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Abstract

Purpose—To study the formation and subsequent reactions of the 5-methyl-2′-deoxycytidine 

cation radical (5-Me-2′-dC•+) in nucleosides and DNA-oligomers and compare to one electron 

oxidized thymidine.

Materials and methods—Employing electron spin resonance (ESR), cation radical formation 

and its reactions were investigated in 5-Me-2′-dC, thymidine (Thd) and their derivatives, in fully 

double stranded (ds) d[GC*GC*GC*GC*]2 and in the 5-Me-C/A mismatched, 

d[GGAC*AAGC:CCTAATCG], where C* = 5-Me-C.

Results—We report 5-Me-2′-dC•+ production by one-electron oxidation of 5-Me-2′-dC by Cl2•− 

via annealing in the dark at 155 K. Progressive annealing of 5-Me-2′-dC•+ at 155 K produces the 

allylic radical (C-CH2•). However, photoexcitation of 5-Me-2′-dC•+ by 405 nm laser or by 

photoflood lamp leads to only C3′• formation. Photoexcitation of N3-deprotonated thyminyl 

radical in Thd and its 5′-nucleotides leads to C3′• formation but not in 3′-TMP which resulted in 

the allylic radical (U-CH2•) and C5′• production. For excited 5-Me-2′,3′-ddC•+, absence of the 3′-

OH group does not prevent C3′• formation. For d[GC*GC*GC*GC*]2 and 

d[GGAC*AAGC:CCTAATCG], intra-base paired proton transferred form of G cation radical 

(G(N1-H)•:C(+H+)) is found with no observable 5-Me-2′-dC•+ formation. Photoexcitation of 

(G(N1-H)•:C(+H+)) in d[GC*GC*GC*GC*]2 produced only C1′• and not the expected 

photoproducts from 5-Me-2′-dC•+. However, photoexcitation of (G(N1-H)•:C(+H+)) in 

d[GGAC*AAGC:CCTAATCG] led to C5′• and C1′• formation.

Conclusions—C-CH2• formation from 5-Me-2′-dC•+ occurs via ground state deprotonation 

from C5-methyl group on the base. In the excited 5-Me-2′-dC•+ and 5-Me-2′,3′-ddC•+, spin and 

charge localization at C3′ followed by deprotonation leads to C3′• formation. Thus, deprotonation 

from C3′ in the excited cation radical is kinetically controlled and sugar C-H bond energies are not 

the only controlling factor in these deprotonations.
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Introduction

5-Methylcytosine (5-Me-C), which is found in genomic DNA, represses gene expression 

and thereby is involved in cellular differentiation and ultimately epigenetics. 5-Me-C is 

primarily abundant in repeating CpG doublets (Clark et al. 1994; Zuo et al. 1995). In DNA, 

5-Me-C is known as a “hot spot” for mutation in irradiated polynucleotides (Zuo et al. 

1995). Therefore, radiation chemical studies of the nucleobase (5-Me-C), of its nucleoside 5-

Me-2'-dC, and of 5-Me-C incorporated DNA-oligomers are of importance to the 

understanding of why 5-Me-C acts as the mutational “hot spot” in DNA”.

A number of radiation chemical studies the base, 5-Me-C, the nucleoside 5-Me-2'-dC, and 

the ds polymer (poly (dG:5-Me-2'-dC)) have been reported in the literature. For example, 

pulse radiolysis studies of 5-Me-C was carried out by von Sonntag and his group (Hissung 

and von Sonntag, 1979) in aqueous solution at ambient temperature and characterized the 

UV-Vis (ultraviolet-visible) absorption spectrum of its reversibly N3-protonated one-

electron adduct, and elucidated the reactions of radiation-produced hydroxyl radical (•OH) 

with 5-Me-C. Also, γ-radiolysis of homogeneous aqueous solutions of poly (dG:5-Me-2'-

dC) and poly (dA:dT) at ambient temperatures reported very similar yields of thymine 

glycol (Zuo et al. 1995) thereby showing that both 5-Me-C and T residues in DNA are both 

equally affected by •OH reactions.

Electron spin resonance (ESR) studies of X-ray irradiated (10 K) single crystals of 5-

methylcytosine hemihydrate at 10 K along with theoretical calculations based on density 

functional theory (DFT) have led to the identification of various radical species, e.g., the 

N1-deprotonated 5-methylcytosine cation radical (5-Me-C(N1-H)•), the allylic radical (C-

CH2•) likely formed via deprotonation from the methyl group was identified, along with the 

H-atom adduct radicals (one-electron reduction followed by protonation) at C5 (C5-H-C6-

yl) and C6 (C6-H-C5-yl) (Krivokapić et al. 2009, 2010). Electron spin resonance (ESR) 

studies of X-ray irradiated single crystal of 5-methylcytosine hemihydrate at ambient 

temperature (295 K) as well as ESR studies after warming at 295 K of X-ray irradiated (10 

K) 5-Me-C single crystals show only C-CH2• and C6-H-C5-yl radicals (Krivokapić et al. 

2009, 2010).

ESR studies of 5-Me-C in X-ray irradiated homogeneous 7 M BeF2 glasses (either H2O or 

D2O) at low temperatures (140 to 210 K) show unequivocal formation of C-CH2• due to H-

atom abstraction by •OH from the methyl group at C5 (Ohlmann and Hüttermann, 1993). 

Moreover, in these glasses, owing to the pre-hydrated electron addition at 77 K followed by 

protonation via warming the glass at 190 K, C6-H-C5-yl spectrum has been reported 

(Ohlmann and Hüttermann, 1993). Photoionization of 5-Me-C in 8 M NaClO4 glasses at 77 

K led to the formation of the 5-Me-C cation radical and via warming, the C-CH2• spectrum 
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was observed (Sevilla et al. 1972). However, C3′• formation via photoionization of the 5-

Me-2′-dC using a 248 nm laser at 77 K has been reported (Malone et al. 1995).

The theoretically calculated ionization potential (Ip) of 5-Me-C as 8.50 eV whereas the 

corresponding Ip value of C is 8.79 eV (Close, 2003). The lowering of Ip in 5-Me-C (0.29 

eV) is attributed to the presence of the electron donating methyl group at C5 in the cytosine 

base. Also, due to the electron donating methyl group, the pKa of the 5-Me-C(H+) becomes 

ca. 4.7 (Kawai et al. 2002, 2009) whereas the corresponding pKa of C(H+) is ca. 4.5 

(Adhikary et al. 2009). As a result, the intra-base pair proton transfer equilibrium of the 

guanine cation radical in the G:C base pair (G•+:C) formed via one-electron oxidation shifts 

to favor protonation at the 5-Me-C and this has indeed been shown by employing laser flash 

photolysis of the 5-Me-C incorporated dsDNA-oligomers (Kawai et al. 2009). However, 

replacement of C by 5-Me-C in a dsDNA-oligomer in aqueous solution at room temperature 

does not affect the extent of hole (unpaired spin) trapping at G sites (Kanvah and Schuster, 

2004). Furthermore, this group (Joseph and Schuster, 2012), has reported an increase of 

strand breaks at 5-Me-C/A or at 5-Me-C/T mismatches after hot piperidine treatment for 

photoexcited dsDNA-oligomers relative to the fully dsDNA oligomers without mismatches. 

Moreover, employing liquid chromatography followed by tandem mass spectrometry (LC-

MS/MS), a novel intrastrand crosslinking via addition of C-CH2• to the C-8 atom of G in the 

complementary strand has been reported in each of the γ-irradiated 5-Me-C:G and G:5-Me-

C base pairs in aqueous solution at ambient temperature in the absence of oxygen (Zhang 

and Wang, 2003).

In this work, we report the radiation chemical studies of the nucleobase (5-Me-C), of the 

nucleosides (e.g., 5-Me-2'-dC, 2',3'-dideoxy-5-methylcytidine (5-Me-2',3'-ddC)) and 5-Me-C 

incorporated DNA-oligomers (fully double stranded (ds) and ds with 5-Me-C mismatches). 

Not only we have reported the ESR spectrum of the 5-Me-2'-dC cation radical (5-Me-2′-

dC•+), our results show that only C-CH2• formation occurs on thermally induced 

deprotonation of 5-Me-2′-dC•+ from the C5-methyl group. Whereas, ESR spectral studies 

show that predominantly C3′• formation occurs from excited 5-Me-2′-dC•+ via 

deprotonation at the sugar C3′-site. DFT calculations show the spin and charge localization 

changes from the base to the sugar in the excited state which indicate that deprotonation 

occurs at sites of high spin and charge. The absence of the 3′-OH group in excited 5-Me-2′,

3′-ddC•+ does not prevent deprotonation at C3′ to produce C3′•. This result shows that the 

excited state deprotonation of the cation radical is not entirely thermodynamically 

controlled. C3′• formation is also observed via photoexcitation of N3-deprotonated thyminyl 

radical in Thd and its 5′-nucleotides but not in 3′-TMP. The one-electron oxidized fully 

double stranded (ds) DNA-oligomer containing 5-Me-C with or without a 5-Me-C/A 

mismatch produced the intra-base paired proton transferred form of the guanine cation 

radical that on excitation forms only C1′• for fully ds DNA-oligomer but showed substantial 

C5′• formation for an one-electron oxidized DNA-oligomer with a 5-Me-C/A mismatch. 

These results, in conjunction with the results reported by Joseph et al. (Joseph and Schuster, 

2012) suggest that mismatches having 5-Me-C would be more mutagenic.
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Materials and Methods

Model compounds

Monomeric model Compounds—5-Methyl-2'-deoxycytidine (5-Me-2'-dC) and 2',3'-

dideoxy-5-methylcytidine (5-Me-2',3'-ddC) were obtained from Carbosynth Ltd. (Berkshire, 

UK). 2'-deoxycytidine, Thymidine (Thd), thymidine-3'-monophosphate (3'-TMP), 

thymidine-5'-monophosphate (5'-TMP), thymidine-5'-diphosphate (5'-TDP), thymidine-5'-

triphosphate (5'-TTP), lithium chloride (LiCl) (99% anhydrous, SigmaUltra), and sodium 

perchlorate (NaClO4) were obtained from Sigma Chemical Company (St Louis, MO, USA). 

2',3'-dideoxy-5'-thymidine triphosphate (2',3'-dd-5'-TTP) was purchased from TriLink 

Biotechnologies (San Diego, CA, USA). 2',3'-dideoxyadenosine (2',3'-ddAdo) was obtained 

from Berry & Associates, Inc. (Dexter, MI, USA). Potassium persulfate (crystal) was 

obtained from Mallinckrodt, Inc. (Paris, KY, USA). Deuterium oxide (D2O) (99.9 atom % 

D) was purchased from Aldrich Chemical Company Inc. (Milwaukee, WI, USA).

dsDNA oligomers—The lyophilized, desalted, and column purified dsDNA oligomers – 

d[GC*GC*GC*GC*]2 and d[GGAC*AAGC:CCTAATCG] (C* = 5-Me-C) were procured 

from SynGen, Inc. (Hayward, CA, USA). For ensuring the complete removal of protecting 

groups such as benzoyl (Black and Bernhard 2011) from these dsDNA oligomers, a 

modified column purification protocol with extended wash steps was applied by SynGen, 

Inc. following our recent work with S-oligomers (Adhikary et al. 2013a).

All above-mentioned chemicals were used without further purification.

Preparations of solutions

Following our ongoing studies with the DNA and RNA monomers (Becker et al. 2007, 

2010a, 2010b; Adhikary et al. 2012, 2013b) and DNA and RNA oligomers (Becker et al. 

2007, 2010a, 2010b; Adhikary et al. 2009, 2010, 2012, 2013a; Khanduri et al. 2011), 

homogeneous solution of each monomer was prepared by dissolving ~ 2 to 3 mg of it in 1 

ml of 7.5 M LiCl in D2O; whereas to prepare a homogeneous solution of a dsDNA 

oligomer, ~ 1.5 to 2 mg of it was dissolved in 1 ml of 7.5 M LiCl in D2O. K2S2O8 (5 to 6 

mg/ml) was added to each solution as an electron scavenger to investigate only the 

formation of the one-electron oxidized species and its subsequent reactions. Following the 

procedure by Sevilla and co-workers (Sevilla et al. 1972), homogeneous solution of 5-

Me-2'-dC (0.5 mg/ml) was prepared in 8 M NaClO4 in D2O.

Our previous work (Adhikary et al. 2010) has shown that the 8-mer d[TGCGCGCA]2 

remains double stranded in 7.5 M LiCl in D2O till ca. 48°C.

pH adjustments

The solutions of 5-Me-2'-dC in LiCl were prepared at pHs ca. 5, 7, and 9. The solutions of 

Thd and its nucleotides were prepared at pH ca. 10. The solutions of 5-Me-2',3'-ddC, 2',3'-

ddAdo and of dsDNA oligomers were prepared at the native pH of 7.5 M LiCl in D2O 

(pH/pD ca. 5). pD of the solutions was adjusted, following our earlier works (Adhikary et al. 

2009, 2010, 2012, 2013b; Khanduri et al. 2011), by quickly adding microliter amounts of 1 
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M NaOH in D2O under ice-cooled conditions. Owing to the high ionic strength (7.5 M LiCl) 

of these solutions, we were not able to use pH meters for accurate pH measurements. Thus, 

pH values reported in this work were obtained using pH papers and are approximate.

Glassy sample preparation

Following our earlier works, these homogenous solutions were thoroughly bubbled with 

nitrogen to remove the dissolved oxygen. Transparent glassy samples were then prepared by 

drawing these degassed solutions into 4 mm Suprasil quartz tubes (cat.no. 734-PQ-8, 

WILMAD Glass Co., Inc., Buena, NJ) followed by immediately immersing these tubes 

containing the solutions in liquid nitrogen (77 K).

Irradiation and Storage of Irradiated samples

Following our earlier works with monomers and oligomers, these glassy samples were then 

γ (60Co) -irradiated (absorbed dose = 1.4 kGy (for monomers) and = 3 kGy (for dsDNA 

oligomers) at 77 K. These γ-irradiated samples were stored at 77 K in the dark.

Formation of one-electron oxidized species via thermal annealing and storage of these 
samples

Following our earlier works, one-electron oxidized monomers and dsDNA oligomers were 

produced via annealing in the dark due to one-electron oxidation by Cl2•− in a variable 

temperature assembly (Air Products) in the temperature range (100–155)±4 K employing 

cooled nitrogen gas. Subsequent reactions of the one-electron oxidized species were 

followed by ESR spectroscopy on further annealing these samples at 155±4 K for 5 to 155 

min. After annealing, these samples were immediately immersed in liquid nitrogen (77 K) 

and stored in Teflon containers at 77 K in the dark.

Photo-excitation of one-electron oxidized species in monomers and dsDNA oligomers

Following our works (Adhikary et al. 2010, 2011), one-electron oxidized monomers and 

one-electron oxidized dsDNA oligomers were photoexcited by using thermoelectrically 

cooled blue laser (TECBL-20G-405, World Star Tech, Lot 6880, λ = 405 nm, 20 mW) at the 

range 143 to 148 K. Photoexcitation of samples were also carried out by employing a 

photoflood lamp (250 W) in the presence of water filter (to cut off the infrared (IR) and UV 

components of this light) along with a 310 nm cut-off filter at the range 143 to 148 K and a 

low pressure mercury lamp at 77 K as per our previous works (Adhikary et al. 2005, 2008; 

Sevilla et al. 1972).

Electron spin resonance (ESR) and analyses of the ESR spectra

Following our previous works (Adhikary et al. 2005, 2008, 2009, 2010, 2012, 2013a, 

2013b), ESR spectra of the samples were recorded at 77 K and at 40 dB (20 µW) after γ-

irradiation, after annealing at (100–155)±4 K, and after photoexcitation in the range 143 to 

148 K. A Varian Century Series X-band (9.3 GHz) ESR spectrometer with an E-4531 dual 

cavity, 9-inch magnet, and a 200 mW Klystron was used and Fremy’s salt (gcenter = 2.0056, 

AN = 13.09 G) was employed for the field calibration. All ESR spectra were recorded at 77 

K.
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Following our previous works employing the Bruker programs (WIN-EPR and 

SIMFONIA), simulated spectra of the corresponding experimentally recoded spectra were 

obtained.

Theoretical (DFT) calculations

The calculations were preformed using B3LYP functional and 6–31G* basis set as 

implemented in Gaussian09 suite of programs (Frisch et al. 2009). Molecular structures and 

molecular orbitals were plotted using the freeware IQmol (IQmol) molecular modeling 

program.

It has been well-established in the literature that B3LYP/6-31G* method gave the hyperfine 

coupling constant (HFCC) value which is comparable to the experimentally obtained one 

(Raiti and Sevilla 1999, Adhikary et al. 2006, 2008, 2010, 2012, 2013a,b). Therefore, the 

B3LYP/6-31G* method was employed to calculate the HFCC of radicals reported in this 

work.

Following our works (Kumar and Sevilla 2006, 2008; Becker et al. 2007, 2010a,b; Adhikary 

et al. 2005, 2008), the excited states of 5-Me-2'-dC cation radical were calculated using the 

TD-DFT (time dependent density functional theory) for determining the transition energy 

and the nature of the molecular orbitals involved in transitions. Calculations were performed 

using the TD- B3LYP/6-31G(d) method as implemented in Gaussian 09.

Results

(A) Experimental studies

Formation of the 5-Me-2'-dC•+ and its deprotonation in 5-Me-2'-dC—In Figure 1, 

the ESR spectroscopic evidence of the formation of the “pristine” 5-Me-2'-dC cation radical 

(5-Me-2'-dC•+) and thermal production of the allylic radical (C-CH2•) via deprotonation 

from the 5-methyl group (reactions 1 and 2) are presented.

Figure 1A presents the 77 K ESR spectrum (black) of the γ-irradiated frozen glassy solution 

of 5-Me-2'-dC (2 mg/ml in 7.5 M LiCl in D2O). The spectrum in Figure 1A, shows the 

formation of Cl2•− which results from radiation-induced holes as well as the production of 

SO4•− owing to the reaction between radiation-produced electrons and S2O8
−2 at 77 K 

(Adhikary et al. 2005, 2013a, 2013b). The two large low field resonances are due to Cl2•−; 

the central singlet feature results from SO4•−. Progressive thermal annealing of this sample 

at and above 125 K results in the formation of additional Cl2•− due to the reaction between 

SO4•− with Cl− (spectrum not shown) as observed in our previous work (Adhikary et al. 

2005, 2013a, 2013b).
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(1)

(2)

Annealing of this sample to 155 K for increasing times resulted in spectra B, C, and D. 

Subtraction of 25 % of spectrum D from spectrum B produced the gray colored spectrum E. 

The overall hyperfine splitting, lineshape, and the center of spectrum E matched with those 

in the reported spectrum (see Figure 4 in Sevilla et al. 1972) of 5-Me-C•+ which had been 

obtained via photoionization of 5-Me-C. Based on this work (Sevilla et al. 1972), a 5-Me-2'-

dC•+ spectrum was obtained via photoionization of 5-Me-2'-dC (0.5 mg/ml in 8 M NaClO4 

in D2O) at 77 K (supplemental Figure S1). The overall hyperfine splitting, lineshape, and 

the center of this spectrum matched with those in spectrum E (supplemental Figure S1). 

Therefore, spectrum 1E was assigned to 5-Me-2'-dC•+ spectrum.

The black spectrum in Figure 1(F) was obtained after subtraction of 20% spectrum E from 

spectrum D. The line positions (hyperfine splittings), lineshape, and the g value this 

spectrum in Figure 1(F) matched with the reported spectrum of the allylic radical C-CH2• 

(reaction 2) (Sevilla et al. 1972; Ohlmann and Hüttermann, 1993; Malone et al. 1995). This 

spectrum is therefore assigned to C-CH2• spectrum. Using ESR parameters (Axx, Axy, Ayy, 

and Azz (−19.3, −8.5, 14.3, 15.0) G, (−7.0, 0, 23.5, 15.3) G, (5.0, 0, 14.0, 10.0) G (Ohlmann 

and Hüttermann, 1993)) along with gxx, gyy, gzz (2.003, 2.003, 2.0024), linewidth (3.5, 3.5, 

3.5) G and mixed Lorentzian/Gaussian = 1, the spectrum (gray) of C-CH2• was simulated 

(see Figure 1(F)). This simulated spectrum is superimposed on the experimentally obtained 

spectrum (black) of C-CH2• in Figure 1(F) and match closely. Using spectra (E) and the 

black spectrum in (F) as benchmarks of 5-Me-2'-dC•+ and C-CH2• respectively, analyses of 

spectra (B) to (D) were carried out. Our analyses show that the spectra (B), (C) and (D) 

result from both 5-Me-2'-dC•+ and C-CH2•. In spectrum (B) the percentage of 5-Me-2'-dC•+ 

and C-CH2• are ca. 70% and ca. 30% respectively; whereas in spectrum (C), the 

corresponding percentages are ca. 45% and ca. 55% and in spectrum (D) they are ca. 20% 

and ca. 80%. Thus, these analyses clearly shows that with thermal annealing, 5-Me-2'-dC•+ 
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converts to C-CH2• by deprotonation from the methyl group (reaction (2)). The low 

temperature at which reaction (2) takes place suggests that this reaction has a small 

activation barrier.

Formation of the C3'• via excited state deprotonation of “pristine” 5-Me-2'-
dC•+—Previous ESR spectral studies carried out by our laboratory have established that the 

photoexcited purine cation radical in DNA model systems (nucleosides, nucleotides, single 

and double stranded oligomers), in RNA model systems (nucleosides, nucleotides, single 

stranded oligomers) and in highly polymerized DNA (salmon sperm) lead to formation of 

sugar radicals (Adhikary et al. 2005, 2008, 2010, 2012; Becker et al. 2007, 2010a, 2010b; 

Khanduri et al. 2011). Simultaneously, theoretical calculations employing time-dependent 

density functional theory (TD-DFT) (Kumar and Sevilla, 2006, 2008, 2009) supported these 

experimental results. On this basis, ESR results shown in Figure 2 provide evidence for C3'• 

formation via photoexcitation of “pristine” 5-Me-2'-dC•+. The sample was prepared 

identically to that used for the results presented in Figure 1. Here instead of extensive 

thermal annealing, photexcitation is employed to study the reactions of excited 5-Me-2'-

dC•+ ((5-Me-2′-dC•+)*).

In Figure 2A, the 77 K ESR spectrum (black) of this γ-irradiated 5-Me-2'-dC sample is 

presented. Similarities of spectrum 2A with spectrum 1A clearly shows that spectrum 2A is 

due to Cl2•− and SO4•− as found in Figure 1A.

Annealing of this sample to 155 K for 10 min to allow for one electron oxidation of 5-

Me-2'-dC by Cl2•− resulted in spectrum 2B. Employing spectrum 1(E) and the black 

spectrum in Figure 1(F) as benchmarks of 5-Me-2′-dC•+ and C-CH2• respectively, analyses 

of spectrum 2(B) show this spectrum is due to equal amounts (ca. 50%) of 5-Me-2′-dC•+ 

and C-CH2•.

Subsequent photoexcitation of the sample for 30 min at 143 K using photoflood lamp 

resulted in spectrum 2C. While the line components of C-CH2• remain unchanged in 2C 

from those in 2B, we find photoexcitation creates intense line components (indicated by 

arrows) clearly observed in the wings that are assigned to C3′• and small line components at 

low field from Cl2•− (vide infra).

The black spectrum in Figure 2D is obtained after subtraction of line components of Cl2•− 

and C-CH2• from spectrum 2C. We note here that after subtraction of line components of 

Cl2•− from spectrum 2C, the resultant spectrum was double integrated and then subtraction 

of ca. 50% of the C-C-CH2• spectrum from this spectrum resulted in the back spectrum in 

Figure 2D. This black spectrum shows that it results from three isotropic β-proton hyperfine 

couplings (total hyperfine splitting ca. 91 G). Our work (Adhikary et al. 2008; Becker et al. 

2010a,b) have shown that the β-proton HFCC values for C3′• ranges from ca. 84 to ca. 91 G 

in different nucleosides and tides and with temperature (77 K vs. 143 K). The C3′• spectrum 

was simulated employing three isotropic HFCC (25.0, 31.0, 35.0) G, 6 G linewidth, and giso 

= 2.0032. The simulated (gray) spectrum matches the experimentally isolated C3′• spectrum 

(black) in Figure 2D very well.
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Since spectrum 2B is composed of equal amounts (ca. 50%) of 5-Me-2′-dC•+ and C-CH2• 

respectively and spectrum 2C contains ca. 50% of C-CH2•, 40% C3′•, and ca. 10% Cl2•−, it 

is evident that (5-Me-2′-dC•+)* leads to C3′• formation as well as a small amount of 

oxidation of Cl− in the medium. The formation of C3′• likely occurs via hole transfer from 

the base cation radical to the attached sugar moiety followed by deprotonation at C3′ within 

the lifetime of its excited state. This could be considered to be an excitation-induced hole 

transfer-coupled-deprotonation process. We note that the amount of C-CH2• in the radical 

cohort remains unchanged before (spectrum 2B) and after photoexcitation (spectrum 2C) 

and therefore does not lead to C3′• formation (reaction 4). Therefore, this is clear evidence 

that it is the excitation of a pyrimidine base cation radical (5-Me-2′-dC•+)*, that leads to 

C3′• formation (reaction 3). Previous work (Malone et al. 1995) had shown that the 

photoionization of 5-Me-2′-dC using a 248 nm laser at 77 K leads to the C3′• formation, but 

they did not observe the cation radical spectrum. Our work suggests that the 248 nm laser 

induced two photon photoionization likely created an excited cation radical (5-Me-2′-dC•+)* 

which underwent the excited state deprotonation reaction from C3′ (reaction 3). The site of 

the excited state deprotonation shown in reaction (3) and in subsequent reactions is indicated 

by a pale C3′-H bond.

Our earlier work (Khanduri et al. 2011) employing samples of 7.5 M LiCl/D2O at pDs ca. 3, 

5, and 9 in the presence of K2S2O8 handled, γ-irradiated, annealed, and then photoexcited by 

405 nm laser identical in the presence and in absence of DNA model systems has established 

the formation of additional matrix radical (Cl2•−) formation via one-electron oxidation of 

excited guanine cation radical ((G•+)*). Based on that work, it is concluded that Cl2•− 

formation observed in spectrum 2C is due to one-electron oxidation of Cl− in the matrix by 

(5-Me-2′-dC•+)* (reaction 5). The one-electron oxidation of Cl− by (5-Me-2′-dC•+)* occurs 

via hole transfer from (5-Me-2′-dC•+)* within the lifetime of its excited state.

(3)
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(4)

(5)

Formation of the C3'• via deprotonation of (5-Me-2′-dC•+)* with pH—Employing 

identically prepared, handled, and γ-irradiated samples of 5-Me-2′-dC (2 mg/ml in 7.5 M 

LiCl/D2O at pD ca. 7 and ca. 9), C3′• formation from (5-Me-2′-dC•+)* was studied. These 

results are presented in the supplemental information Figures S2 (pD of the sample ca. 7) 

and S3 (sample pD ca. 9) respectively. Following our results shown in spectrum 2(B), each 

of these samples was annealed at 155 K for 10 min in the dark. Employing benchmarks of 5-

Me-2′-dC•+ and C-CH2• (spectrum 1(E) and the black spectrum in Figure 1(F) respectively), 

analysis show that at pD ca. 7 the percentage compositions of 5-Me-2′-dC•+ and C-CH2• are 

ca. 25% and 75% respectively (spectrum S2(B)); whereas, the corresponding percentage 

compositions at pH 9 are ca. 10% and 90% respectively (spectrum S3(B)). Thus, with 

increasing pH/pD, the extent of 5-Me-2′-dC•+ decreases owing to increasing extent of 

deprotonation from the exocyclic methyl group of 5-Me-2′-dC•+ in its ground state (see 

reaction (2) and Figure 1).

Along with the results presented in Figure 2, photoexcitation of these samples using 405 nm 

laser at 143 K for 30 min (Figure S2(C)) or photoflood lamp at 143 K for 30 min (Figure 

S3(C)) provide direct evidence of the C3'• formation via deprotonation of (5-Me-2′-dC•+)* 

(reaction 3) at pH/pD ranging ca. 5 to ca. 9 along with small extent of Cl2•− formation 

(reaction (5)) as evidenced by its small line components at low field. Comparison of our 

results from pD ca. 5 to pD ca. 9 show that C3'• formation decreases as the extent of 5-

Me-2′-dC•+ formation is reduced by thermal reaction to C-CH2• with increasing pD. C3'• 

formation is, therefore, crucially dependent on the amount of (5-Me-2′-dC•+)* and the latter 

is controlled by the extent of 5-Me-2′-dC•+ in the ground state.
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Formation of the C3'• from one-electron oxidized thymine in its excited state 
in Thd and its nucleotides—According to our earlier studies (Adhikary et al. 2013a), in 

homogeneous glassy (7.5 M LiCl/D2O (or H2O)) solutions of Thd and in its nucleotides, 

Cl2•− results in one-electron oxidation of the thymine base moiety forming the N3-

deprotonated thyminyl radical (T(−H)•) (structure of T(−H)• is shown in reaction (6)) at 

pH/pD ≥ ca. 9. Therefore, after providing evidence of C3'• formation via deprotonation of 

(5-Me-2′-dC•+)* (see reaction 3 and Figures 2, S2, and S3), we have investigated Thd and 

its various nucleotides (e.g., 5′-TMP, 5′-TDP, 5′-TTP, and 3′-TMP) to answer the following 

questions:

i. Does C3'• formation occur in Thd and in its nucleotides from excited T(−H)• 

((T(−H)•)*)?

ii. If C3'• formation occurs via deprotonation of (T(−H)•)*, whether the extent of C3'• 

formation is affected by

a. the site of phosphate substitution (3'- or 5'-), and

b. the number of phosphates at the 5'-site (e.g., 5′-TMP, 5′-TDP, 5′-TTP).

The results are presented in Figures 3 to 5 below.

Annealing of the 5′-TMP sample at pH ca. 10 at 155 K in the dark resulted in spectrum 

3(A). Spectra from the matched samples 5′-TDP and 5′-TTP and also the spectrum from a 

similarly prepared sample of Thd at pH ca. 11 annealed under the same conditions have ESR 

characteristics (lineshape, center, and hyperfine structures) similar to those in spectrum 3A. 

Based on our recent assignment of T(−H)• employing 15N labeled 5′-TMP (Adhikary et al. 

2013a), spectrum 3A is assigned to T(−H)•.

Employing 405 nm laser, photoexcitation of T(−H)• in 5′-TMP sample (spectrum 3(A)) at 

143 K for 40 min resulted in spectrum 3(B). Photoexcitation of T(−H)• in matched samples 

of 5′-TDP and 5′-TTP under identical conditions has resulted in spectrum 3(C) (5′-TDP) and 

spectrum 3(D) (5′-TTP) respectively. Moreover, photoexcitation of T(−H)• in a similarly 

prepared Thd sample at pD ca. 11 using photoflood lamp at 143 K for 1 h also produced a 

very similar ESR spectrum (Spectrum 3(E)).

A small extent of Cl2•− (ca. 10%) is formed via one-electron oxidation of the matrix (LiCl) 

by (T(−H)•)* as found for (5-Me-2′-dC+•)*. This Cl2•− was subtracted from each of the 

experimentally recorded spectra and the subtracted spectra have been presented in Figures 

3(B) to 3(E).

The simulated C3′• spectrum employing three isotropic HFCC (23.0, 30.7, 35.8) G, 5 G 

linwidth, and giso = 2.0032. This simulated C3′• spectrum matches the outer lines (indicated 

by the dotted lines) in the high field as well as in the low field regions of the experimentally 

recorded spectra 3(B) to 3(E) well. This establishes the formation of C3′• from excitation of 

T(−H)• in Thd, 5′-TMP, 5′-TDP, and in 5′-TTP (reaction 6). It is also evident from spectra 

3(B) to 3(D) that the number of phosphate groups (mono-, di-, tri-) at the 5′-site does not 

affect C3′• formation from (T(−H)•)* in these compounds.
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Employing the simulated C3′• spectrum (spectrum 3(F)) as well as the spectrum of the 

allylic radical (UCH2•) (Ohlmann and Hüttermann, 1993; Wang et al. 1997; Shkrob et al. 

2011) formed by deprotonation from the methyl group at the C5-site in the thymine base of 

T(−H)• in Thd as benchmarks, analysis of spectrum 3(E) shows that this spectrum is due to 

approximately equal amounts (50% each) of C3′• and UCH2• (see Figure 4). Inspection of 

spectra 3(B) to 3(E) show that they all clearly result from varying amounts of C3′• (reaction 

6) and UCH2• (reaction 7).

(6) (7)

In Figure 5, the effect of photoexcitation of T(−H)• in a matched sample of 3′-TMP is 

presented. The spectrum shown in Figure 5A is due to T(−H)• and some small line 

components of remaining Cl2•− (compare with Figure 3A). The ESR spectrum obtained after 

40 min of photoexcitation of T(−H)• in 3′-TMP using 405 nm laser at 143 K is presented in 

Figure 5(B). Spectrum 5(B) is clearly due to UCH2• and Cl2•− in substantial yields and C5′• 

in small abundances as the intensity of the central doublet in Figure 5(B) is not completely 

accounted by the line components of UCH2•. Thus, it is evident that (T(−H)•)* in 3′-TMP 

one electron oxidizes Cl− resulting in Cl2•− and also undergoes deprotonation from the C5′ 

site as well as from the exocyclic methyl group at C5 of its thymine base to produce UCH2• 

(reactions (9 and 9a)). However, the characteristic line components due to C3′• are not 

observed in spectrum 5(B) thereby establishing a complete suppression of C3′• formation 

from (T(−H)•)* in 3′-TMP (reaction (8)). This is expected because experimental (Adhikary 

et al., 2005, 2008) and theoretical works (Colson and Sevilla, 1995; Li et al. 2006) have 

shown that substitution of phosphate at a particular site leads to a significant higher C-H 

bond energy and deactivation of the radical formation at that site.
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(8) (9) (9a)

Formation of the C3'dephos• via excited state deprotonation of “pristine” 5-
Me-2',3'-ddC•+—Owing to the presence of phosphate group at the 3′-site, complete 

suppression of C3′• formation from (T(−H)•)* in 3′-TMP has been observed (reaction (8), 

Figure 5). Therefore, if C-H bond energy is the dominant factor towards C3′• production, it 

is expected that formation of a radical site at C3′-atom due to (5-Me-2′,3′-ddC•+)* should 

not be observed. Hence, in Figure 6, ESR spectral results showing formation of 5-Me-2′,3′-

ddC•+ via one-electron oxidation of 5-Me-2′,3′-ddC and its subsequent photoexcitation are 

presented.

In Figure 6A, the ESR spectrum of the γ-irradiated 5-Me-2',3'-ddC sample recorded at 77 K 

is presented. Figure 6A shows Cl2•− and SO4•− which are the only major radical species 

expected (see Figure 1A).

Similar to reaction (1) and spectra 1(B) and 2(B), annealing of this sample to 153 K for 15 

min to allow for one electron oxidation of 5-Me-2',3'-ddC by Cl2•− resulted in spectrum 6B 

(reaction (10)). ESR parameters of spectrum 6B (center of the spectrum, lineshape, and the 

hyperfine structure) match quite well with those of the 5-Me-2′-dC•+ spectrum (gray, see 

also spectrum 1(E)). Hence, spectrum 6(B) is assigned to 5-Me-2′,3′-ddC•+.

(10)

Adhikary et al. Page 13

Int J Radiat Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Employing 405 nm laser, photoexcitation of the sample for 40 min at 143 K resulted in 

spectrum 6(C). Comparison of spectrum 6(C) with spectrum 2(C) and the gray spectrum of 

C5'• (spectrum 5(B)) clearly establishes that apart from line components at low field from 

Cl2•− as well as line components due to C-CH2•, and the central doublet due to C5'•, as the 

intensity of the central doublet in Figure 6(C) is not completely accounted by the line 

components of UCH2•. Most importantly, spectrum 6(C) has new line components at the 

wings. Subtraction of low field line components due to Cl2•− from spectrum 6(C) results in 

spectrum 6(D) in which the line components at wings become apparent (indicated by 

arrows). These line components are due to another radical with a substantial total width of 

134 G. These lines components, g-value at the center, and total hyperfine splitting matches 

well with the spectrum assigned to C3'dephos• (Becker et al. 2003) – in which the radical site 

is at C3' with hyperfine couplings due to one α-H (H3') atom and three β-H (two H2' and 

one H4') atoms. Spectrum 6(E) is the simulated spectrum of C3'dephos• employing the ESR 

simulation parameters of Becker et al. 2003. Spectrum simulation is carried out to second 

order using α-H [−11 G, −23.4 G, −34 G], three β-H atoms (26.9 G (1H), 34.9 G (1H), and 

49.1 G (1H)), g-values (gxx = 2.0036, gyy = 2.0023, gzz = 2.0044), line-width = 6 G. 

Therefore, we conclude that (5-Me-2′,3′-ddC•+)* undergoes deprotonation from the 5-Me 

group in the base as well as from C3′-site in the sugar moiety leading to the formation of C-

CH2•, C3'dephos•, and C5'• (reaction scheme (11)).

(11)

We note here that line components due to formation of C3'dephos• have also been observed at 

the wings via photoexcitation of 2′,3′-ddAdo•+ and 2′,3′-dd T(−H)• (see supplemental 

information Figures S4 and S5).

As indicated in reaction (11), formation of C3'dephos• from (5-Me-2′,3′-ddC•+)* (or (2′,3′-

ddAdo•+)* or (2′,3′-dd T(−H)•)*) clearly establishes that C-H bond energies in the sugar 

moiety of these excited species are obviously not the only factors dictating the type and the 

extent of sugar radical production. Formation of C3'dephos• from these excited radicals points 

to the relevance of spin and charge distribution on the sugar moiety in the excited cation 

radical.
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Furthermore, we note here that formation of C3'dephos• has been reported to occur via 

dissociative electron attachment owing to the attack of low energy electron (LEE) at the 

DNA sugar phosphate C3'-O bond (Becker et al. 2003, 2007, 2010a, 2010b) and supported 

by product analyses in LEE (4 to 15 electron volt (eV))-induced damaged oligomers (Li et 

al. 2008). On the other hand, this work provides the first evidence of distinct line 

components owing to C3'dephos• production via excited one-electron oxidized base radicals. 

In fact, these line components of C3'dephos• production would help us to improve the 

analyses of the extent of LEE-induced damage in irradiated DNA.

Photoexcitation of one-electron oxidized dsDNA oligomers containing 5-Me-C
—Close reports the theoretically calculated ionization potential (Ip) of 5-Me-C as 8.50 eV 

whereas the corresponding Ip value of C is 8.79 eV (Close, 2003). The lowering of Ip in 5-

Me-C (0.29 eV) is attributed to the presence of the electron donating methyl group at C5 in 

the cytosine base. It has been also observed that rate of oxidation of a dsDNA-oligomer with 

G:5-Me-C base pair is higher than that of a dsDNA-oligomer with G:C base pair (Kawai et 

al. 2002). However, replacement of C by 5-Me-C in a dsDNA-oligomer in aqueous solution 

at room temperature does not affect the extent of hole (unpaired spin) trapping at G sites 

(Kanvah and Schuster, 2004). Furthermore, this group (Joseph and Schuster, 2012), has 

reported an increase in the extent of strand breaks at 5-Me-C/A or at 5-Me-C/T mismatches 

in photoexcited dsDNA-oligomers having GG sites relative to the dsDNA oligomers with no 

mismatch.

In the present work, we investigate the one-electron oxidation and subsequent 

photoexcitation of a fully dsDNA-oligomer d[GC*GC*GC*GC*]2 and a dsDNA-oligomer 

with 5-Me-C/A mismatch d[GGAC*AAGC:CCTAATCG] (C*=5-Me-C), in order to answer 

the following questions:

a. whether the lower Ip of 5-Me-C leads to formation of the 5-Me-C cation radical via 

one-electron oxidation of d[GC*GC*GC*GC*]2 and 

d[GGAC*AAGC:CCTAATCG].

b. whether, as expected from Figures 5 and 6, photoexcitation of one-electron 

oxidized d[GC*GC*GC*GC*]2 and d[GGAC*AAGC:CCTAATCG] leads to C-

CH2• and C5'• production owing to reaction (9).

These results are presented in Figure 7.

The ESR spectrum of the γ-irradiated dsDNA oligomer d[GC*GC*GC*GC*]2 (C* = 5-Me-

C) sample recorded at 77 K showing the line components owing to Cl2•− and SO4•− is 

presented in Figure 7A. The spectrum in black in Figure 7(B) is obtained after one-electron 

oxidation of this sample by Cl2•− via annealing at 154 K in the dark. The total hyperfine 

splitting, g-value at the center (g⊥), and the lineshape of the already published (Adhikary et 

al. 2009, 2010; Khanduri et al. 2011) ESR spectrum (gray) of intra-base pair proton 

transferred state of guanine cation radical (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 matches very well with this black spectrum 

in Figure 7(B) and no observable line components due to 5-Me-2′-dC•+ is found. Hence, the 

spectrum of one-electron oxidized d[GC*GC*GC*GC*]2 found at pD ca. 5 is assigned to 
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(G(N1-H)•: 5-Me-C(+H+)) (reaction (12)). The spectrum from a similarly prepared sample 

of one-electron oxidized d[GGAC*AAGC:CCTAATCG] has been found to have the same 

hyperfine structure as in spectrum 7(B) (supplemental information Figure S6).

(12)

Therefore, spectrum 7(B) and the supplemental information Figure S6 clearly establish the 

site of one-electron oxidation (or localization of the hole (i.e. unpaired spin)) is on the G 

moiety and proton transfer places the charge is on the 5-Me-C moiety in (G(N1-H)•: 5-Me-

C(+H+)) in fully dsDNA-oligomer. The reduction potential (E7) of G, is known to be lower 

than 5-Me-C so this is expected. The results from the solution phase hole trapping studies in 

dsDNA-oligomers containing G:5-Me-C (Kanvah and Schuster, 2004) based on the DNA 

cleavage methods at room temperature are in good agreement with results obtained from 

spectra 7(B) at low temperature. Thus, the lowering of Ip in 5-Me-C does not affect the hole 

localization on G in one-electron oxidized G:5-Me-C containing oligomers even in the 

presence of a 5-Me-C/A mismatch.

Employing 405 nm laser, photoexcitation of these dsDNA-oligomer samples for 40 min 

resulted in spectra 7(C) and 7(D) respectively. In spectrum 7(C), four new line components 

of nearly equal intensities due to C1´• appear along with the matrix radical (Cl2•−) after 

photoexcitation for 40 min in agreement with our works using fully dsDNA-oligomers 

(Khanduri et al. 2011). No observable line component due to C-CH2• are observed after the 

photoexcitation. On the other hand, in spectrum 7(D), the central doublet due to C5′• 

(compare gray spectrum in Figure 5(B)) and the line components of nearly equal intensities 

in the wings due to C1′• appear along with the matrix radical (Cl2•−).

These results and our previous study (Khanduri et al. 2011) suggest the mechanism of C1′• 

formation (reaction scheme 13) from excitation of G(N1-H)•: 5-Me-C(+H+) in DNA results 

in proton transfer (PT) from N3 atom of 5-Me-C to N1 atom of G with the hole leading to 

excited cation radical with the hole and charge partially on C1′ in the sugar (reaction scheme 

13). Thus, in fully dsDNA-oligomer with 5-Me-C, the 5-Me-C moiety does not lead to C-

CH2• formation in ground state or as expected from the results of photoexcitation in 5-

Me-2′-dC, Thd, 5′-TMP, 5-Me-2′,3′-ddC, and in 3′-TMP we do find observable line 

components owing to C3′•, C-CH2• and C5′• production in the excited state. This excitation 

induced hole and charge transfer is followed by deprotonation from C1′ leading to the 

neutral sugar radical (C1′•). On the other hand, due to photoexcitation of one-electron 

oxidized d[GGAC*AAGC:CCTAATCG] having 5-Me-C/A mismatch (where the DNA is 

not fully double stranded), formation of C5′• is observed. C5′• is expected for non-base 

paired systems from our work in DNA model compounds and in ssDNA (Becker et al. 

2010b, Khanduri et al. 2011). The deprotonation from C1′ or C5′ must occur within the 
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lifetime of the excited state of the cation radical (Khanduri et al. 2011). Kohler Group (de La 

Harpe et al. 2009a, 2009b) has demonstrated such proton transfers in photoexcited dsDNA 

oligomers containing a G:C sequence. The simultaneous formation of Cl2•− is clear evidence 

for the oxidizing power of the excited state of the one-electron oxidized DNA whether as the 

fully ds oligomer or the ds oligomer with a mismatch.

(13)

TD-DFT calculations—The mechanism of sugar radical formation in the excited state of 

5-Me-2′dC•+ has been investigated following our previous works (Adhikary et al. 2005, 

2008; Becker et al. 2007, 2010a,b; Kumar et al. 2008, 2009) and employing the TD-

B3LYP/6–31G(d) method. The thirty lowest vertical excited states were calculated for 5-

Me-2′dC•+. We find that there are several electronic transitions; as an example, we show in 

Figure 8, the 11th electronic transition that occurs from a doubly occupied inner core 

molecular orbital, such as 53β, localized on the sugar group to the singly occupied molecular 

orbital (SOMO), 64β on the 5-Me-C base. This transition is nπ* in nature. Although, the 

energy for this transition is 3.98 eV (312 nm) having oscillator strength is low as 0.0003, as 

shown in Figure 8, this transition supports our experimental finding that via photoexcitation, 

“hole” localized on the base moiety of the nucleoside in the ground state transfers to its 2′-

deoxyribose moiety. The resulting 2′-deoxyribose excited state cation radical moiety 

becomes quite acidic and deprotonates from C3′-site to produce the neutral C3′•.

Discussion

The results reported in this work allow us to state the following salient findings:

The 5-Me-2′-dC cation radical (5-Me-2′-dC•+) sites of deprotonation differ in the ground 
and excited states

Annealing of 5-Me-2′-dC•+ at 155 K (Figure 1) leads to only C-CH2• production. On the 

other hand, photoexcitation of the “pristine” 5-Me-2′-dC•+ identified in this work (Figure 1, 

supplemental information Figure S1) produces the excited cation radical ((5-Me-2′-dC•+)*) - 
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which leads to only C3′• formation (Figure 2). Thus, our results distinctly differentiate the 

ground state deprotonation of 5-Me-2′-dC•+ from methyl group at C5 in the cytosine base 

moiety and the excited state deprotonation of (5-Me-2′-dC•+)* at the C3′-site of the sugar 

moiety. Our work suggests that earlier work (Malone et al 1995) using 248 nm laser 

photoionization at 77 K likely created an excited cation radical (5-Me-2′-dC•+)* which 

underwent the deprotonation reaction from C3′ as found here (reaction 3).

The sites of deprotonation in the sugar moiety of the excited purine and pyrimidine cation 
radicals

Photoexcitation of the guanine cation radicals in DNA and RNA nucleosides leads to 

production of C5′• (ca. 55 %), C3′• (ca. 30%) and C1′• (ca. 10%). Photoexcitation of 

adenine cation radicals in DNA and RNA nucleosides leads to formation of C5′• (ca. 80 to 

85%) along with small amount of C3′• (ca. 15 to 20%) (Adhikary et al. 2005, 2008; Becker 

et al., 2007, 2010a, 2010b). The results shown in Figures 2 to 4 represent that 

photoexcitation of 5-Me-2′-dC•+ and of T(−H)• in Thd lead to only C3′• formation. Thus, 

the identity and extent of various types of sugar radicals (e.g., C1′•, C3′•, and C5′•) 

produced via excited purine (guanine and adenine) (Adhikary et al. 2005, 2008; Becker et 

al., 2007, 2010a, 2010b) and via pyrimidine (5-Me-2′-dC•+ and of T(−H)• in Thd) cation 

radicals (this work) differ. Taking these results as well as the TD-DFT calculations into 

account (Adhikary et al. 2005, 2008; Becker et al. 2007, 2010a,b; Kumar et al. 2008, 2009) 

and the results shown in Figure 8, it is suggested that the sites of high localization of spin 

and charge on the sugar moiety differ for excited purine and pyrimidine cation radicals and 

the sites of high spin and charge are those that lead to deprotonation and neutral radical 

formation.

Sugar radical formation via the excited base cation radical is not thermodynamically 
controlled

C3'dephos• production from (5-Me-2′,3′-ddC•+)* (Figure 6) (or (2′,3′-ddAdo•+)* or (2′,3′-dd 

T(−H)•)* (Figures S4 and S5)) provides the direct evidence for the localization of spin and 

charge at C3' in the sugar moiety in these excited cation radicals. Subsequent deprotonation 

from the C3' site of these excited cation radicals leads to the formation of C3'dephos• even 

though the C3′ site has a H-atom instead of the –OH group. The C-H bond energy increases 

on substitution of a H for a OH at the C3' site so that it is larger than C1' or C5' sites and 

thus shows the bond energy is not the dominant factor in the process of C3'dephos• formation.

Our work has already established that the type and extent of a particular sugar radical 

formation in the sugar radical cohort formed via excited purine cation radicals in DNA and 

RNA-model systems (nucleotides and ss and ds oligomers) are influenced by various factors 

– e.g., sites of phosphate substitution, temperature of the solution, protonation state of the 

cation radical, and length as well as strandedness (ss vs. ds) of the oligomer (Becker et al. 

2010b; Khanduri et al. 2011). These studies and our current work, along with the TD-DFT 

calculations (Kumar et al. 2008, 2009) point out that the site of deprotonation leading to 

sugar radical formation in the transient excited cation radical is governed by the localization 

of spin and charge at that site of the sugar moiety and must occur within the lifetime of the 

excited cation radicals. Thus, we can conclude that the neutral sugar radical production via 
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excited cation radical is a kinetically controlled process in which the thermodynamics of the 

bond strength at a particular site is secondary.

Photoexcitation of one electron oxidized mismatched dsDNA oligos lead to C5′• at the 
mismatched site

One-electron oxidation of d[GC*GC*GC*GC*]2 and of d[GGAC*AAGC:CCTAATCG] 

with a 5-Me-C/A mismatch clearly show that only (G(N1-H)•: 5-Me-C(+H+)) in the first 

oligo and (G(N1-H)•: C(+H+)) in the second are formed in the low temperature region (77 to 

155 K). The 5-Me-C/A mismatch does not affect hole localization on G. However, 

excitation of these one-electron oxidized DNA-oligomers shows that different sugar radicals 

are formed. Excited one-electron oxidized fully dsDNA-oligomer d[GC*GC*GC*GC*]2 

resulted in only C1′• production. However, in case of excited one-electron oxidized 

mismatched dsDNA, a considerable amount of C5′• along with some C1′• formation have 

been observed in our work. Based upon our results showing C5′• formation via excitation of 

one-electron oxidized ssDNA-oligomers (Becker et al. 2010b; Khanduri et al. 2011), we 

conclude that this C5′• formation observed here for the excited one-electron oxidized 

mismatched dsDNA originates from the mismatched region. C5′• is a precursor radical to 

frank strand break formation and thus we expect a strand break in the mismatched region. 

The work by Joseph et al. (Joseph and Schuster, 2012) regarding photolysis of oligomers 

with and without 5-Me-C mismatches in aqueous solutions in the presence of oxygen has 

found the mismatched region of the oligomer to be a “hotspot” for strand break formation 

upon hot piperidine treatment. Joseph et al. (Joseph and Schuster, 2012) suggest the 

formation of 5-Me-C oxidation products as the strand break precursor whereas in our work 

the C5′• acts as the strand break precursor. Considering the differences in experimental 

conditions, both mechanisms may, in fact, take place.

In summary we find that:

a. C-CH2• formation from 5-Me-2′-dC•+ occurs via ground state deprotonation from 

C5-methyl group on the base. In the excited 5-Me-2′-dC•+ and 5-Me-2′,3′-ddC•+, 

spin and charge localization at C3′ followed by deprotonation leads to C3′• 

formation.

b. The neutral sugar radical production via excited base cation radical is a kinetically 

controlled process.

c. Our work, in conjunction with by Joseph et al. (Joseph and Schuster, 2012) on 

photolysis of oligomers with 5-Me-C, proposes that presence of a (5-Me-C/A) 

mismatch in one-electron oxidized ds oligomer provide an explanation for the 5-

Me-C sites as “mutational hot spots” in DNA under photolysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) ESR spectrum (black) showing line components of Cl2•− and SO4•− thereby providing 

evidence of their formation at 77 K in γ-irradiated (1.4 kGy) sample of 5-Me-2'-dC (2 mg / 

ml) in the homogeneous glassy solution of 7.5 M LiCl in D2O (pD (ca. 5)) in the presence of 

K2S2O8. (B) Spectrum (black) of the sample in (A) after annealing to ca. 155 K for 5 min. 

(C) Spectrum (black) obtained after further annealing at ca. 155 K for 30 min (total 35 min). 

(D) Spectrum (black) obtained after further annealing at ca. 155 K for 120 min (total 155 

min). (E) The spectrum (Gray) was extracted by subtraction of 25% spectrum D from 

Adhikary et al. Page 23

Int J Radiat Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



spectrum B and is assigned to 5-Me-2′-dC•+ (see supplemental Figure S1). (F) Subtraction 

of 20% of spectrum E from spectrum D, the spectrum in black was obtained. The simulated 

spectrum (gray) due to C-CH2• is placed underneath the black spectrum. For simulation 

parameters see text. All ESR spectra shown in Figures A to D were recorded at 77 K. The 

three reference markers in this figure and in subsequent figures 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. 
(A) ESR spectrum (black) of a γ-irradiated (1.4 kGy, 77 K) matched sample (for Figure 1) 

of 5-Me-2′-dC (2 mg/ml) in the presence of excess K2S2O8 at the native pD (ca. 5) in the 

homogeneous glassy solution of 7.5 M LiCl in D2O. (B) Spectrum (black) of the sample in 

(A) after annealing to ca. 155 K for 10 min. (C) Using photoflood lamp, photoexcitation of 

the sample in (B) at 143 K for 30 min. (D) The spectrum (black) obtained after subtraction 

of line components of Cl2•− and C-CH2• from spectrum C and is assigned to C3′•. The 

simulated (gray) C3′• spectrum obtained using three isotropic β-proton HFCC is 

superimposed on the black spectrum for comparison.
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Figure 3. 
Spectrum (A) of T(−H)• produced via annealing at 155 K owing to one-electron oxidation of 

the N3-deprotonated thymine base in 5′-TMP (3 mg/ml) by Cl2•− in homogeneous aqueous 

glass (7.5 M LiCl/D2O) at pD ca. 10 in the presence of excess K2S2O8 ; (B) after 

photoexcitation of T(−H)• in 5′-TMP shown in (A) using 405 nm laser at 143 K for 40 min; 

(C) after photoexcitation of T(−H)• in a matched sample of 5′-TDP (3 mg/ml) using 405 nm 

laser at 143 K for 40 min; (D) after photoexcitation of T(−H)• -of T(−H)• in a matched 

sample of 5′-TTP (3 mg/ml) using 405 nm laser at 143 K for 40 min; (E) after visible 

illumination of T(−H)• formed in a similarly prepared sample of Thd (3 mg/ml) at pD ca. 11 

at 143 K. (F) The simulated C3′• spectrum has been obtained using three isotropic β-proton 
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HFCC (text). The line components of the C3′• spectrum is visible in spectra (B) to (E) as 

indicated by the dotted lines. Similar to the results found in Figure 2 and reaction (5), a 

small extent of Cl2•− (ca. 10%) formed via one-electron oxidation of the matrix (LiCl) by 

(T(−H)•)* has been subtracted from each of the experimentally recorded spectra and the 

subtracted spectra have been presented in Figures 3(B) to 3(E).
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Figure 4. 
Spectrum (A) after visible illumination by photoflood lamp of T(−H)• formed in a sample of 

Thd (3 mg/ml) at pD ca. 11 at 143 K for 1 h. This spectrum is already shown in Figure 3 (E). 

Spectrum (B) obtained after adding 50% of spectrum (C) due to C3′• (see spectrum 3(F)) 

and 50% of spectrum (D) due to UCH2• as benchmarks.
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Figure 5. 
Spectrum (A) of T(−H)• produced via annealing at 155 K owing to one-electron oxidation of 

the N3-deprotonated thymine base in 3′-TMP (3 mg/ml) by Cl2•− in homogeneous aqueous 

glass (7.5 M LiCl/D2O) at pD ca. 9 in the presence of excess K2S2O8. This spectrum also 

contains residual line components from Cl2•−. Spectrum (B) after photoexcitation of T(−H)• 

using 405 nm laser at 143 K for 1 h. showing photoproduction of C5′•, UCH2•, and Cl2•−. 

All the ESR spectra are recorded at 77 K.
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Figure 6. 
(A) ESR spectrum of a γ-irradiated (1.4 kGy, 77 K) matched sample of 5-Me-2′,3′-ddC (2 

mg/ml) in the presence of excess K2S2O8 at the native pD (ca. 5) in the homogeneous glassy 

solution of 7.5 M LiCl in D2O. (B) Spectrum (black) of the sample in (A) after annealing to 

ca. 153 K for 15 min in the dark. The spectrum of 5-Me-2′-dC•+ (spectrum 1(E) is 

superimposed on it for comparison). (C) Spectrum after photoexcitation of the sample in (B) 

using 405 nm laser at 143 K for 40 min. (D) Spectrum (black) obtained after subtraction of 

line components of Cl2•−. The outer line components due to C3′•dephos (reaction (11) are 
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indicated by arrows. C-CH2• spectrum in gray (spectrum 1F) is superimposed on it. (E) The 

simulated C3′•dephos spectrum obtained using HFCC from Becker et al. 2003 (see text).

Adhikary et al. Page 31

Int J Radiat Biol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. 
Left panel: (A) ESR spectrum of a γ-irradiated (3 kGy, 77 K) sample of 

d[GC*GC*GC*GC*]2 (C* = 5-Me-C) (1.5 mg/ml) in the presence of electron scavenger 

K2S2O8 (8 mg/ml) at the native pD (ca. 5) in the homogeneous glassy solution of 7.5 M 

LiCl in D2O. (B) Spectrum (black) of the sample in (A) after annealing to ca. 154 K for 25 

min in the dark. The reported ESR spectrum (gray) of intra-base pair proton transferred state 

of guanine cation radical (G(N1-H)•:C(+H+)) in d[GCGCGC]2 (Adhikary et al. 2009) is 

superimposed on it for comparison. Right panel: (C) spectrum of the sample in (B) after 

photoexcitation employing 405 nm laser for 40 min at 143 K. (D) spectrum obtained after 

photoexcitation employing 405 nm laser for 40 min at 143 K from a similarly prepared 

sample of one-electron oxidized d[GGAC*AAGC:CCTAATCG] (supplemental information 

Figure S6). The line components due to the formation of the C1´• via photoexcitation are 

indicated by up arrows. The down arrows indicate the C5´• which overwhelm the central 

peaks of the C1´•.
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Figure 8. 
TD-B3LYP/6–31G** calculated 11th transition showing the electronic transition originating 

from doubly occupied inner core molecular orbital (53β) localized on the sugar moiety to the 

half filled molecular orbital, SOMO, (64 β) localized on the cytosine base of the 5-Me-2′-

dC•+.
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