ESR or UV-vis in DNA oligos. 
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However, in this work we show that we find that visible exposure of light converts 

substantially the G(N1-H)•:C(+H+) form to sugar radicals and allows for the 

assignment of protonation state in the DNA-oligo.

3. Finally, we present the results that the protonation state G(N2-H)•:C of the one-

electron oxidized G:C shown in scheme 1, can be easily distinguished in a ds DNA-

oligo from the other protonation states viz. G•+:C, G(N1-H)•:C(+H+), and G(N1-

H)•:C as shown in scheme 1.

B. ESR and UV-vis studies of the cation radical (1-Me-G•+) and its deprotonated form (1-
Me-G(N2-H)•) in 1-Me-dGuo and 1-Me-Guo

(a) Studies in D2O – annealing at 155 K—In Figures 1A and B, the ESR spectra of the 

cation radical 1-Me-G•+ (red) and the corresponding deprotonated cation radical assigned as 

1-Me-G(N2-H)• (blue) (vide infra) formed in 1-Me-Guo samples at pDs ca. 5 and ca. 8.5 

respectively in 7.5 M LiCl in D2O after one-electron oxidation by Cl2•− via annealing at 155 

K in the dark are presented. We find that 1-Me-G•+ does not deprotonate in the pD range ca. 

3 to 5. The characteristics of the ESR spectrum (overall hyperfine splitting, g-value at the 

center of the spectrum, and the lineshape) shown in Figure 1A match very well (see 

supplemental information Figures S2 and S3) with the already published ESR spectrum of 

G•+ in dGuo 9, 21 or Guo27. This result points out that for 1-Me-G•+, (i) the methyl group at 

N1 does not have a significant effect on the spin distribution and hyperfine couplings at 

other sites, and (ii) the N1 site has a low spin density and no significant methyl coupling is 

observed; this is further supported by the theoretically (DFT/B3LYP/6-31G(d)) predicted 

HFCC values (see Table 1) (vide infra).

Computer simulations (black) of the experimentally obtained ESR spectra for both 1-Me-

G•+ (Figure 1A (red)), and in 1-Me-G(N2-H)• (Figure 1B, blue) were performed using the 

hyperfine couplings and g-values given in Table 1. The hyperfine couplings first used to 

simulate the spectra where the theoretically calculated (DFT/B3LYP/6-31G(d)) ones for the 

1-Me-dG•+ and 1-Me-dG(N2-H)• shown in scheme 2 in the presence of 7 water molecules 

(vide infra) shown in Table 1. These theoretically predicted values were then adjusted to 

improve the fit to experiment (see supplemental information Figure S1) and these values are 

the “experimental values” in Table 1. The HFCC values used for the simulation of the 

experimental spectrum of 1-Me-dG•+ (red) closely match those used previously for G•+ in 

dGuo21. This establishes that the methyl group at N1 does not have a significant effect on 

the hyperfine couplings and hence on the spin distribution at N1 and at other sites (see Table 

1).

The experimentally obtained ESR spectrum of the deprotonated neutral radical (blue) 

assigned to 1-Me-G(N2-H)• (Figure 1 B) differs significantly from that (red) of 1-Me-G•+ 

(Figure 1A). For the experimental spectrum of 1-Me-G(N2-H)• shown in Figure 1B, the 

hyperfine couplings of the nitrogens N2 and N3 are readily apparent in the wings. This 

allows for an easy distinction between these two prototropic forms - 1-Me-G•+ and 1-Me-

G(N2-H)• (scheme 2). The simulated spectrum (black) match very well with those of the 

experimental spectrum (blue) of 1-Me-G(N2-H)• (see Figure 1B). We note here that the 

HFCC values for the C8-H atom used to simulate the experimental ESR spectrum of 1-Me-
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G(N2-H)• in the aqueous (D2O) glassy system (see Table 1) match very well with those of 

the already reported from experimental (ESR/ENDOR studies of X-ray irradiated single 

crystals40) and theoretical (DFT/B3LYP/6-31G(d)) 21, 41a for the N2-deprotonated neutral 

radical (see Table T1 in supplemental information). These results establish that for the N2-

deprotonated neutral radical (i) the N1 and N7 nitrogen atoms have very small HFCC 

couplings which could be neglected, and (ii) the methyl group at N1 does not have a 

significant effect on the hyperfine couplings and hence on the spin distribution at N1 and at 

other sites. We note the large N2 hyperfine coupling of 15.7G (Table 1) readily 

distinguishes G(N2-H)• from G(N1-H)• for which the N2 hyperfine coupling is not observed 

experimentally.21

Clearly, it is evident from Table 1 that, we cannot strictly distinguish between the syn and 

the anti- conformations (see scheme 2) of the 1-Me-G(N2-H)•, although the theoretically 

predicted HFCC values found for the syn conformation appears to be slightly closer to the 

corresponding experimental values (see Table 1).

As the experimentally obtained ESR spectrum of 1-Me-G(N2-H)• (blue) (Figure 1 B) is 

found to be significantly different from that (red) of 1-Me-G•+ (Figure 1A), this has also 

been observed to be so for the corresponding UV-visible spectra (Figure 1C). In Figure 1C, 

the UV-visible spectra of one-electron oxidized guanine in 1-Me-Guo in aqueous (D2O) 

glasses and recorded at 77 K are shown at two representative pD values (ca. 5 and 8.5). The 

UV-visible spectrum at pD ca. 5 corresponds to the protonated (1Me-G•+) form, whereas the 

UV-visible spectrum at pD ca. 8.5 corresponds to the deprotonated (1-Me-G(N2-H)•) form. 

In particular, there is a broad absorption band at ca. 630 nm found in the UV-visible 

spectrum of 1-Me-G(N2-H)•. Note that, a very similar broad absorption band at ca. 640 nm 

has also been observed for the di-deprotonated G(−2H)•− form in dGuo (see Figure 1 in ref. 

21 and Figure 1 in ref. 17 (a)). Since the only site in 1-Me-Guo available for proton loss is at 

N2, it is clear that the broad absorption band observed in these UV-visible spectra at and 

above ca. 630 nm is a characteristic for the deprotonation from N2.

Previous pulse radiolysis results for the UV-visible spectra for 1-Me-G•+ (pH 3) and 1-Me-

G(N2-H)• (pH > 5) in aqueous solution at room temperature (see Figure 3 in ref. 17 (a)) 

match with these spectra shown in Figure 1C. Moreover, the UV-vis spectrum of 1Me-G•+ 

in 1-Me-Guo (red color) in Figure 1C and the ESR spectrum in Figure 1A matches the 

already published spectra of G•+ in dGuo in the glassy system at 77 K (see Figure 1 in ref. 

21). This as expected owing to their near identical electronic structure and spin density 

distribution (See Table 1, this work and Table 3 in ref. 21).

We note that ESR spectra of 1-Me-dG•+ (i.e., cation radical in 1-Me-dGuo) is identical with 

the spectra 1-Me-G•+ (see supplemental information Figure S3). This is also found for the 

ESR spectra of 1-Me-dG(N2-H)• and 1-Me-G(N2-H)• (see supplemental information Figure 

S3).

(b) Studies in D2O – annealing at 175 K and estimation of the pKa of 1-Me-
G•+—At pDs ca. 6.5 to 7, one-electron oxidation of 1-Me-Guo samples via annealing at 155 

K show the ESR spectrum of the cation radical (see Figure 2A). Upon further annealing of 
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the same sample up to ca. 175 K, the deprotonation from the N2-atom is observed; this is 

evidenced by the development of line components of (see Figure 2B) 1-Me-G(N2-H)•. 

However for samples at and below pD ca. 5, upon further annealing to 175 K, the ESR 

spectra were found to be unchanged for 1-Me-G•+. As expected in the pD range ca. 7.6 to 12 

only 1-Me-G(N2-H)• is found after annealing to 155K and above. Identical results were 

found for the samples of 1-Me-dGuo (see supplemental information Figure S4). These 

results indicated that the pKa of the 1-Me-dG•+ or 1-Me-G•+ in our system (7.5 M LiCl/D2O 

at low temperature) is about 6.5 (see Figure 2C).44, 45

(c) Studies in H2O including annealing at 175 K—The ESR spectral studies of 

G(N2–H)• in homogenous H2O glasses (7.5 M LiCl/H2O) are presented in Figure 3. Figure 

3A shows the ESR spectrum of 1-Me-dG(N2–H)• (green color) formed via one-electron 

oxidation by Cl2•− of 1-Me-dGuo in 7.5 M LiCl (H2O). For comparison, the ESR spectrum 

of 1-Me-G(N2–H)• in D2O (7.5 M LiCl) (blue color) from Figure 1B, has been 

superimposed on it. In the spectrum (green) presented in Figure 3A, the expanded wings 

show the 8G Azz hyperfine coupling of the N2-H proton in H2O (green color) which is lost 

in D2O glasses (blue color).

The hyperfine couplings of 1-Me-dG(N2-H)• have been theoretically calculated (DFT/

B3LYP/6-31G(d)) in the presence of 7 water molecules (Table 1). We have adjusted these 

theoretically predicted HFCC values to improve the fit of the simulated ESR spectrum 

(black) of 1-Me-dG(N2-H)• in H2O towards the corresponding experimentally observed 

ESR spectrum (green) of 1-Me-dG(N2-H)• in H2O glass already shown in Figure 3A. 

Comparison of the simulated spectrum (black) with the experimentally recorded spectrum 

(green) shows that the hyperfine coupling components in the wings (A∥) of the simulated 

spectrum match very well with those of the experimental spectrum. The HFCC values for 

the N2-H and C8-H atoms used to simulate the experimental ESR spectrum of 1-Me-dG(N2-

H)• in the aqueous (H2O) glassy system (see Table 1) match very well with those of the 

already reported (ESR/ENDOR studies of the X-ray irradiated single crystals 40 and 

theoretical studies 21, 41a (see supplemental information Table T1)).

It is evident from Table 1 that the distinction between the syn and the anti- conformations 

(see scheme 2 and also Figure 8) of the 1-Me-dG(N2-H)• is not possible even in H2O glass.

As expected, the UV-vis spectrum of the 1-Me-G(N2-H)• in an H2O glass containing 1-Me-

Guo at pH ca. 9 has been found to be identical with the corresponding UV-vis spectrum of 

the 1-Me-G(N2-H)• in D2O glass (see Figure 1C). 46

Thus, the ESR, UV-vis studies shown in Figures 1 to 3 and the agreement between the 

experimentally observed and theoretically calculated HFCC values in 1-Me-dG(N2-H)• (see 

Table 1) clearly establish that the methyl group in 1-Me-dGuo (or in 1-Me-Guo) is not 

involved in the deprotonation reaction of the 1-Me-dG•+. Deprotonation from the methyl 

group would yield the radical, 1-CH2•-dG. This species would have a very distinct spectrum 

with a 1:2:1 pattern resulting from two α-proton couplings from the CH2 group– and this 

pattern is not at all observed in Figures 1 to 3.
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C. ESR and UV-vis studies of the one-electron oxidized guanine (G(N1-H)•:C(H+)) and its 
deprotonated forms (G(N1-H)•:C) and (G(N2-H)•:C) in the ds DNA-oligomers

We have extended theses studies to the DNA-oligomers, viz. d[TGCGCGCA]2 and 

d[TGGGCCCA]2.

(a) Renaturation studies—Before carrying out the ESR and UV-vis studies, renaturation 

experiments were performed to ensure that these DNA-oligomers are in their double 

stranded form in aqueous solution of 7.5 M LiCl at ambient temperature.

The absorbance of the homogeneous solution of d[TGCGCGCA]2 in 7.5 M LiCl in H2O, 

preheated to 70°C, was measured at 274 nm47 while this solution was allowed to cool 

gradually down to room temperature (23°C). The plot of the renaturation curve of this DNA-

oligomer at 7.5 M LiCl in H2O is shown in supplemental information Figure S6 as the 

absorbance at 274 nm against the temperature of the solution. The renaturation curve of 

d[TGCGCGCA]2 clearly shows that the 7.5 M LiCl solution increases the thermal stabilitiy 

of the DNA-oligomer in the double stranded form and shows clearly that at room 

temperature and at lower temperatures, the DNA-oligomer is double stranded in 7.5 M LiCl.

(b) ESR and UV-vis spectral studies before photo-excitation

ESR spectral studies in D2O: In Figures 4A to C, we show the ESR spectra of the one-

electron oxidized guanine in d[TGCGCGCA]2 in 7.5 M LiCl/ D2O at different pDs ca. 3, 5, 

7, and 9. The one-electron oxidant employed here is Cl2•− and the one-electron oxidation of 

d[TGCGCGCA]2 was carried out via annealing in the dark for 15-20 min at ca. 155 K, as 

per our earlier work 9 with the dsDNA oligomers.

Figure 5A represents the ESR spectrum of the one-electron oxidized guanine in 

d[TGCGCGCA]2 in 7.5 M LiCl/ D2O at pD ca. 3 (black); the overall hyperfine splitting, g 

value at the center (g⊥) and the lineshape of this spectrum matches very well with that of the 

1-Me-G•+ (red), this work shown in Figure 1A or that of G•+ in dGuo which has already 

been published21. We assign this ESR spectrum of the one-electron oxidized guanine in 

d[TGCGCGCA]2 at pD ca. 3 shown in Figure 4A to the guanine cation radical (or G•+) of 

d[TGCGCGCA]2. Based upon the reported pKa value for protonation at N3 in cytosine in 

aqueous solution (ca. 4.5),17 the cytosine moiety may also be protonated to some extent 

although this is not clear as that would disrupt the base pairing. G•+:C cannot be 

distinguished from G•+:C(+H+) on the basis of ESR or UV-vis spectra. Thus, the 

protonation state of cytosine in spectrum 4A is uncertain at pH 3.

The ESR spectrum (black) of the one-electron oxidized guanine moiety of d[TGCGCGCA]2 

at pD ca. 5 in 7.5 M LiCl/ D2O is shown in Figure 4B. The ESR characteristics of this 

spectrum (g value at the center (g⊥), the overall hyperfine splitting, and the lineshape) 

matches very well with already published ESR spectrum (green) 9 of (G(N1-H)•:C(+H+)) in 

d[GCGCGC]2 recorded at 77 K at the native pD (ca. 5) in 7.5 M LiCl/D2O. Hence, the 

spectrum of one-electron oxidized guanine in d[TGCGCGCA]2 found at pD ca. 5 is 

assigned to (G(N1-H)•:C(+H+)) (see scheme 1).
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The one-electron oxidized guanine moiety of d[TGCGCGCA]2 at pDs ca. 7 and ca. 9 in 7.5 

M LiCl/ D2O formed on annealing to 155 K in the dark, yielded nearly identical spectra, and 

hence the spectrum (black) of the one-electron oxidized guanine moiety of d[TGCGCGCA]2 

at pD ca. 9 is shown in Figure 4C. Subtraction (ca. 20%) of the spectrum of 1-Me-G(N2-H)• 

(shown in spectrum 1B) (or of 1-Me-dG(N2-H)• shown in Figure 3A) from this spectrum 

yields spectrum D (black). The ESR characteristics of this spectrum (g value at the center 

(g⊥), the overall hyperfine splitting, and the lineshape) matches very well with that of the 

already published 21 G(N1-H)• spectrum (pink) in dGuo where deprotonation occurs from 

N1 site to the solvent. Moreover, we find a smaller extent of conversion to sugar radicals via 

photo-excitation of the one-electron oxidized guanine in d[TGCGCGCA]2 at pD ca. 7 and at 

pD ca. 9 (see Figure 6, vide infra) in comparison to one-electron oxidized guanine in 

d[TGCGCGCA]2 at pD ca. 5. Therefore, we assign the spectrum 4B at pD ca. 5 to (G(N1-

H)•:C(+H+)). The spectrum of one-electron oxidized guanine in d[TGCGCGCA]2 at pD ca. 

9 (or at pD ca. 7, spectrum 4C) has been assigned to the corresponding deprotonated radical 

(G(N1-H)•:C). The deprotonation of the one-electron oxidized guanine occurs from N1 to 

the surrounding solvent (see scheme 1).

As found for the monomers 1-Me-Guo or 1-Me-dGuo (see Figure 2B), we find that upon 

further annealing of one-electron oxidized guanine in d[TGCGCGCA]2 (either at pD ca. 7 or 

at pD ca. 9, spectrum 4C) in 7.5 M LiCl/D2O up to ca. 175 K, spectrum 4E is resulted. In 

spectrum 4E, we find the development of line components of the anisotropic HFCC of the 

N2 atom and as found for the monomers, the development of line components of the 

anisotropic HFCC of the N2 atom is related to the deprotonation to solvent. Subtraction (ca. 

45%) of spectrum 4B from spectrum 4E resulted in spectrum 4F and superimposition of an 

authentic spectrum of 1-Me-G(N2-H)• (blue) (Figure 2B) upon spectrum 4F confirms that 

spectrum 4F is due to (G(N2-H)•:C). Thus, in spectrum 4E, both the radical species (G(N1-

H)•:C) and (G(N2-H)•:C) are found. It is likely that they exist in equilibrium as shown in 

scheme 1. The annealing at higher temperature (ca. 175 K) suggests that this equilibrium 

favors the formation of (G(N2-H)•:C) with increase in temperature.

We note here that annealing an identically prepared sample of one-electron oxidized guanine 

in d[TGGGCCCA]2 at pD ca. 7 in 7.5 M LiCl/D2O up to ca. 177 K yielded an ESR 

spectrum which is identical to the spectrum 4E (see supplemental information Figure S7).

ESR spectral studies in H2O: ESR studies of one-electron oxidized guanine formed in 

d[TGCGCGCA]2 in homogenous H2O glasses (7.5 M LiCl/H2O) were carried out at pH ca. 

9 following the same procedures for D2O glasses. Also, the UV-vis absorption spectrum was 

recorded at ca. 175 K and this absorption spectrum has been compared with the existing 

pulse radiolysis spectrum of one-electron oxidized guanine (sequence G1AA (see Figure 5 in 

Ref. 18b) in aqueous solution at ambient temperature. These results are presented in Figure 

5.

In Figure 5A, the ESR spectrum of one-electron oxidized d[TGCGCGCA]2 (blue) in 

homogenous glassy (7.5 M LiCl/H2O) solution is shown. One-electron oxidized 

d[TGCGCGCA]2 has been produced by the one-electron oxidation reaction between Cl2•− 

and d[TGCGCGCA]2 via annealing in the dark for 45 min at ca. 173 K. The ESR spectrum 
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of authentic G(N2–H)• (green color) in 1-Me-dGuo in H2O (7.5 M LiCl/H2O, Figure 3A) 

has been superimposed on it for comparison. Also, we have superimposed the authentic 

G(N1-H)• spectrum (red) obtained from glassy (7.5 M LiCl) in H2O samples of dGuo 

obtained by one-electron oxidation via annealing at 155 K in the dark. Using the G(N2–H)• 

(green) and the G(N1-H)• (red) spectra as benchmarks, we find that the ESR spectrum of 

one-electron oxidized d[TGCGCGCA]2 (blue) is composed of ca. 60% G(N2–H)• and ca. 

40% G(N1-H)•. Thus, comparison of this analysis with that shown in Figures 4E and 4F, we 

conclude that contributions of G(N1-H)• and G(N2–H)• to the spectrum of one-electron 

oxidized d[TGCGCGCA]2 are very similar in H2O (Figure 5A) and in D2O (Figure 5E) 

glasses.

In Figure 5B, we have compared the spectrum of the one-electron oxidized 

d[TGCGCGCA]2 (blue color) obtained in H2O glass (see Figure 5A) with the spectrum of 

the one-electron oxidized d[TGCGCGCA]2 found in D2O glass (black) (seeFigure 4E). As 

found for 1-Me-dGuo (see Figure 3A), the wings of the G(N2–H)• spectrum of the one-

electron oxidized d[TGCGCGCA]2 (blue color) obtained in H2O glass show clearly the Azz 

component of hyperfine coupling of the exchangeable N-H atom in d[TGCGCGCA]2. In 

addition the spectrum in D2O shows the collapse of these features expected from the loss of 

the N2-H coupling.

In Figure 6, we present the UV-visible spectrum of a sample of one-electron oxidized 

d[TGCGCGCA]2 (pink) in a H2O glass at pH 9 recorded at ca. 175 K. These conditions 

corresponds those for the ESR spectra found in Figures 4E and 5A where ca. 60% G(N2-H)• 

was found. The UV-visible spectrum in Figure 6 has an absorption at 630 nm similar to the 

UV-visible spectrum of the G(N2–H)• in 1-Me-dGuo in H2O glass at pH 9 (blue) recorded 

at 77 K. This similarity agrees with our more definitive ESR spectral assignment that the 

sample of one-electron oxidized d[TGCGCGCA]2 in homogenous H2O glass has substantial 

extent of G(N2–H)• in it.

We find that the UV-visible spectrum of the one-electron oxidized d[TGCGCGCA]2 (pink) 

and that of the G(N2–H)• found in 1-Me-Guo (black) in Figure 6 are also similar to the 

reported pulse radiolysis spectrum of one-electron oxidized guanine in homogenous aqueous 

solution of a ds DNA oligomer containing isolated guanine moiety (sequence G1AA = 

(5'AAAAAAGAAAAAA3': 3'TTTTTTCTTTTTT5'), seeFigure 4 in ref. 18b) at ambient 

temperature. Owing to the very close similarities in the UV-visible spectra shown in Figure 

6, and on the basis of our ESR spectral results shown in Figure 5, the pulse radiolysis 

spectrum of the one-electron oxidized G1AA is likely is largely from G(N2–H)•.

(c) ESR studies of photo-excitation of G•+:C, G(N1-H)•:C(+H+) and G(N1-H)•:C 
in d[TGCGCGCA]2—Results in Figures 4 and 5 very clearly establish that the ESR 

spectrum of G(N2–H)•:C (see scheme 1) can be very easily distinguished from that of the 

other prototropic species, i.e., G•+:C, G(N1-H)•:C(+H+) or G(N1-H)•:C either in D2O or in 

H2O glasses. However, the ESR spectra of G(N1-H)•:C(+H+) or G(N1-H)•:C are not 

distinguishable by ESR in D2O or in H2O glasses. As mentioned earlier G•+:C, G(N1-

H)•:C(+H+) are distinguishable by ESR but only in 8-deuteroG substituted oligos.
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As discussed in the introduction, it has been observed that sugar radical formation in dGuo26 

and in Guo27 via photo-excitation of one-electron oxidized G depends on the protonation 

state of the one-electron oxidized guanine, and hence, on the pH of the solution. Substantial 

sugar radical formation (>80%) via photo-excitation of the cation radical (G•+) but, at pH 

≥9, only G(N1-H)• is present and only small amounts (ca. ≤10%) sugar radicals are been 

found on photoexcitation.26, 27 We also note here that in the homogenous frozen aqueous 

solution of highly polymerized ds salmon testes DNA, substantial formation of C1′• sugar 

radical (ca. 50%) via photo-excitation of the guanine cation radical in the wavelength range 

310 – 480 nm has been observed.26

These results lead us to test whether the initial rate of photo-conversion to C1′• sugar radical 

via photo-excitation of G•+ in the ds DNA-oligomer and of G(N1-H)•:C(+H+) might be 

different from that via photo-excitation of G(N1-H)•:C. These results are presented in Figure 

7 below.

In Figure 7A, the ESR spectrum of the one-electron oxidized guanine in d[TGCGCGCA]2 in 

7.5 M LiCl/H2O at pHs ca. 3 (red), ca. 5 (black), and ca. 9 (blue) are presented. As per the 

results from Figure 4, we expect G•+ in the ds DNA-oligomer to be present at pH ca. 3, 

G(N1-H)•:C(+H+) at pH 5, and G(N1-H)•:C at pH 9. All these samples were identically 

prepared and handled. The one-electron oxidant employed here is Cl2•− and the one-electron 

oxidation of d[TGCGCGCA]2 was carried out via annealing in the dark for 15–20 min at ca. 

155 K. The ESR characteristics (g value at the center (g⊥), the overall hyperfine splitting, 

and the lineshape) of the ESR spectrum (red) of the one-electron oxidized d[TGCGCGCA]2 

at pH ca. 3, 5 and 9 are near identical even though the GC one electron oxidized species are 

in differing protonation states which are thus not readily distinguishable in H2O. This result 

is in agreement with earlier reported results obtained in dGuo samples (see Figure 1 in ref. 

9).

After 1h of photo-excitation of one-electron oxidized guanine in d[TGCGCGCA]2 with a 

250 W photoflood lamp, the formation of sugar radicals, predominantly C1′•, via photo-

excitation at pH ca. 3 (Figure 7B red) is seen to be substantially more that at pH ca. 5 (see 

Figure 7B, black), and even more than that at ca. 9 (see Figure 7B blue). Analysis of the 

spectra show that sugar radical production at pH ca. 3 is found to be higher by factor of 2.5 

over that at pH ca. 5 and of 7.5 over that at pH ca. 9. Thus, we find that photoconversion 

occurs most readily for G•+ in the ds DNA-oligomer at pH 3, followed by G(N1-H)•:C(+H+) 

at pH 5 with the least extent for G(N1-H)•:C at pH 9. Hence the results shown in Figure 7B 

clearly suggest that G•+:C, G(N1-H)•:C(+H+), and G(N1-H)•:C can be distinguished from 

one another, based on the extent of photo-conversion to predominantly C1′• sugar radical.

To test the responsiveness of G(N2-H)•:C to sugar radical formation on photoexcitation, we 

have also photo-excited a glassy sample of one-electron oxidized d[TGCGCGCA]2 in a D2O 

glass at pH 9 which was annealed to ca. 175 K (see supplemental information Figure S8). 

The conditions before photo-excitation correspond to those for the ESR spectra found in 

Figures 4E and 5A where ca. 60% G(N2-H)• was observed. Photo-excitation of this glassy 

sample using a 20 mW 405 nm laser for 45 min at 148 K caused only a minor (ca. 20 %) 

conversion to C1'-sugar radical (see supplemental information Figure S8). For an identically 
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prepared (D2O) glassy sample of one-electron oxidized d[TGCGCGCA]2 in which one-

electron oxidized guanine is in G(N1-H)•:C(+H+) state, only 30 min of photo-excitation 

using the same 405 nm laser at 148 K resulted in near complete conversion (ca. 90%) to 

sugar radicals (see supplemental information Figure S8). These results and those presented 

above clearly show that G(N1-H)•:C(+H+) is far more sensitive to photoconversion that 

either G(N2-H)•:C or G(N1-H)•:C.

These results lead us to suggest a mechanism for sugar radical formation on photo-excitation 

in dsDNA-oligomers containing one-electron oxidized G. Arguing from the results for the 

free deoxyribonucleotide, dGuo, where G•+ was photosensitive and G(N1-H)• was not 

photosensitive, one-electron oxidized guanine base should be protonated for sugar radical 

formation to take place.26 Thus, the substantial photo-conversion of one-electron oxidized 

d[TGCGCGCA]2 at pH ca. 3 where G•+ is present (see Figure 7B, red) is the expected 

result. To account for the photo-conversion to sugar radical at pH ca. 5, we propose that 

reprotonation of the guanine base in G(N1-H)•:C(+H+) in the excited state precedes 

deprotonation from the sugar (see scheme 4).

For photolysis of G(N1-H)•:C at pH ca. 9 (Figure 7B, red), reprotonation of the guanine 

base in the excited state is hindered as the proton must return from the surrounding solvent 

and thus the very low extent of photo-conversion to sugar radical is expected. For G(N2-

H)•:C is missing the N2 proton and this is also found to deactivate the species to 

photoconversion to sugar radicals.

Theoretical (DFT) studies

(a) Hydrated 1-Me-dGuo

The optimized geometries of 1-Me-dG•+, 1-Me-dG(N2-H)•syn and 1-Me-dG(N2-H)•anti in 

the presence of seven waters are shown in Figure 8. The calculations based on DFT/B3LYP/

6-31G(d) method show that the 1-Me-dG(N2-H)•syn conformation is more stable than the 1-

Me-dG(N2-H)•anti conformation by ca. 7 kcal/mol. This is in agreement with our recent 

study in one-electron oxidized dGuo21, in which G(N2-H)•syn was found to be more stable 

than its corresponding anti conformer by 3.6 kcal/mol. In that study, we employed 

experiment and theory to show that the N1-H of G•+ in dGuo is the preferred site of 

deprotonation from G•+. However, in 1-Me-dGuo (or 1-Me-Guo), the H atom at the N1-site 

has been substituted by the methyl group, and the site of deprotonation in 1-Me-dG•+ in 1-

Me-dGuo (or, in 1-Me-G•+ in 1-Me-Guo) must be at N2 as Steenken and co-workers17a 

pointed out earlier. The B3LYP/6-31G(D) calculated HFCCs of 1-Me-dG•+, and 1-Me-

dG(N2-H)• in syn- and anti-conformations along with the experimental HFCCs are 

presented in Table 1. From Table 1, it is evident that the theoretically obtained values of 

HFCCs of 1-Me-dG•+ are in good agreement with the corresponding experimental values. 

From the present study, we also found that substitution of the H-atom at N1 site of G•+ by 

the methyl group in 1-Me-dG•+ does not have any influence on the HFCCs values (see 

Table 1 (present study) and Table 1 in Ref. 21).

The theoretically obtained HFCCs of 1-Me-dG(N2-H)•syn and 1-Me-dG(N2-H)•anti are 

found to be very similar and matched reasonably well with the experimental values (Table 
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1). However, on the basis of stability, we suggest that experimentally observed spectrum of 

1-Me-dG(N2-H)• in either 1-Me-dGuo (or of 1-Me-G(N2-H)• in 1-Me-dGuo) has the 

predominant contribution from the syn-conformation of 1-Me-dG(N2-H)• (Figure 8b)).

(b) Hydrated GC base pair

The intra-base pair proton transfer reactions in one-electron oxidized G:C (see Scheme 1 and 

Scheme 3 for atom numbering) is quite important and proposed to control the hole transfer 

in DNA. Recently, the intra-base pair proton transfer from G(N1-H) to C in G•+:C has been 

studied using experiment9 and B3LYP/6-31+G** level of theory22 and G(N1-H)•:C(+H+) 

was found to be more stable in the presence of the aqueous environment.

Regarding the subsequent deprotonation of one-electron oxidized G:C to the surrounding 

solvent, there are two possibilities – (i) the deprotonation at N1-H leading to G(N1-H)•:C, 

and (ii) the deprotonation at N2-H (see scheme 3) leading to G(N2-H)•:C (see scheme 1). 

Therefore, we optimized the structures of G(N1-H)•:C and G(N2-H)•:C in the presence of 

11 waters using B3LYP/6-31+G** method (Figure 9). It has been observed that the HFCC 

values are independent of the two methods - B3LYP/6-31G(d) and B3LYP/6-31+G**.38

Using B3LYP/DZP++ method, Bera and Schaefer25 had also studied the deprotonation from 

various sites of G:C base pair. They had found that structure shown in Figure 9b due to loss 

of N2H” is ca. 1 kcal/mol more stable than the corresponding structure obtained due to the 

loss of N2-H' (see Scheme 3). The calculations reported here show that both G(N1-H)•:C 

and G(N2-H)•:C (Figure 9) are nearly isoenergetic with a difference of 0.4 kcal/mol, while, 

in gas phase G(N2-H)•:C was found to be more stable than G(N1-H)•:C by 1 kcal/mol as 

found by Bera and Schaefer.25 Our calculated optimized structure, shown in Figure 8a, is in 

accord with the Bera and Schaefer's calculation (see Figure 2 in Ref. 25). From theoretical 

calculations, it is predicted that at ambient temperature both structures (G(N1-H)•:C and 

G(N2-H)•:C) should be present in equilibrium in near equal amounts. Our ESR results, see 

Figures 4E and 5A, at 175 K show near equal amounts of the two forms with N2 slightly 

favored; pulse radiolysis data at ambient temperature suggest N2 may be the predominant 

site of deprotonation for a DNA oligomer with one G (See Figure 6).

Conclusions

The experimental and theoretical studies reported here, lead to the following salient 

findings:

1. Change of site of deprotonation of one-electron oxidized G:C with temperature

The initial site of deprotonation of one-electron oxidized guanine in double stranded DNA to 

the surrounding solvent is at N1. However, upon increasing the temperature via progressive 

annealing to 175 K (see Figures 4E, 4F, and Figure 5), the site of deprotonation shifts to an 

equilibrium mixture of G(N1-H)•:C and G(N2-H)•:C. We note for another ds oligomer, 

d[TGGGCCCA]2, we have also found an equilibrium mixture of G(N1-H)•:C and G(N2-

H)•:C at ca. 175 K (see supplemental information Figure S7). Our theoretical calculations 

for a single GC base pair, suggest a very slight favoring of G(N2-H)•:C by 0.4 kcal/mol over 

G(N1-H)•:C. Our UV-vis spectra (Figure 6) when compared to pulse radiolysis studies 
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carried out at room temperature in aqueous solution by Tagawa et al. 18b which show loss of 

absorption at 630 nm with the increasing extent of continuous G moieties in one electron 

oxidized oligos. This suggests that G(N1-H)•:C is favored over G(N2-H)•:C with the extent 

of continuous G moieties. This base sequence dependence needs to be confirmed in other 

studies.

2. Identification of G(N2–H)•:C in the ds oligomer

By employing the ESR and UV-vis spectral studies of one-electron oxidized 1-Me-dGuo (or 

1-Me-Guo) as benchmarks, we have been able to analyze the UV-visible and ESR spectral 

data from one-electron oxidized d[TGCGCGCA]2 at various pHs. These results clearly 

show that, for the first time, G(N2-H)•:C is easily identified in the one-electron oxidized ds 

DNA-oligomer, from the other prototropic forms shown in scheme 1 owing to its distinctly 

observable exocyclic nitrogen HFCC (Azz(N-2) =16 G), the exchangeable N2-H proton 

HFCC (Azz = 8G), and by the characteristic UV-vis absorption at 630 nm (see Figures 1C 

and 6). Pulse radiolysis studies by Tagawa et al. 18 for an one-electron oxidized ds DNA 

oligomer with one G also show an absorption at 630 nm and thus we suggest provide 

evidence of formation of G(N2-H)•:C at ambient temperature. Our theoretical calculations 

performed by employing density functional theory (DFT) add substantial confidence in our 

identification of G(N2-H)• from the closeness of computed hyperfine couplings to 

experiment (see Table 1 and Figure 8).

3. Distinction of the protonation states via photo-conversion of one-electron oxidized 
guanine in the ds DNA oligomer

The four protonation states of the one-electron oxidized G:C in d[TGCGCGCA]2, i.e., 

G•+:C, G(N1-H)•:C(+H+), G(N1-H)•:C, and G(N2-H)•:C are schematically presented in the 

scheme 1. It is clearly evident from Figure 7B that, the extent of photo-conversion to sugar 

radicals (mainly C1′•) for G•+:C, G(N1-H)•:C(+H+) and G(N1-H)•:C in the oligomer allows 

for a clear distinction between these various protonation states. To explain this difference in 

sugar radical formation on photoexcitation, we propose that proton transfer to N1 in the G 

moiety of G(N1-H)•:C(+H+) within the lifetime of excited state is required for the 

subsequent deprotonation step from the sugar ring (Scheme 4). The presence of the N1-H 

proton on G in G•+:C accounts for the greater sugar radical formation than for G(N1-

H)•:C(+H+). Further, the lack of the N1–H proton on C in G(N1-H)•:C accounts for the 

lesser amount of sugar radical formation than found for G(N1-H)•:C(+H+). The fact that 

G(N2-H)•:C also shows little photosensitivity shows that deprotonation at N2 also 

deactivates photoconversion to sugar radicals. We note that recent work by Kohler and 

coworkers48 on the excited states in GC oligomer also suggests that proton transfer in ion-

radical exciplexes occurs within the time frame of the excitation.

Thus, in this work, we have been able to identify or distinguish each of the four protonation 

states of one-electron oxidized G:C shown in scheme 1.

4. Relevance of the prototropic to hole transfer studies in DNA

Figures 4 A to D clearly show that up to 155 K, the site of deprotonation of one-electron 

oxidized guanine in double stranded DNA to the surrounding solvent is at N1. On 
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progressive annealing to 175 K (see Figures 4E, 4F, and Figure 5), the site of deprotonation 

shifts from G(N1-H)•:C to an equilibrium mixture of G(N1-H)•:C and G(N2-H)•:C. In the 

homogenous glassy solution of the DNA-oligomers up to 175 K, the characteristic line 

components for 8-hydroxy-guanyl-7-yl radical (•GOH) which would result from the 

nucleophilic addition of water to the guanine cation radical33 have not been observed. 

Furthermore, the sharp singlet at g = 2.0048 for the subsequent 2 electron oxidation product 

of •GOH which has been assigned to 8-oxo-G cation radical33 was not observed after 

annealing to 175 K. From our previous work using hydrated DNA pellets,33 it was found 

that the nucleophilic addition of water to guanine cation radical and the subsequent multiple 

one-electron oxidation processes to 8-oxo-G cation radical occur above ca. 200 K. However, 

for the glassy systems used in this work, at temperatures above 180 K, the glass becomes a 

liquid and radicals are quickly lost. Thus, the glassy system used in this report is most 

suitable for ESR studies of radical intermediates which are involved in the prototropic 

equilibria of one electron oxidized guanine radical.

5. Implication of prototropic equlibria of guanine cation radical to oxidative stress

One implication of this work that may lead to further investigations is the effect of the 

protonation state on subsequent reactions of the one electron oxidized DNA. It is well 

known that in the presence of oxygen, substantial formation of imidazolone lesions has been 

reported in both ss and ds DNA-oligomers via attack of O2•− at the C5 carbon atom in the 

guanine of G(−H)•. 1, 49 – 51 We find that G(N2-H)• has a higher spin density on the 

heteroatoms (N2 and N3) and less on the carbon sites in the guanine moiety than we find for 

G(N1-H)•. This is evidenced both from the theoretical calculations and experimental 

hyperfine couplings reported in this work. Thus, the reaction of O2•− should add to G(N1-

H)• more readily than to G(N2-H)•. Thus GGG moieties which are suggested in point 1 to 

favor G(N1-H)• are predicted to be more prone to oxidative stress than a single G sites 

which favor G(N2-H)•.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ESR spectra obtained at 77 K for the one-electron oxidized 1-Me-Guo by Cl2•− (A, B) at 

various pDs in 7.5 M LiCl glasses in D2O in the presence of the electron scavenger K2S2O8. 

Figure (C) represents the UV-visible absorption spectra of the same samples of one-electron 

oxidized 1-Me-Guo – 1-Me-G•+ (red) and 1-Me-G(N2-H)• respectively at 77 K in 7.5 M 

LiCl glass/D2O. In Table 1, the ESR parameters, hyperfine couplings and g-values, used for 

the simulated spectra (black) are given. Our results clearly show that 1-Me-G•+ is found at 

pDs ≤5 and 1-Me-G(N2-H)• is formed at pDs 8–12. The ESR spectra as well as the UV-vis 

spectra were recorded at 77 K. The three reference markers showing the ESR spectra in this 

Figure and in subsequent Figures containing ESR spectra are Fremy's salt resonances with 

central marker is at g= 2.0056, and each of three markers is separated from one another by 

13.09 G.
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Figure 2. 
ESR spectra of: authentic (A) 1-Me-G•+ (red) and (B) 1-Me-G(N2-H)• (blue) obtained from 

glassy (7.5 M LiCl in D2O) samples of 1-Me-Guo via annealing at 155 K in the dark. The 

match of these experimentally observed spectra of 1-Me-G•+ and 1-Me-G(N2-H)• as 

benchmarks with those obtained using one-electron oxidized 1-Me-Guo (black) at pD ca. 6.8 

first annealed at 155 K and further annealed at 175 K indicate that for one-electron oxidized 

1-Me-Guo at pD 6.8, annealing at 155 K produces first the cation radical 1-Me-G•+ and 

further annealing at 175 K leads to its deprotonation to form G(N2–H)•. From these results, 

we estimate the pKa of 1-Me-G•+ as ca. 6.6 in our system (7.5 M LiCl in D2O at low 

temperature) as shown in Figure (C).
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Figure 3. 
(A) ESR spectra of authentic 1-Me-dG(N2-H)• obtained from glassy (7.5 M LiCl) in D2O 

(blue) and in H2O (green) samples of 1-Me-dGuo by one-electron oxidation via annealing at 

155 K in the dark. Expansion of the wings by factor of 5 shows the Azz component of N2-H 

coupling in H2O – which is lost in D2O. (B) Comparison of the spectrum of 1-Me-dG(N2-

H)• obtained from glassy (7.5 M LiCl) in H2O (green) samples of 1-Me-dGuo with the 

simulated spectrum (black). In Table 1, the ESR parameters, hyperfine couplings and g-

values, used for the simulated spectrum (black) are provided. Our results clearly show that 

in 1-Me-dG(N2-H)• in H2O, the additional line components due to the HFCC value of N2-H 

atom are clearly observable at the wings of the spectrum. All the ESR spectra were recorded 

at 77 K.
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Figure 4. 
ESR spectra of one-electron oxidized guanine in d[TGCGCGCA]2 in 7.5 M LiCl/D2O 

(black) in the presence of K2S2O8 as an electron scavenger at various pDs (A) at pD ca. 3, 

(B) at pD ca. 5, (C, E) at pD ca. 9 obtained by annealing in the dark at 155 K for 15 – 20 

min. Authentic G•+ spectrum (red) from 1-Me-Guo (Figure 1A) has been superimposed on 

spectrum (A). Authentic G(N1-H)•:C(+H+) spectrum (green) obtained from one-electron 

oxidized d[GCGCGC]2 from our previous work9 has been superimposed on spectrum (B). 

Spectrum (D) is obtained by subtraction (ca. 20%) of 1-Me-G(N2-H)• (Spectrum 1B). As 

shown this resultant spectrum matches that of spectrum G(N1-H)• from dGuo in pink from 

our previous work21 where the deprotonation occurs from N1 site in one-electron oxidized 

dGuo to the solvent. Spectrum (E) is obtained by further annealing the sample used to obtain 

spectrum (C) at 175 K in the dark for 15 min. Subtraction (ca. 45%) of spectrum 4B from 

spectrum 4E resulted in spectrum 4F. Authentic spectrum of G(N2-H)• obtained from 1-Me-

Guo (Figure 1B) is superimposed on spectrum 4F. Spectrum (A) is assigned to G•+, 

Adhikary et al. Page 26

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spectrum (B) to G(N1-H)•:C(+H+), spectrum (D) is assigned to G(N1-H)•:C. and spectrum 

(F) to G(N2-H)•:C. All the spectra were recorded at 77 K.
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Figure 5. 
ESR spectra of one-electron oxidized d[TGCGCGCA]2 and model compounds in glassy 7.5 

M LiCl solutions at pH ca. 9. (A) ESR spectrum of G(N2-H)• obtained from 

d[TGCGCGCA]2 in H2O (blue) formed after annealing to ca. 173 K. The authentic G(N2-

H)• spectrum (green) from 1-Me-dGuo and the authentic G(N1-H)• spectrum (red) obtained 

from dGuo are superimposed on it. The wings show the Azz component of the exchangeable 

N2-H coupling in ds oligomer in H2O. (B) Comparison of the spectrum of one-electron 

oxidized d[TGCGCGCA] in H2O from A (blue) with that found in D2O (black) for an 

otherwise identical sample. The Azz component of the remaining N2-H proton hyperfine 

coupling of G(N2-H)• is clearly visible in the wings spectrum (blue) in Figure (B). All ESR 

spectra were recorded at 77 K.

Adhikary et al. Page 28

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
The UV-visible absorption spectra of one-electron oxidized guanine in oligos and model 

compounds. The pink line is that of one-electron oxidized d[TGCGCGCA]2 in glassy (7.5 

M LiCl) in H2O at pH 9 at 180K and is assigned to G(N2-H)•:C. The ESR spectrum is 

shown in Figure 5A. In blue the UV-vis spectrum of an authentic G(N2-H)• from 1-Me-Guo 

(blue) at 77 K in 7.5 M LiCl glass/H2O at pH 9 whose ESR spectrum is also shown in 

Figure 5A. The green data points are taken from existing pulse radiolysis spectrum of one-

electron oxidized guanine containing oligo (sequence G1AA, see Figure 4 in Ref. 18b) in 

aqueous solution at ambient temperature. The spectra in the pink, green, and the blue 

spectrum have been multiplied by 2.5, 4, and 0.5 respectively. The spikes in the blue UV-vis 

spectra are due to bubbles from liquid nitrogen.
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Figure 7. 
(A) ESR spectra of one-electron oxidized d[TGCGCGCA]2 in 7.5 M LiCl/H2O in the 

presence of K2S2O8 as an electron scavenger at three pHs - at pH ca. 3 (red), ca. 5 (black), 

and at ca. 9 (blue). After 1h of photo-excitation by a 250 W photoflood lamp at 148 K, sugar 

radical formation indicated by the arrows is shown in Figure (B). The outer components are 

due to the C1′-radical. The extent of sugar radical formation via photo-excitation of one-

electron oxidized d[TGCGCGCA]2 at pH ca. 3 is found to be higher by a factor of 7.5, and 

at pH ca. 5 is found to be higher by a factor of 3 than the corresponding extent of sugar 

radical formation at pH ca. 9. On this basis, spectrum at pH ca. 3 (red) is assigned to the 

cation radical G•+ in the ds DNA-oligomer, spectrum at pH ca. 5 (black) in (A) to G(N1-

H)•:C(+H+) whereas the spectrum at pH ca. 9 (red) in (A) is assigned to G(N1-H)•:C. All 

spectra were recorded at 77 K.
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Figure 8. 
The fully optimized geometries of (a) 1-Me-dG•+, (b) 1-Me-dG(N2-H)•syn, and (c) 1-Me 

dG(N2-H)•anti in the presence of seven water molecules. The optimization was carried out 

with the aid of DFT/B3LYP/6-31G(d) method. The relative stabilities of 1-Me-dG(N2-

H)•syn and 1-Me-dG(N2-H)•anti in kcal/mol are provided in parentheses.
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Figure 9. 
The fully optimized geometries of (a) G(N1-H)•:C and (d) G(N2-H)•:C in the presence of 11 

water molecules. The optimization was carried out with the aid of DFT/B3LYP/6-31+G** 

method. The relative stabilities between G•+: C and G(N1-H)•:C(+H+) and G(N1-H)•:C and 

G(N2-H)•:C are given in parentheses.
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Scheme 1. 
Schematic representation of prototropic equilibria in the one-electron oxidized G:C. The 

intra-base pair proton transfer within the one-electron oxidized G:C (process 1) and proton 

transfer to water either from the N1 atom (process 2) or from the nitrogen atom in the 

exocyclic amine (N2) of the guanine moiety in the one-electron oxidized G:C (process 4) are 

shown. The interconversion between G(N1-H)•:C and G(N2-H)•:C is represented by process 

3. The conformation of the G(N1-H)•:C shown in this scheme has been adopted from the gas 

phase optimized geometry obtained by Bera et al. by using DFT (see ref. 25 for details) and 

this conformation of G(N1-H)•:C has been verified in this work for hydrated one-electron 

oxidized G:C.
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Scheme 2. 
Prototropic equilibria of one-electron oxidized guanine in 1-methyl guanine including the 

cation radical (G•+), the mono- deprotonated species, G(N2-H)•, in syn and anti- conformers 

with respect to the N3 atom). The numbering scheme shown here is followed in this work 

involving the theoretical calculations with 1-Me-dGuo.
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Scheme 3. 
The numbering scheme for the calculations of one-electron oxidized G:C structures shown 

in scheme 1.
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Scheme 4. 
Plausible mechanism for the sugar radical formation via excited G(N1-H)•:C(+H+).
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