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Abstract

Apurinic/apyrimidinic (AP) sites, that is, abasic sites, are among the most frequently induced 

DNA lesions. Spontaneous or DNA glycosylase-mediated β-elimination of the 3′-phosphoryl 

group can lead to strand cleavages at AP sites to yield a highly reactive, electrophilic 3′-phospho-

α,β-unsaturated aldehyde (3′-PUA) remnant. The latter can react with amine or thiol groups 

of biological small molecules, DNA, and proteins to yield various damaged 3′-end products. 

Considering its high intracellular concentration, glutathione (GSH) may conjugate with 3′-PUA 

to yield 3-glutathionyl-2,3-dideoxyribose (GS-ddR), which may constitute a significant, yet 

previously unrecognized endogenous lesion. Here, we developed a liquid chromatography tandem 

mass spectroscopy method, in combination with the use of a stable isotope-labeled internal 

standard, to quantify GS-ddR in genomic DNA of cultured human cells. Our results revealed 

the presence of GS-ddR in the DNA of untreated cells, and its level was augmented in cells 

upon exposure to an alkylating agent, N-methyl-N-nitrosourea (MNU). In addition, inhibition of 

AP endonuclease (APE1) led to an elevated level of GS-ddR in the DNA of MNU-treated cells. 

Together, we reported here, for the first time, the presence of appreciable levels of GS-ddR in 

cellular DNA, the induction of GS-ddR by a DNA alkylating agent, and the role of APE1 in 

modulating its level in human cells.
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INTRODUCTION

Apurinic/apyrimidinic (AP) sites, or abasic sites, are one of the most abundant endogenous 

DNA lesions. Both endogenous and environmental sources,1–9 for example, spontaneous 

depurination, reactive oxygen species, and alkylating agents, can lead to the formation 

of AP sites directly.10,11 AP sites can also be produced via DNA glycosylase-mediated 

removal of damaged nucleobases induced by these processes.12–14 If not efficiently repaired, 

AP sites may block DNA replication and cause mutagenesis.15–17 Moreover, spontaneous 

and DNA glycosylase-catalyzed β-elimination of the phosphoryl group on the 3′ side of 

AP sites can lead to DNA strand cleavage and generate an electrophilic 3′-phospho-α,β-

unsaturated aldehyde (3′-PUA) (Scheme 1),18–20 whose existence in mammalian cells 

has been confirmed.21 3′-PUA is more reactive and toxic than AP sites,22 and it brings 

additional complexity to the damage products derived from AP sites,23 including the 

conjugate addition adducts with thiols,24–26 DNA DNA interstrand cross-links,27–31 and 

DNA-protein cross-links.32–36 The formation rate of cellular 3′-PUA is further elevated in 

the presence of endogenous low-molecular-weight polyamines (e.g., spermine)37,38 or from 

the action of bifunctional DNA glycosylases.13,39,40

Alkylating agents can damage nucleobases in DNA directly or following metabolic 

activation.41–43 Despite their cytotoxic and mutagenic effects, some alkylating agents are 

widely used in cancer chemotherapy.43,44 N-Methyl-N-nitrosourea (MNU) is a prototypical 

SN1-type methylating agent that modifies DNA in a similar way as temozolomide, a widely 

used cancer chemotherapeutic agent (Scheme 2).45,46 These agents can methylate ring 

nitrogen and exocyclic oxygen atoms of nucleosides, where the major DNA adducts include 

N7-methyl-2′-deoxyguanosine (N7-MedG) and O6-methyl-2′-deoxyguanosine (O6-MedG). 

Mispairing during DNA replication renders O6-MedG cytotoxic and mutagenic.47–49 O6-

MedG is repaired by O6-methylguanine-DNA methyltransferase (MGMT), nucleotide 

excision repair (NER), or mismatch repair (MMR).42,43,46 The cationic N7-MedG is 

removed through depurination50 or base excision repair (BER). Spontaneous depurination 

of some alkylated DNA lesions and DNA glycosylase-mediated elimination of alkylated 

nucleobases can result in elevated levels of AP sites in cells, along with accompanying 

increases in 3′-PUA.
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3′-PUA exhibits high reactivity with thiol, and we recently reported the formation of the 

3′-glutathionylated DNA strand-cleavage product, that is, 3′-glutathionyl-2,3-dideoxyribose 

(GS-ddR), in synthetic duplex DNA in vitro (Scheme 1).51 Considering that the cellular 

concentration of GSH ranges from 0.5 to 10 mM,52,53 we reason that the same product 

may form in cellular DNA. Here, we developed a stable-isotope-dilution-based liquid 

chromatography tandem mass spectroscopy (LC–MS/MS) method for the quantification of 

the basal level and MNU-induced formation of GS-ddR in cultured human cells.

EXPERIMENTAL SECTION

GS-ddR-Containing ODN Generation.

One nmol of 2′-deoxyuridine (dU)-containing ODN, 5′-ACATGAACUTA-

GACATATACA-3′, was incubated with 5 U of uracil DNA glycosylase (UDG) at 37 °C 

for 1 h in 10 μL of UDG reaction buffer. Spermine was subsequently introduced at a 

final concentration of 10 mM, and water was added to make the total volume 20 μL. 

The mixture was incubated at 37 °C for 30 min to generate the amine-mediated strand 

cleavage via β-elimination. To the mixture was subsequently added GSH (10 mM), and 

the mixture was incubated at 37 °C overnight to yield the GS-ddR end group. Finally, 

GS-ddR-MX-containing ODN was obtained by treating with methoxyamine (MX, 10 mM) 

at 37 °C for 1 h to stabilize the aldehyde group of GS-ddR. The products were confirmed 

by electrospray ionization MS (ESI-MS) and MS/MS characterizations. The [13C2, 15N]-

GS-ddR-MX-containing ODN was generated using similar procedures except that GSH 

in the above procedures was replaced with [13C2, 15N]-GSH. The resulting GS-ddR-MX-

containing ODNs were purified by high-performance liquid chromatography (HPLC) 

(Supplementary Experimental Section), confirmed by ESI-MS and MS/MS analyses, and 

quantified by UV absorbance at 260 nm.

Characterization of GS-ddR-MX Monophosphate by LC–MS/MS.

GS-ddR-MX-containing ODN (50 pmol) or genomic DNA extracted from HEK293T cells 

(10 μg) was incubated with 1 unit of nuclease P1 in a 20 μL solution containing 30 mM 

sodium acetate (pH 5.6) and 10 mM ZnCl2 at 37 °C overnight to generate the GS-ddR-MX 

mono-phosphate. After the removal of enzymes in the digestion mixture with chloroform 

extraction, the resulting aqueous layer was dried by Speed-Vac and the dried residue was 

dissolved in doubly distilled water. The GS-ddR-MX monophosphate (5 pmol) or digested 

nucleotide (5 μg) mixture was subjected to LC–MS/MS analysis on an LTQ linear ion-trap 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an Agilent 

1200 capillary HPLC (Agilent Technologies, Santa Clara, CA). A 0.5 × 250 mm Zorbax 

SB-C18 column (5 μm particle size, Agilent Technologies, Santa Clara, CA) was used for 

the LC separation at a flow rate of 8.0 μL/min. Mobile phases were 400 mM 1,1,1,3,3,3-

hexafluoro-2-propanol (pH was adjusted to 7.0 with triethylamine) in water (solution A) 

and methanol (solution B). A gradient of 5% B for 5 min, 5–70% B in 25 min, 70–90% 

B in 1 min, and 90% B for 10 min was employed. The mass spectrometer was operated 

in the negative-ion mode, where the MS/MS results for the [M–H]− ions of GS-ddR-MX 

monophosphate (m/z 531) and [13C2, 15N]-GS-ddR-MX monophosphate (m/z 534) were 

acquired (Figure 2).
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ODN Release Efficiency Test.

For constructing the calibration curves of GS-ddR, different amounts of GS-ddR-MX-

containing ODN were mixed individually with a fixed amount (20 fmol) of the stable 

isotope-labeled ODN together with 20 μg of calf thymus DNA. In this vein, calf thymus 

DNA was confirmed to be free of GS-ddR based on LC–MS/MS analysis. The mixtures 

were subsequently digested with enzymes, enriched by off-line HPLC, and subjected to 

LC–MS/MS analyses. Calibration curves were generated by plotting the ratios of peak 

areas found in the selected-ion chromatograms (SICs) for monitoring the transitions of 

GS-ddR-MX and [13C2, 15N]-GS-ddR-MX versus their spike-in molar ratios.

For analyzing the quantification accuracy of the LC–MS/MS method, calf thymus DNA (20 

μg) was spiked with different amounts of GS-ddR-MX-containing ODN until its final levels 

reached 0, 0.06, 0.3, 0.6, 1.2, 3, 6, and 12 lesions per 106 nucleosides. [13C2, 15N]-GS-ddR-

MX-containing ODN (20 fmol) was added to each sample. The DNA was subsequently 

digested by enzymes, enriched by off-line HPLC, and subjected to LC–MS/MS analyses. 

Recovery calibration curves were constructed by plotting the detected levels of GS-ddR in 

calf thymus DNA versus the level of spiked-in GS-ddR-containing ODN.

Genomic DNA Extraction and Methoxyamine Derivatization.

Total genomic DNA was extracted from MNU-treated or control untreated cells based on 

a previously published high-salt method54 with some modifications. In this vein, several 

different conditions were employed: a lysis buffer (80 μL) containing 20 mM Tris (pH 8.1), 

20 mM ethylenediamine tetraacetic acid (EDTA), 400 mM NaCl, 1% sodium dodecyl sulfate 

(SDS), and 5.0 mM methoxyamine, together with 20 μL of proteinase K (20 mg/mL), was 

added to an Eppendorf tube containing pellets of cells harvested from one T25 flask and 

incubated in a water bath at 55 °C for 1, 2, 4, 6, 16, and 24 h to examine the effects 

of lysis time on the levels of measured GS-ddR. The DNA samples from the subsequent 

dose-dependent MNU treatment experiments were obtained by employing these conditions 

with a lysis time of 16 h.

We also changed the concentrations of methoxyamine to 1.0 and 10.0 mM and found that 

5.0 mM of methoxyamine yielded the most reproducible results in GS-ddR measurement. 

In addition, we conducted the cell lysis at 37 °C for 2 and 16 h; however, we were not 

able to obtain adequate amount of DNA for the subsequent LC–MS/MS analysis, suggesting 

that proteinase K digestion at 37 °C is insufficient to release genomic DNA from its bound 

histones and other proteins.

Further optimization was conducted to improve the DNA yields. In particular, cells from 

one T25 flask were resuspended with 200 μL of lysis buffer containing 20 mM Tris (pH 

8.1), 20 mM EDTA, 400 mM NaCl, and 5.0 mM methoxyamine and mixed by pipetting. 

Twenty-five microliters of proteinase K solution (20 mg/mL) were subsequently added to 

the mixtures, and the samples were mixed by vortexing. To the mixture was then added 25 

μL of 10% SDS. The sample tubes were inverted several times, placed on a thermal mixer, 

and then incubated at 55 °C and at a rotating speed of 900 rpm. After a 16 h incubation, 

125 μL of saturated NaCl solution (0.5 volume) was added to the mixture and mixed by 
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vortexing for 1 min followed by another 15 min incubation at 55 °C. The resulting mixture 

was centrifuged at 13,000 rpm for 30 min at 4 °C. The supernatant was transferred to a fresh 

tube and mixed with 2 volumes of cold ethanol to precipitate the nucleic acid. The DNA 

samples from time-dependent MNU treatment were obtained by employing these optimized 

cell lysis conditions.

The nucleic acid pellet was washed once with 70% ethanol and dissolved in 94 μL of 

doubly distilled water. Five microliters of RNase A (10 mg/mL) and one microliter of RNase 

T1 (100 units/μL) were added to digest the RNA in the nucleic acid mixture. After an 

overnight incubation at 37 °C, the enzymes were removed by extraction with a half volume 

of chloroform/isoamyl alcohol (24:1, v/v). The genomic DNA was then precipitated from 

the aqueous layer with 2 volumes of ethanol. DNA pellets were washed with 70% cold 

ethanol, allowed to air-dry at room temperature, redissolved in doubly distilled water, and 

quantified by nanodrop.

Enzymatic Digestion of Genomic DNA.

The DNA sample (20 μg) from control or MNU- and/or APE inhibitor-treated HEK293T 

cells was digested with 2 unit of nuclease P1 in a 45 μL buffer containing 30 mM 

sodium acetate (pH 5.6) and 10 mM ZnCl2 at 37 °C for 4 h. [13C2, 15N]-GS-ddR-MX-

containing ODN (20 fmol) was added to the mixture to serve as an internal standard for the 

quantification of GS-ddR. To the mixtures were then added 5 unit of alkaline phosphatase 

and 6 μL of 0.5 M Tris–HCl (pH 8.9) and doubly distilled water to render the total volume 

60 μL. After incubation at 37 °C for 2 h, the enzymes in the digestion mixture were removed 

by extraction with 0.5 volume of chloroform. The aqueous layer was dried by Speed-Vac 

and reconstituted in 100 μL of water for off-line HPLC enrichment.

Off-Line HPLC Enrichment.

The HPLC separation was performed on a Beckman HPLC system with pump module 125 

and UV detector module 126. An Hypersil BDS C18 column (4.6 × 250 mm, 5 μm in 

particle size, 130 Å in pore size, Thermo Fisher Scientific, San Jose, CA) was employed 

for the enrichment of GS-ddR-MX and O6-MedG from the enzymatic digestion mixture. 

A solution of 10 mM ammonium formate in water (solution A) and a mixture of solution 

A and acetonitrile (70/30, v/v) (solution B) were used as mobile phases, and a gradient 

composed of 0–20% B in 30 min, 20–100% B in 10 min, and 100% B for 5 min was 

employed with a flow rate of 0.8 mL/min. The HPLC fractions in the retention time range of 

12–14 min were pooled for GS-ddR-MX, and those fractions in 34–38 min were combined 

for O6-MedG (Figure 3B). The eluents were dried in a Speed-Vac, reconstituted in doubly 

distilled water, and subjected to nLC-nESI-MS/MS analysis. Modified nucleosides were not 

detected in the fractions collected from the blank injection between samples, indicating that 

there is no analyte carry-over during the enrichment.

nLC-nESI-MS/MS Quantification of GS-ddR and O6-MedG.

nLC-nESI-MS/MS analyses of GS-ddR and O6-MedG were conducted on an LTQ-XL linear 

ion trap mass spectrometer equipped with a nano-ESI source and coupled with an EASY-

nLC II system or on a Q Exactive Plus quadrupole-Orbitrap mass spectrometer equipped 
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with a Nanospray Flex source and coupled with a Dionex UltiMate 3000 RSLCnano UPLC 

system (Thermo Fisher Scientific, San Jose, CA).

For the analyses on an LTQ-XL linear ion trap mass spectrometer coupled with an EASY-

nLC II system, the nucleoside mixture was first loaded onto a trapping column (150 μm 

× 40 mm) at a flow rate of 2.5 μL/min within 7 min. The nucleosides were then eluted 

onto an analytical column (75 μm × 200 mm) at a flow rate of 300 nL/min. Both trapping 

and analytical columns were packed in-house with Magic C18 AQ (5 μm in particle size, 

200 Å in pore size, Michrom BioResource, Auburn, CA). Formic acid (0.1%, v/v) in water 

and acetonitrile were used as solution A and solution B, respectively. A gradient of 0–50% 

B in 30 min, 50–90% B in 1 min, and 90% B for 5 min was employed. The LTQ-XL 

linear ion trap mass spectrometer was operated in the positive-ion mode. The voltage for 

electrospray was 2.0 kV, and the temperature for the ion transfer tube was 275 °C. The 

capillary and tube lens voltages were 45 and 73 V, respectively. Automated gain control 

values were set at 3 × 104 and 1 × 104 for MS and MSn, respectively. In MS/MS analysis of 

GS-ddR-MX, the isolation width for precursor ion selection was 3 m/z unit, the normalized 

collision energy was 35%, the activation Q was 0.3, and the activation time was 30 ms. In 

the MS/MS/MS analysis of O6-MedG, the isolation widths, normalized collision energies, 

and the activation times were set as 3 and 2 m/z units, 35 and 38%, and 30 and 50 ms for 

MS2 and MS3, respectively. The activation Q was 0.3 for both MS2 and MS3. MS/MS results 

for the [M + H]+ ions of GS-ddR-MX (m/z 453) and [13C2, 15N]-GS-ddR-MX (m/z 456) 

were acquired, and MS/MS/MS results arising from the further cleavage of the [M + H]+ 

ions of the nucleobase portions of O6-MedG (m/z 166) and D3-O6-MedG (m/z 169) were 

recorded (Figures S4–S6).

For the analyses on the Q Exactive Plus quadrupole-Orbitrap mass spectrometer coupled 

with a Dionex UltiMate 3000 RSLCnano UPLC system, a trapping column (150 μm × 40 

mm) and an analytical column (75 μm × 200 mm) packed with Magic C18 AQ (5 μm in 

particle size, 200 Å in pore size, Michrom BioResource, Auburn, CA) were utilized. Formic 

acid (0.1%, v/v) in water and formic acid (0.1%, v/v) in acetonitrile/H2O (4:1, v/v) were 

used as mobile phases A and B, respectively. A gradient of 0–50% B in 20 min, 50–90% B 

in 1 min, and 90% B for 5 min was employed at a flow rate of 300 nL/min. The Q Exactive 

Plus quadrupole-Orbitrap mass spectrometer was operated in the positive-ion mode. The 

voltage for electrospray was 2.0 kV and the capillary temperature was 275 °C. The precursor 

ions were isolated in the quadrupole at an isolation window of 3.0 m/z and fragmented in 

an HCD collision cell at a normalized collision energy of 35. The MS/MS resolution was 

70,000, the automated gain control target was 1 × 105, and the maximum accumulation time 

was 100 ms. MS/MS results for the [M + H]+ ions of GS-ddR-MX (m/z 453.2) and [13C2, 
15N]-GS-ddR-MX (m/z 456.2) were acquired (Figures S7 and S8).

The numbers of moles of GS-ddR-MX and O6-MedG in each sample were calculated from 

the peak area ratios of the unlabeled analytes to the corresponding stable isotope-labeled 

standards, the calibration curves, and the amounts of stable isotope-labeled standards added. 

The levels of GS-ddR-MX and O6-MedG were expressed as the number of lesions per 106 

deoxynucleosides.
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RESULTS AND DISCUSSION

Preparation and LC–MS and MS/MS Characterizations of a GS-ddR-Containing ODN.

Because of the reactivity of the 3′-terminal aldehyde, a complex mixture of products can 

form from strand cleavage sites in DNA.23 Previous studies showed that methoxyamine 

(MX) is capable of blocking AP sites and interfering with the enzymatic activity of AP-

endonuclease (APE1) during BER; this property of MX renders it a sensitizing agent in 

combination chemotherapy to enhance the cytotoxic effects of alkylating agents such as 

temozolomide.55–57 In this study, we employed MX to cap and stabilize GS-ddR, which 

leads to the formation of a stable oxime derivative58–60 (Figure 1A).

To generate GS-ddR-containing ODN, we first treated a single-stranded uracil-containing 

ODN with uracil-DNA glycosylase (UDG) to generate the AP site.30 We also added 

spermine to the reaction mixture to promote the strand cleavage at the AP site.37 The 

resulting 3′-PUA-containing ODN was incubated sequentially with GSH and MX to 

generate the GS-ddR-MX (Figure 1B). LC–MS/MS analysis of the GS-ddR-containing 

ODN confirmed the sequence of the ODN and the presence of GS-ddR-MX at its 3′-
terminus (Figure S1). We also replaced GSH with [13C2, 15N]-GSH to generate the stable-

isotope-labeled GS-ddR-containing ODN (Figure 1C). The ODN was further purified by 

HPLC and characterized by ESI-MS and MS/MS (Figure S2).

To validate the structure of GS-ddR, we digested the GS-ddR-containing ODN with nuclease 

P1 to yield nucleoside-5′-monophosphates and subjected the products to LC–MS/MS 

analysis on an LTQ linear ion-trap mass spectrometer. Upon collision-induced dissociation, 

a number of product ions are formed from the [M – H]− ion (m/z 531) of GS-ddR-MX 

monophosphate (Figure 2B), where the observed fragment ions in the MS/MS are consistent 

with its structure (Figure 2C). Similar retention time and fragment ions were observed for 

the [M – H]− ion of [13C2, 15N]-GS-ddR-MX monophosphate (Figure 2). The product ions 

of m/z 306 and 309, which arise from the neutral loss of the MX-bound 2-deoxyribose 

monophosphate, were employed for monitoring GS-ddR-MX and [13C2, 15N]-GS-ddR-MX 

monophosphates, respectively.

Development of an LC–MS/MS Method for the Quantification of GS-ddR in DNA.

GS-ddR can form from the strand cleavage at AP sites in DNA. We reason that the 

MNU-induced generation of AP sites in mammalian cells61 could give rise to augmented 

formation of GS-ddR. Indeed, we were able to detect GS-ddR-MX monophosphate in the 

nuclease P1 digestion mixture of DNA samples isolated from MNU-treated HEK293T 

cells with majority of the product ions in the MS/MS matching with those of the GS-ddR-

MX monophosphate standard. Weak signals for GS-ddR-MX monophosphate were also 

detected in the DNA sample isolated from the control untreated HEK293T cells (Figure 

S3). However, the signal intensity of GS-ddR-MX in genomic DNA samples was quite low, 

indicating that the LC–MS/MS method requires further optimization for the reliable and 

accurate quantification of GS-ddR.

Considering that GS-ddR-MX may possess a better ionization efficiency in the positive-

ion mode than GS-ddR-MX monophosphate in the negative-ion mode, we added 
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alkaline phosphatase to the nuclease P1 digestion mixture to convert the GS-ddR-MX 

monophosphate to GS-ddR-MX. The steady-state levels of AP sites and 3′-PUA within 

mammalian cells were reported to be approximately 1 lesion per 106 nucleosides or 

lower.21,62 Thus, GS-ddR may also be present at a relatively low level. To enable its robust 

detection, we employed off-line HPLC enrichment to remove canonical nucleosides and 

buffer salts in the enzymatic digestion mixture, which provides cleaner sample matrices and 

better facilitates the detection of GS-ddR.63 In this vein, GS-ddR-MX eluted immediately 

after 2′-deoxycytidine (dC) and a 2 min collection window allows for full capture of 

GS-ddR-MX from the digestion mixture (Figure 3B). We employed LC-nESI-MS/MS on a 

linear ion-trap mass spectrometer to characterize GS-ddR-MX. The fragment ions observed 

in MS/MS are consistent with the structure of GS-ddR-MX. The most abundant product ion 

at m/z 277 and 280 were employed for subsequent monitoring of GS-ddR-MX and [13C2, 
15N]-GS-ddR-MX, respectively (Figure S4).

We next assessed the recovery of GS-ddR-MX during the workflow of enzymatic digestion, 

off-line HPLC enrichment, and LC–MS/MS analysis by employing the aforementioned GS-

ddR-MX-containing ODNs. Briefly, we spiked 20 μg of calf thymus DNA with increasing 

amounts of unlabeled-GS-ddR-MX-containing ODN along with a fixed amount (20 fmol) 

of [13C2, 15N]-GS-ddR-MX-containing ODN, which served as an internal standard (Figure 

3A). We plotted the detected vs spiked-in levels of GS-ddR in calf thymus DNA, and 

linear regression analysis of the data yielded a slope of 0.9922 and an R2 value of 0.9977 

(Figure 3C), suggesting the robustness of the analytical workflow in measuring GS-ddR. In 

this vein, using stable-isotope-labeled ODN as the internal standard can also account for 

potential incomplete release of the lesion from DNA during enzymatic digestion, thereby 

allowing for accurate measurement of the level of GS-ddR in cellular DNA.

Quantification of MNU-Induced GS-ddR in Mammalian Cells.

We next applied the above-described LC–MS/MS method to assess the formation of GS-ddR 

in MNU-treated HEK293T cells. By the virtue of using MX as a derivatization agent 

for GS-ddR, we added MX to the lysis buffer during our DNA extraction procedure 

and optimized the concentration of MX. Our results showed that MNU treatment led to 

substantial elevations in the levels of GS-ddR in DNA of HEK293T cells. Compared with 

the levels of GS-ddR detected in DNA extracted with the presence of 1 or 10 mM MX in 

the lysis buffer, inclusion of 5 mM MX in the lysis buffer provided more reproducible results 

(Figure S9a). In addition, the levels of GS-ddR in DNA isolated from HEK293T cells were 

very similar when 5 or 10 mM MX was added during the cell lysis step, indicating that the 

derivatization was complete with 5 mM MX (Figure S9a). Hence, we employed 5 mM MX 

for the subsequent experiments. It is of note that the detected levels of the GS-ddR were 

lower with 5 or 10 mM of MX than with 1 mM of MX. The exact reason is unclear, although 

we speculate that higher concentrations of MX may allow for more effective trapping of the 

AP site, thereby preventing artificial formation of GS-ddR from AP sites during the cell lysis 

step.

Unavoidable generation of AP sites and strand breaks during sample workup has the 

potential to induce GS-ddR. In this regard, even though it was reported that the rate of 
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N-glycosidic bond hydrolysis and AP site formation (0.64 per 107 dN per h at 37 °C and pH 

7.4) is quite slow at near-neutral pH,62,64 the sample preparation workflow, especially the 

cell lysis step, may still introduce artifacts to GS-ddR measurements. Thus, we monitored 

the formation of GS-ddR during the course of cell lysis to identify conditions that minimize 

artifacts, following a similar method described previously for AP site measurement.62 We 

observed that there is a lysis time-dependent increase in the level of measured GS-ddR in 

genomic DNA isolated from HEK293T cells during the first 16-h of cell lysis, which is 

accompanied with a sharp increase in the level of GS-ddR from 16 to 24 h (Figure S9b). The 

time-dependent increase in the level of GS-ddR may arise from the release of GS-ddR from 

histone and other proteins after their proteolysis, although artificial generation of GS-ddR 

from spontaneous depurination and/or from conjugation of GSH with existing AP sites 

during lysis may also contribute, in part, to the lysis time-dependent increase in the level of 

GS-ddR. Considering that the time-dependent increase in the level of GS-ddR was relatively 

small in the initial 16 h and high yield of DNA was obtained with a 16 h incubation with 

proteinase K, we employed a 16 h incubation time for cell lysis and GS-ddR derivatization 

during DNA isolation for the subsequent experiments.

It is worth noting that the level of GS-ddR (0.2–0.5 lesions per 106 nucleosides with a 16 

h lysis time, Figures S9b and 4A) was slightly lower than the previously reported levels of 

AP sites and 3′-PUA, which were approximately 1 lesion per 106 nucleosides or lower.21,62 

This finding is consistent with the fact that GS-ddR arises from AP sites and 3′-PUA, and 

the formation of GS-ddR is in competition with the formation of other AP site derivatives, 

for example, DNA–DNA interstrand cross-links and DNA-protein cross-links.

We next investigated how treatment with different doses of MNU modulates the formation 

of GS-ddR in HEK293T cells. For comparison, the levels of O6-MedG were also measured 

in the same DNA samples using a previously reported method.65 We treated HEK293T cells 

with 50, 100, 200, 500 μM, and 1 mM of MNU for 1 h and then measured the levels of these 

two lesions in cellular DNA. Our results revealed dose-dependent induction of GS-ddR and 

O6-MedG (Figure 4A,B).

We next treated HEK293T cells with 100 μM and 1 mM of MNU for 0, 1, 8, and 24 h and 

then measured the levels of these two lesions in cellular DNA, where MNU treatment with 

0 h was considered as the control group. Our results showed that upon treatment with 100 

μM MNU, the levels of GS-ddR increased during the initial 8 h and then decreased at 24 h; 

while treatment with 1 mM MNU also results in a progressive increase of GS-ddR initially, 

it reached a plateau after 8 h (Figure 4C). This might be attributed to the diminished repair 

of GS-ddR in cells exposed with a toxic concentration of MNU (1 mM), where our cell 

survival assay results showed a 20% reduction in cell survival after a 1 h exposure with 1 

mM MNU (Figure S11). A comparison of the time-dependent change in the levels of the two 

lesions showed that, upon treatment with 100 μM MNU, the level of O6-MedG started to 

decrease from 1 to 8 h, whereas that of GS-ddR began to decrease from 8 to 24 h (Figure 

4D). This result is consistent with the notion that GS-ddR emanates, in part, from the AP 

sites formed from the glycosylase-mediated repair of alkylated nucleobase lesions.
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Influence of APE1 Inhibition on the Generation of GS-ddR.

Mammalian AP-endonuclease APE1 was shown to be capable of removing the 3′-PUA 

generated from the β-elimination of the AP site.66,67 APE1 may also trim GS-ddR 

to produce a 3′-hydroxyl terminus for polymerase β-mediated gap filling,51 and the 

endonuclease activity of APE1 on AP sites precludes the generation of GS-ddR. We used the 

APE1 inhibitor CRT0044867 to examine the influence of APE1 inhibition on the generation 

of GS-ddR. Consistent with the aforementioned findings, incubation with 100 μM MNU for 

1 h elicited an increased level of GS-ddR in HEK293T cells (Figure 5A). Treatment with the 

APE1 inhibitor led to further elevation in the GS-ddR level, suggesting that APE1 could trim 

this type of modified 3′-terminus within cells. APE1 inhibition, however, did not influence 

the background level of GS-ddR in HEK293T cells (Figure 5A), which is consistent with the 

previous finding that the background level of 3′-PUA in the DNA of mouse embryonic stem 

cells was not perturbed upon APE1 inhibition.21 As expected, the level of MNU-induced 

O6-MedG was not impacted by APE1 inhibition (Figure 5B). Hence, these results revealed 

that APE1 inhibition could augment the level of GS-ddR in MNU-treated cells. This could 

be attributed to APE1’s direct function in trimming of 3′-GS-ddR or its indirect role in 

minimizing GS-ddR formation, that is, through the removal of AP sites, thereby reducing 

cellular levels of 3′-PUA, the precursor for GS-ddR formation.

CONCLUSIONS

In summary, we developed an LC–MS/MS combined with the stable-isotope dilution 

method for sensitive and accurate quantification of GS-ddR in the DNA of cultured human 

cells. By employing this method, we found that the basal level of GS-ddR in HEK293T cells 

is 2–5 lesions per 107 nucleosides. We also applied the method to investigate the time- and 

dose-dependent induction of GS-ddR by MNU and the influence of APE1 on MNU-induced 

formation of GS-ddR. Our results showed that MNU treatment stimulated a dose-dependent 

induction of GS-ddR and O6-MedG within cells, and the repair of GS-ddR trails that of 

O6-MedG. The latter is consistent with the notion that GS-ddR arises partly from the AP 

sites formed from the repair of alkylated nucleobase lesions. Moreover, our results also 

revealed a role of APE1 in modulating the GS-ddR level in human cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Generation of GS-ddR-MX-containing ODNs. (A) Scheme illustrating the reaction between 

the aldehyde terminus of GS-ddR and methoxyamine (MX). (B) Schematic diagram 

depicting the procedures for the generation of a GS-ddR-MX-containing ODN from a 

single-stranded uracil-containing ODN. (C) Chemical structures of GS-ddR-MX and [13C2, 
15N]-GS-ddR-MX.
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Figure 2. 
LC–MS/MS characterizations of GS-ddR-MX monophosphate in the negative-ion mode. (A) 

Representative SICs for monitoring the m/z 531 → 306 and 534 → 309 transitions for the 

[M – H]− ions of GS-ddR-MX and [13C2, 15N]-GS-ddR-MX monophosphates, respectively, 

in the nuclease P1 digestion mixtures of the corresponding ODNs. (B) Negative-ion ESI-

MS/MS of GS-ddR-MX (left) and [13C2, 15N]-GS-ddR-MX (right) monophosphates. (C) 

Proposed fragmentation patterns of product ions observed in the MS/MS of the [M – H]− 

ions of GS-ddR-MX (left) and [13C2, 15N]-GS-ddR-MX (right) monophosphates.
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Figure 3. 
Recovery of GS-ddR-MX from the lesion-containing ODNs. (A) Workflow of sample 

preparation for the LC–MS/MS analysis of GS-ddR-MX in DNA samples. “X” in the 

“Enzymatic Digestion” part represents modified nucleobases. (B) Representative HPLC 

trace for the enrichment of GS-ddR-MX and O6-MedG from the nucleoside digestion 

mixture of DNA samples isolated from HEK293T cells treated with MNU. (C) Recovery 

calibration curve of GS-ddR-MX obtained from LC–MS/MS analyses of the enzymatic 

digestion mixtures of calf thymus DNA spiked with different amounts of a GS-ddR-MX-

containing ODN and a fixed amount (20 fmol) of [13C2, 15N]-GS-ddR-MX-containing 

ODN, which was used as the internal standard. Plotted are the detected versus spiked-in 

levels of GS-ddR in calf thymus DNA.
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Figure 4. 
Time- and dose-dependent induction of GS-ddR in HEK293T cells treated with MNU. (A,B) 

Quantification results for the levels of GS-ddR (A) and O6-MedG (B) in HEK293T cells 

treated with 0, 50, 100, 200, 500 μM, and 1 mM of MNU for 1 h. p-values were calculated 

by using Kruskal–Wallis one-way ANOVA and Conover’s multiple comparisons test further 

adjusted by the Benjamini–Hochberg FDR method for the comparison between control 

and MNU treatments with different concentrations and the comparison between different 

concentration treatments. (C,D) Quantification results for the levels of GS-ddR (C) and 

O6-MedG(D) in HEK293T cells treated with 100 μM or 1 mM of MNU for 0, 1, 8, and 24 

h. The data in (A–D) represent the mean ± S.D. (n = 3) of results from three independent 

experiments. The results for GS-ddR and O6-MedG were acquired by LC–MS/MS analysis 

on a QE Plus quadrupole-Orbitrap and an LTQ XL linear ion trap mass spectrometer, 

respectively. The p values were calculated by using the unpaired two-tailed t test for the 

comparison between 0 h and different treatment times and the comparison between different 

treatment times. #, p > 0.05; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 0.001.
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Figure 5. 
Effects of APE1 inhibition on the generation of GS-ddR. (A,B) Quantification results for the 

levels of GS-ddR (A) and O6-MedG (B) in the HEK293T cells treated with MNU, APE1 

inhibitor (CRT0044867), alone or in combination. The data represent mean ± S.D. (n = 3) 

of results from three independent experiments. The p values were calculated by using the 

unpaired two-tailed t test (#, p > 0.05; *, 0.01 < p < 0.05; **, 0.001 < p < 0.01; ***, p < 

0.001).
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Scheme 1. 
GS-ddR Arising from the Strand Cleavage at an AP Site in the Presence of Glutathione
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Scheme 2. 
MNU-Induced Generation of N7-Methyl-2′-deoxyguanosine and O6-Methyl-2′-
deoxyguanosine and the Subsequent Formation of GS-ddR
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