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California 92521, United States

Jun Wu,
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Environmental Toxicology Graduate Program and Department of Chemistry, University of 
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Abstract

Mass spectrometry and tandem MS (MS/MS) have been widely employed for the identification 

and quantification of damaged nucleosides in DNA, including those induced by alkylating agents. 

Upon collisional activation, protonated ions of alkylated nucleosides frequently undergo facile 

neutral loss of a 2-deoxyribose in MS/MS, and further cleavage of the resulting protonated 

nucleobases in MS3 can sometimes be employed for differentiating regioisomeric alkylated DNA 

lesions. Herein, we investigated systematically the collision-induced dissociation (CID) of the 

protonated ions of O4-alkylthymidine (O4-alkyldT), O2-alkyldT, O6-alkyl-2′-deoxyguanosine (O6-

alkyldG), and N2-alkyldG through MS3 analysis. The MS3 of O2- and O4-MedT exhibit different 

fragmentation patterns from each other and from other O2- and O4-alkyldT adducts carrying larger 

alkyl groups. Meanwhile, elimination of alkene via a six-membered ring transition state is the 

dominant fragmentation pathway for O2-alkyldT, O4-alkyldT, and O6-alkyldG adducts carrying 

larger alkyl groups, whereas O6-MedG mainly undergoes elimination of ammonia. The breakdown 

of N2-alkyldG is substantially influenced by the structure of the alkyl group, where the relative 

ease in eliminating ammonia and alkene is modulated by the chain length and branching of the 
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alkyl groups. We also rationalize our observations with density functional theory (DFT) 

calculations.

Graphical Abstract

INTRODUCTION

Genome integrity is constantly challenged by exposure to endogenous metabolic byproducts 

and environmental toxicants, resulting in a wide array of DNA lesions, such as oxidative 

stress-induced DNA damage, alkylated DNA adducts, and heterocyclic aromatic amine 

(HAA)-induced DNA lesions.1,2 Alkylation constitutes a major type of DNA damage, and 

alkylated DNA lesions can be produced from endogenous sources such as byproducts of 

lipid peroxidation or cellular methyl group donor (i.e., S-adenosyl-L-methionine) and from 

external sources such as tobacco smoke and chemotherapeutic drugs.3,4

Alkylation can occur at various heteroatoms in DNA, including oxygen and nitrogen atoms 

on nucleobases, as well as noncarbon-bonded oxygen atoms on backbone phosphate.3,5,6 N7 

and O6 of guanine, N1 and N3 of adenine, and N3 of cytosine are the main alkylation sites 

on nucleobases, whereas N6 and N7 of adenine, O2, N3 and O4 of thymine, O2 of cytosine,
3,4,6 and N2 of guanine can also be alkylated to a lesser extent.6

If not efficiently repaired, DNA alkylation adducts can lead to deleterious consequences 

including cell death or mutations. For example, alkylated DNA lesions can block replication 

and transcription, where the size of the alkyl group is positively correlated with their 

blockage effects.7–13 In addition, O6-alkyldG, O4-alkyldT, and O2-alkyldT are highly 

mutagenic:5,6 O6-alkyldG and O4-alkyldT can readily mispair with thymine and guanine 

during DNA replication and result in G → A and T → C transitions, respectively.4,7–9,11,14 

Minor-groove O2-alkylthymine is unfavorable in forming a base pair with any of the four 

canonical nucleobases in DNA, and elicits T → A and T → G transversions in Escherichia 
coli and HEK293T cells.12,14,15 The minor-groove N2-alkyldG adducts do not block 

replication or cause mutations in HEK293T cells, though depletion of certain translesion 

synthesis (TLS) polymerases can result in G → A and G → T mutations.10

Quantitative assessment about the formation and repair of DNA lesions is important for 

understanding their implications in human health. Liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) coupled with the stable-isotope dilution method has become one 
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of the most widely used techniques for quantitative measurement of DNA lesions.2,16 Aside 

from different retention behaviors on LC columns, some regioisomeric DNA adducts may be 

distinguished by their characteristic fragmentations in multistage MS. For instance, 

regioisomers of methylcytosine (e.g., N3-methylcytosine, N4-methylcytosine and 5-

methylcytosine),17 methyluracil (5-methyluracil and N3-methyluracil)18 and methyladenine 

(N1-methyladenine, 2-methyladenine, N3-methyladenine, N6-methyladenine, and N7-

methyladenine)19 produce characteristic fragment ions that allow for the differentiation of 

regioisomers. On the other hand, the tandem mass spectra of N1- and N2-methylguanine are 

indistinguishable from each other.20 Investigation about the MSn of regioisomeric alkylated 

DNA lesions may facilitate unambiguous identification of these DNA adducts.

Herein we investigated whether different regioisomers of alkylated thymidine and 2′-
deoxyguanosine lesions can be distinguished by multistage MS in a linear ion-trap mass 

spectrometer. To this end, we acquired the collision-induced dissociation (CID) spectra of 

the protonated ions of a series of alkylated major-groove adducts O4-alkylthymidine (O4-

alkyldT) and O6-alkyl-2′-deoxyguanosine (O6-alkyldG), and minor-groove adducts O2-

alkylthymidine (O2-alkyldT) and N2-alkyl-2′-deoxyguanosine (N2-alkyldG) (Scheme 1). We 

also discuss the fragmentation pathways for these modified nucleosides and rationalize the 

observed cleavage pathways based on density functional theory (DFT) calculations.

EXPERIMENTAL METHODS

Materials.

All reagents, unless specifically noted, were purchased from Thermo Fisher Scientific. 

Synthetic standards of O4-alkyldT and O2-alkyldT were prepared following previously 

published procedures.9,13 O6-alkyldG- and N2-alkyldG-containing 

oligodeoxyribonucleotides (ODNs) were previously synthesized.8,12

Nucleoside standards of O6- and N2-alkyldG were prepared from the enzymatic digestion of 

the corresponding lesion-containing ODNs following previously published procedures.21 

The resulting nucleoside mixtures were subsequently separated with a 4.6 × 250 mm 

Hypersil Gold C18 (Thermo Fisher Scientific, San Jose, CA) reversed-phase column, and 

the fractions containing the alkylation adducts were collected. The fractions were dried 

using a Speed-Vac and resuspended in doubly distilled water.

nLC-nESI-MS/MS/MS Experiments.

MS3 experiments, which monitor the further cleavage of the [M + H]+ ions of the 

nucleobase component of O4-alkyldT, O2-alkyldT, O6-alkyldG, and N2-alkyldG, were 

performed on an LTQ XL linear ion trap mass spectrometer equipped with a 

nanoelectrospray ionization source and coupled with an EASY-nLC II system (Thermo 

Fisher Scientific). In this vein, it is worth noting that the MS3 experiments can also be 

conducted by direct fusion. We chose to employ nLC-nESI-MS/MS/MS because it is 

required for highly sensitive detection of DNA adducts in real samples (i.e., cellular and 

tissue DNA).
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Synthetic alkylated nucleosides were first loaded onto a trapping column (150 μm × 40 mm) 

packed with porous graphitic carbon (PGC, 5 μm in particle size, Thermo Fisher Scientific) 

or Magic C18 AQ (5 μm in particle size, 200 Å in pore size, Michrom BioResources, 

Auburn, CA), at a flow rate of 2 μL/min within 7.5 min, followed by elution onto an 

analytical column (75 μm × 200 mm) packed with Zorbax SB-C18 stationary phase material 

(5 μm in particle size, 100 Å in pore size, Agilent Technologies, Santa Clara, CA) at a flow 

rate of 300 nL/min. Solutions A and B consisted of 0.1% (v/v) formic acid in water and 

acetonitrile, respectively. The nucleosides were eluted with a gradient of 0–16% B in 5 min, 

16–22% B in 23 min, 22–50% B in 17 min, 50–90% B in 5 min, 90% B for 25 min, and the 

column was subsequently reequilibrated with 0% B.

Mass spectra were recorded in the positive-ion mode. The spray voltage was 2 kV and the 

capillary temperature was 275 °C. The capillary and tube lens voltages were 34 and 100 V, 

respectively. Automated gain control values were set at 3 × 104 and 1 × 103 for MS and 

MSn, respectively. Normalized collisional energies, activation times, and isolation widths 

were set at 35% and 38%, 30 and 50 ms, and 3 and 2 m/z units for MS2 and MS3, 

respectively. The activation Q was 0.3 for both MS/MS and MS3.

Breakdown Curves.

Breakdown curves for O2- and O4-alkyldT were constructed from ESI-MS/MS/MS acquired 

on an LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific). These nucleosides 

were prepared in 5 μM aqueous solutions containing 50% methanol and 0.1% formic acid. 

The solutions were directly infused into the mass spectrometer at a flow rate of 3.0 μL/min 

with a syringe pump. The spray, capillary, and tube lens voltages were 5 kV, 1 and 95 V, 

respectively, and the temperature for the ion transfer tube was 300 °C. A normalized 

collisional energy of 35% was employed for MS2, and those for MS3 were in the range of 0–

38%. The settings for automated gain control, precursor ion isolation, and ion activation 

were the same as those described above.

Breakdown curves for N2- and O6-alkyldG lesions were constructed from MS3 acquired 

from online nLC-nESI-MS/MS/MS analysis following the above-described conditions, 

except that normalized collisional energies of 35% and 0–38% were employed for MS2 and 

MS3, respectively.

DFT Calculations.

DFT calculations at the B3LYP levels of theory with the 6–311+G(2d,2p) basis set were 

carried out using the Gaussian 09 package of program.22 All optimized structures were 

subjected to vibrational frequency analysis for zero-point energy (ZPE) correction to the 

temperature of 298.15 K and the pressure of 1.0 atm. The vibrational frequency analysis was 

carried out to ensure that each transition state has only one imaginary vibrational frequency, 

whereas a local or global minimum displays no imaginary vibrational frequency. Transition 

state structures connecting their corresponding two adjacent minima were also confirmed by 

intrinsic reaction coordinate calculations. The energies discussed here represented the sum 

of electronic and thermal energies.
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RESULTS AND DISCUSSION

The main objective of this study is to examine the fragmentation behaviors of protonated 

ions of regioisomeric alkylated dT and dG lesions in tandem MS. Since the [M + H]+ ions of 

alkylated nucleosides undergo facile cleavage of the N-glycosidic bond in MS2, producing 

the [M + H]+ ions of the nucleobase portion,23–25 we place our focus on the fragmentation 

of protonated nucleobases in MS3.

Fragmentation of O2-Alkylthymidine.

Collisional activation of the protonated O2-methylthymine (m/z 141) gives rise to the 

fragment ions of m/z 123, 110, 109, and 84 (Figure 1a and Table S1), which we propose to 

arise from the neutral losses of H2O, CH3NH2, CH3OH, and CH3NCO, respectively.

CID of protonated uracil, thymine, cytosine and some of their derivatives have been studied,
17,18,26–28 where the [M + H]+ ions of unmodified pyrimidine bases undergo three major 

cleavage pathways, namely, neutral loss of NH3, H2O, or HNCO (Figure S1). Next we 

discuss the MS3 spectra of O2-MedT in the context of these three relevant pathways.

In the case of O2-MedT, neutral loss of a CH3NH2 was observed in lieu of ammonia 

elimination (Figure 1a), suggesting the migration of the methyl group to a nitrogen atom 

prior to this neutral loss. In uracil, ammonia loss mainly originates from N3 (>90%), and 

only a small portion arises from N1 (<10%).18,26,28 The O2-methyl group may migrate to 

N3 or N1 due to their close proximity, which can subsequently lead to the loss of a 

CH3NH2.

Water elimination from protonated uracil can involve O2 and O4 at approximately equal 

frequency.18,26 In the MS3 of O2-MedT, neutral losses of CH3OH (m/z 109) and H2O (m/z 
123) are both observed (Figure 1a), with the former ion being more abundant than the latter. 

We propose that protonation of O2, followed by the cleavage of C2–O2 bond, leads to the 

loss of CH3OH.

Comparing with the CID of uracil, neutral loss of CH3NCO (m/z 84) instead of HNCO is 

observed for O2-MedT. Elimination of CH3NCO can proceed through pathways analogous 

to the loss of HNCO from the [M + H]+ ion of uracil, which was proposed to occur via a 

retro-Diels–Alder (RDA) mechanism (Scheme S1a),18,28 though Beach and Gabryelski26 

suggested intramolecular nucleophilic attack as an alternative (Scheme S1b). C2 and O2 are 

exclusively accountable for the carbon and oxygen losses in HNCO, respectively, with N3 

contributing to the majority (90%) of the nitrogen loss.18,26

O4 is the preferred protonation site in uracil,18,26,29,30 and this preference is shifted toward 

O2 with the presence of a 5-methyl group in thymidine.31 Methylation at the O2 position 

may also alter the preferential site of protonation in the nucleobase. We calculated the 

energies of several stable tautomers of protonated O2-methylthymine (Scheme S2). 

Tautomer 3 with both O2 and O4 being in enol form and the O2-methyl group and the O4-

hydrogen both pointing toward N3, which is analogous to the previously reported ground-

state structures of protonated thymine and uracil,32 displays the lowest energy. In a manner 
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similar to the case where the presence of an N3-methyl group in uracil can inhibit the 

formation of the enol tautomer,33 the preferred protonation site for O2-MedT is likely O4, 

which can be considered as a result of stabilization by the O2-methyl group. We assume that 

the conversions among these tautomers are achievable by proton transfer during ion 

activation process, as observed previously for some canonical nucleosides.28,32,34 For 

example, tautomer 3 can be converted to tautomer 5 with a calculated energy barrier of 

166.69 kJ/mol (Figure S2a).

The DFT-predicted energy barriers for the losses of CH3OH, H2O, and CH3NH2 from 

tautomer 5 are higher than that for the tautomerization (Figure 2a). The energy barriers for 

proton transfer in the pathways for the neutral losses of CH3OH and H2O are the same 

(243.63 kJ/mol), though the subsequent steps of CH3OH elimination requires lower energy 

than that for the loss of H2O. This is in line with the observation that the elimination of 

CH3OH (m/z 109) is more facile than that of H2O (m/z 123, Figure 2a). From another 

tautomer with the O2-methyl group pointing toward N1 (tautomer 10 in Scheme S2), the 

energy barrier for the loss of CH3NH2 (247.26 kJ/mol, Figure S2c) is lower than that from 

tautomer 5 (256.72 kJ/mol, Figure 2a); therefore, CH3NH2 may also be eliminated from this 

tautomer. In addition, the calculated energy barrier for methyl group migration from O2 to 

N3 (207.07 kJ/mol, Figure S2b) is lower than those for some of the pathways shown in 

Figure 2a and Figure S2b, suggesting the feasibility of the above-proposed mechanisms of 

methyl group migration prior to the elimination of CH3NH2 and CH3NCO.

In contrast to O2-MedT, fragmentation of Et-, nPr-, iPr- and nBu-adducts all give rise to the 

predominant product ion of m/z 127 (Figure 1c,e; Figure S3a,c; and Table S1), which is 

assigned as the [M + H]+ ion of thymine. The formation of this ion proceeds through the 

neutral loss of an alkene, probably via a six-membered ring transition state (Scheme 2).35 

Since the fragmentation of O2-MedT cannot occur through this transition state, it undergoes 

fragmentation through pathways that are more similar to the unmodified dT. As a result, the 

energy barrier for the dissociation of O2-EtdT is expected to be significantly lower than that 

of O2-MedT. To test this hypothesis, we calculated the energy barrier for the dissociation of 

O2-EtdT via a six-membered ring transition state (Figure 2b). The results indeed predict that 

this pathway requires a much lower activation energy (149.10 kJ/mol) than the dissociation 

pathways for O2-MedT (Figure 2b).

Fragmentation of O4-Alkylthymidine.

The major product ion in the MS3 of protonated O4-MedT arises from the neutral loss of a 

water from the modified nucleobase (m/z 123) (Figure 1b and Table S1). Fragment ions 

emanating from the eliminations of CH3NCO (m/z 84) and CH3OH (m/z 109) are also 

observed, with the relative abundances being approximately 10% and 4%, respectively. We 

again discuss the fragmentation pathway from the standpoint of the three major cleavage 

pathways for the protonated uracil.

In the case of O4-MedT, loss of methylamine is no longer a major pathway, where the 

resulting fragment ion of m/z 110 is present at a very low abundance (<2% of total ions). For 

both O2- and O4-MedT, loss of NH3 requires protonation of an NH group. However, owing 
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to the loss of an acidic proton upon alkylation, there is no third acidic proton available for 

the loss of the N as an NH3.

Neutral loss of water predominates the MS3 of O4-MedT (~80% of total ions), while loss of 

CH3OH occurs to a lesser extent. This elimination of water occurs much more readily for 

O4-MedT than O2-MedT, which might be attributed to the facile protonation of O2 in O4-

MedT and the subsequent proton transfer from the neighboring N1 to O2. We calculated the 

energies of different tautomers for protonated O4-methylthymine, and the most stable one 

(tautomer 9, Scheme S3) is indeed in enol form with both O4-methyl group and 2-hydroxyl 

hydrogen atom pointing toward N3 (Scheme S3). The DFT-calculated energy barrier for the 

above-mentioned pathway for this tautomer is 244.95 kJ/mol (Figure 2c), which is not much 

different from that for O2-MedT (Figure 2a, 243.63 kJ/mol for loss of CH3OH). On the other 

hand, elimination of CH3OH, which is more facile from a different tautomer, requires 

tautomerization (Figure S4) and exhibits a higher energy barrier (278.04 kJ/mol, Figure 2c), 

thereby rendering it less likely to occur.

Similar to what we found for O2-MedT, we observed the elimination of CH3NCO in the 

MS3 of O4-MedT. This loss may again proceed through methyl group migration (i.e., from 

O4 to N3) followed by ring cleavage. In this vein, methyl group was previously shown to 

migrate from quaternary ammonium moieties during collisional activation of peptides and a 

metabolite.36,37 Other potential pathways for CH3NCO elimination are shown in Scheme 

S1c–e, and further experiments are needed for the elucidation of the cleavage mechanisms 

for this neutral loss.

Unlike the aforementioned methylated dT adducts, Et-, nPr-, iPr- and nBu-dT adducts are 

very similar among the O2 and O4 regioisomers, where protonated thymine dominates the 

MS3 (m/z 127) (Figure 1d,f; Figure S3b,d; and Table S1). We again propose that the 

elimination of alkene proceeds via a six-membered ring transition state (Scheme 2b). We 

calculated the energy barrier for the loss of ethylene from O4-EtdT (164.03 kJ/mol), and it is 

indeed much lower than that of H2O or CH3OH elimination from O4-MedT (Figure 2c,d). 

The differences in fragmentation behaviors for the O-methylated and other O-alkylated 

thymidine lesions in MS3 prompted us to examine the differences in collisional energy 

required for the fragmentation of these modified nucleobases. To this end, we acquired the 

breakdown curves for the aforementioned O2- and O4-alkyldT adducts by varying the 

collisional energy employed in the MS3 fragmentation step and plotting the percentage of 

precursor ion among all the ions found in MS3 (Figure 3). In this vein, we kept the 

collisional energy for MS2 consistent while acquiring the MS3. Our results showed that 

breakdown curves for the protonated ions of the nucleobase portions of O2-MedT and O4-

MedT are nearly identical, but differ markedly from those of other O2- and O4-alkyldT 

lesions (Figure 3).

The similarity in the break down curves for O2-MedT and O4-MedT is in accordance with 

the similar calculated energy barriers for the fragmentation of O2-MedT and O4-MedT. 

When compared with the methyl adducts, the corresponding Et-, nPr-, iPr- and nBu-adducts 

require much lower energy to fragment (Figure 3), which is also reflected by DFT 

calculation results for the methyl and ethyl adducts (Figure 2). The nearly identical 

Cui et al. Page 7

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



breakdown curves for the O2-alkyldT lesions and the O4-alkylated counterparts suggest that 

the collisional energies required for the fragmentation of the protonated ions of their 

nucleobase portions do not allow for the differentiation of these regioisomeric pairs of O-

alkylated dT lesions.

The differences in fragmentation pathways of O2-MedT and O4-MedT are likely also 

attributable partly to the tautomers in the ion ensembles in the linear ion trap. Along this 

line, it has been demonstrated, both theoretically and experimentally, that different tautomers 

of nucleobases can exist simultaneously.30–32,38–40 For O2-MedT, the most stable tautomer 

(Scheme S2 tautomer 3) is conducive for the loss of CH3OH; the elimination of H2O, 

however, can occur directly from the less stable, hence the less abundant, tautomer 2 or 7 
(Scheme S2). In the case of O4-MedT, the most stable tautomer (tautomer 9, Scheme S3) is 

in a conformation that is highly favorable for the loss of H2O via proton transfer, as noted 

above.

Fragmentation of O6-Alkyl-2′-deoxyguanosine.

The O6-alkyldG lesions behave similarly to the O2-alkyldT and O4-alkyldT adducts in the 

respect that the MS3 of O6-MedG differs significantly from those of other O6-alkyldG 

adducts. In particular, the protonated nucleobase of O6-MedG mainly undergoes neutral loss 

of an ammonia, whereas those of other O6-alkyldG adducts lose readily the corresponding 

neutral alkenes (Figure 4 and Table S2).

Collision-induced dissociation of protonated guanine mainly undergoes two fragmentation 

pathways, namely losses of an ammonia and a cyanamide (NH2CN) or carbodiimide 

(HN=C=NH).20,41 During CID of the [M + H]+ ion of guanine, N1 and N2 nitrogen atoms 

lose their identities after ring-opening at the N1−C6 bond.20 In the case of O6-MedG, the 

main fragment ion results from the elimination of an ammonia. We also observed, in low 

abundance, the ion of m/z 110, which likely originates from the loss of a CH3N=C=NH. We 

compared the energies for different tautomers of protonated O6-methylguanine (Scheme S4) 

at a lower level of theory and chose the most stable tautomer for computation at higher 

levels of theory. DFT calculation results for the most stable tautomer (tautomer 11 in 

Scheme S4) indicate that the energy barrier for proton transfer from N3 to N2 is 195.72 

kJ/mol (Figure 5a), and the ensuing product can readily eliminate an NH3 with a calculated 

activation energy of 228.94 kJ/mol (Figure 5a). The ion of m/z 167 may be attributed to the 

loss of an ammonia from a water molecule adduct, as described previously.42

MS3 of the bulkier O6-alkyldG lesions, including Et-, nPr-, iPr-, nBu-, iBu-, sBu-adducts, all 

show the predominant fragment ion of protonated guanine (m/z 152). This again can be 

attributed to the facile loss of the corresponding alkene via a six-membered ring transition 

state (Scheme 2c). The loss of an alkene is more facile than that of ammonia via the ring-

opening pathway in the CID of guanine. The DFT-calculated energy barrier for the loss of 

ethylene from O6-EtdG is 162.68 kJ/mol, and those for the loss of propene from O6-nPrdG 

and O6-iPrdG are 157.98 and 128.96 kJ/mol, respectively (Figure 5b and Figure S5), which 

are substantially lower than that for proton transfer within protonated O6-MedG (195.72 kJ/

mol) and the subsequent elimination of ammonia (228.94 kJ/mol) (Figure 5a). This is in 

keeping with the facile loss of alkene observed in MS3.
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Fragmentation of N2-Alkyl-2′-deoxyguanosine.

The fragmentations of N2-alkyldG adducts exhibit similarities and differences when 

compared with their O6 counterparts, where collisional activation of the protonated 

nucleobases of N2-MedG, N2-EtdT, N2-nPrdG and N2-nBudG leads to the facile loss of an 

ammonia in MS3; CID of the [M + H]+ ions of the nucleobases of N2-iPrdG, N2-iBudG and 

N2-sBudG, however, produce protonated guanine as the dominant product ion in MS3 

(Figure 6 and Table S2).

The MS3 of N2-MedG is very similar to that of O6-MedG, except for the slight differences 

in relative abundances of fragment ions, making it difficult to distinguish the two 

regioisomers using MS3. Along this line, the predominant loss of ammonia (m/z 149) from 

protonated N2-methylguanine is consistent with previously published CID spectrum 

acquired for the FAB-produced [M + H]+ ion.20

For those lesions carrying a straight-chain alkyl group, we observed a progressive elevation 

in the abundance of fragment ion from the loss of an alkene and a concomitant decrease in 

that from the elimination of an ammonia as the chain length increases. The most abundant 

fragment ion found for the MS3 of N2-EtdG forms from the elimination of ammonia. Unlike 

the MS3 of the aforementioned O-ethylated adducts, where the product ion emanating from 

the loss of ethylene dominates the spectrum, the fragment ion from the loss of ethylene (m/z 
152) is present, albeit not as abundant as that arising from the loss of NH3 (m/z 163), in the 

MS3 of N2-EtdG. We observed that the abundance of the m/z-152 ion increases further in the 

MS3 of N2-nPrdG (Figure 6c) and it surpasses the ion from the neutral loss of ammonia (m/z 
191) in the MS3 of N2-nBudG (Figure 6d). The MS3 of N2-iBudG showed a further increase 

in the abundance of the m/z-152 ion and decrease in the m/z-191 ion (Figure 6f). 

Elimination of ammonia is not detectable in the MS3 of N2-iPrdG and N2-sBudG (Figure 

6e,g), suggesting that the branched alkyl chain facilitates the loss of alkene while 

concomitantly suppressing the neutral loss of ammonia.

We next assessed the energy barriers for the fragmentation of the two N2-PrdG adducts. 

DFT-calculated energy barriers for the elimination of ammonia from N2-nPrdG and N2-

iPrdG do not differ significantly (i.e., 241.90 and 241.10 kJ/mol, respectively, Figure 7a,c). 

DFT-calculated energy barriers for tautomerization from the most stable tautomers to the 

precursor for ammonia elimination are shown in Figure S6, where the pathway for ammonia 

loss from these tautomers is likely dependent on hydrogen transfer. The elimination of an 

alkene via the six-membered ring transition state for N2-iPrdG (Figure 7d) exhibits a much 

lower energy barrier than that for N2-nPrdG (Figure 7b), which are 209.37 and 235.93 kJ/

mol, respectively. We reason that alkylation of N2 may impede the formation of the six-

membered ring transition state relative to their O6-alkyldG counterparts; hence, the ease in 

the formation of a six-membered ring transition state determines the fragmentation pathway 

for N2-alkyldG adducts.

The ions of m/z 167, 181, 195, and 209 found in MS3 of N2-MedG, N2-EtdG, N2-nPrdG, 

and N2-nBudG can be attributed to ion-neutral reactions between the precursor ions and 

residual H2O molecule, followed by the loss of an ammonia.42–45 The instrument conditions 

for MS3 acquisition are identical for O6-alkyldG and N2-alkyldG, yet we observed more 
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water molecule adducts in the spectra of N2-alkyldG; the exact reason for this difference is 

unclear.

The above results showed that, while some of the N2- and O6-alkyldG lesions (i.e., when 

alkyl group = Et, nPr, nBu and iBu) can be distinguished on the basis of their MS3, others 

(i.e., when alkyl group = Me, iPr, and sBu) are nearly identical. Our DFT calculation results 

also showed that the energy barriers for the elimination of alkenes from the protonated 

nucleobases of O6-nPrdG and O6-iPrdG are much lower than the corresponding alkene 

losses from the regioisomeric N2-nPrdG and N2-iPrdG (Figure S5 and Figure 7). Hence, we 

also explored whether the latter groups of lesions could be differentiated on the basis of 

differences in collisional energies required for fragmenting the protonated ions of their 

nucleobases. To this end, we acquired the breakdown curves for the fragmentations of the 

protonated nucleobases of the regioisomeric pairs of N2- and O6-alkyldG lesions with the 

alkyl group being a Me, iPr, iBu, and sBu. N2- and O6-iBudG were included because the 

characteristic m/z-191 peak resulting from ammonia elimination exists at a relatively low 

abundance, which may not be observable when the collisional energy is not high enough. It 

turned out that the collisional energies required for the fragmentations of N2-alkylated 

lesions are higher than those for the O6-alkylated counterparts when the alkyl group is iPr, 

iBu, or sBu (Figure 8). The breakdown curves for N2- and O6-MedG are, however, almost 

identical (Figure S7). Together, the above results demonstrate that collision energies required 

for fragmentation can facilitate the differentiation of those regioisomeric pairs of alkyldG 

lesions with a branched chain alkyl group.

CONCLUSIONS

We acquired the MS3 for the protonated ions of a series of O2- and O4-alkyldT as well as 

O6- and N2-alkyldG adducts. We observed interesting fragmentation behaviors for those 

alkylated DNA lesions that are dependent on the chain lengths of the alkyl groups. In 

particular, exocyclic O-methylated adducts (O2-MedT, O4-MedT, and O6-MedG) exhibit 

unique fragmentation pathways compared with adducts bearing larger alkyl groups at the 

same positions on nucleobases. Elimination of methylamine and methanol were the 

predominant fragmentation pathways for the protonated nucleobase of O2-MedT, whereas 

the neutral losses of water and ammonia are the dominant pathway for O4-MedT and O6-

MedG, respectively. O2- and O4-alkyldT, and O6-alkyldG (alkyl = -Et, -nPr, -iPr, -nBu and, 

for O6-alkyldG, -iBu, and -sBu) with larger alkyl groups undergo facile loss of alkene from a 

six-membered ring transition state. Our DFT calculation results show that the energy barrier 

for the elimination of ethylene from ethyl adducts is easily attainable during the CID 

processes, which is consistent with the results from the breakdown curves and is in support 

of the involvement of a six-membered ring transition state.

N2-alkyldG adducts behave differently from the above-mentioned O-alkylated adducts in 

CID, where neutral loss of ammonia was the predominant pathway for N2-MedG, which is 

indistinguishable from that for O6-MedG. The fragmentation pathways for N2-alkyldG 

lesions with larger alkyl groups are dependent on the bulkiness of the alkyl chain, which is 

attributed to the relative ease in the formation of the six-membered ring transition state.
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The results from our study also showed that, except for the methyl adducts, the MS3 of O2- 

and O4-alkyldT are indistinguishable. Except for the methyl adducts, the regioisomeric O6- 

and N2-alkyldG can be differentiated on the basis of the relative ease in NH3 loss, or on the 

basis of differences in collisional energy required for the fragmentation. For the adducts that 

cannot be distinguished based on MSn, such as regioisomeric O2- and O4-alkyldT, as well as 

O6- and N2-MedG, separation techniques (i.e., liquid chromatography46 and ion 

mobility47,48) are required for their differentiation.

Together, our tandem mass spectrometric and computational studies provide new insights 

into the fragmentations of protonated ions of alkylated thymidine and 2′-deoxyguanosine 

derivatives. This study may be useful to those who are interested in characterizing DNA 

adducts using multistage mass spectrometry and those who study the fragmentation 

mechanisms in CID. We hope that the results presented in this study will be useful to those 

researchers who are interested in elucidating the CID mechanisms by computational 

calculations, ion mobility mass spectrometry, and other techniques. Studies with these 

approaches may further elucidate the mechanisms involved in the fragmentation of alkylated 

nucleosides and nucleobases. In addition, selective stable isotope labeling of these alkylated 

DNA lesions may allow for revealing the origins of the nitrogen atom(s) involved in the loss 

of NH3 from protonated nucleobases of O6-MedG and N2-alkyldG, and for substantiating 

the notion about the involvement of methyl group migration in the fragmentation of the 

protonated nucleobase portions of O4- and O2-MedT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MS3 of: (a) O2-MedT, (b) O4-MedT, (c) O2-EtdT, (d) O4-EtdT, (e) O2-nPrdT, and (f) O4-

nPrdT acquired from nLC-nESI-MS/MS/MS experiments. The line labeled with “×5” in (b) 

indicates the m/z range of the spectrum (m/z 60–120) that was amplified by 5 times to better 

visualize the fragment ions in the region.
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Figure 2. 
DFT-calculated fragmentation pathways and energy barriers for (a) O2-MedT, (b) O2-EtdT, 

(c) O4-MedT, and (d) O4-EtdT at the B3LYP/6–311+G(2d,2p) level of theory.
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Figure 3. 
Breakdown curves for the protonated ions of the nucleobase portions of O2-alkyldT and O4-

alkyldT, as obtained from MS3 with CID. NCE: normalized collisional energy.
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Figure 4. 
MS3 of (a) O6-MedG, (b) O6-EtdG, (c) O6-nPrdG, (d) O6-iPrdG, (e) O6-nBudG, (f) O6-

iBudG, and (g) O6-sBudG acquired from nLC-nESI-MS/MS/MS experiments.
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Figure 5. 
DFT-calculated fragmentation pathways and energy barriers for (a) the elimination of 

ammonia from O6-MedG and (b) the elimination of ethylene from O6-EtdG via a six-

membered ring transition state at the B3LYP/6–311+G(2d,2p) level of theory.
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Figure 6. 
MS3 of: (a) N2-MedG, (b) N2-EtdG, (c) N2-nPrdG, (d) N2-iPrdG, (e) N2-nBudG, (f) N2-

iBudG, and (g) N2-sBudG obtained from nLC-nESI-MS/MS/MS experiments.
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Figure 7. 
DFT-calculated fragmentation pathways and energy barriers for the elimination of (a) 

ammonia and (b) alkene from N2-nPrdG, and the loss of (c) ammonia and (d) alkene from 

N2-iPrdG at the B3LYP/6–311+G(2d,2p) level of theory.
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Figure 8. 
Breakdown curves of protonated ions of the nucleobase portions of those O6-alkyldG and 

N2-alkyldG lesions with a branched chain alkyl group and the respective MS3 spectra at the 

collisional energy yielding the largest difference in cleavage efficiency for the two 

regioisomers (indicated with double-headed arrows). The alkyl groups are (a) -iPr, (b) -sBu, 

and (c) -iBu, respectively. NCE: normalized collisional energy.
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Scheme 1. 
Alkylated Nucleosides Employed in This Study
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Scheme 2. 
Proposed six-membered ring transition states for the elimination of alkene from (a) O2-

alkyldT, (b) O4-alkyldT, and (c) O6-alkyldG
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