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δDivision of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139

£Department of Chemistry, University of California, Davis, CA 95616

Abstract

The important industrial and environmental carcinogen, 1,3-butadiene (BD), forms a range of 

adenine adducts in DNA, including N6-(2-hydroxy-3-buten-1-yl)-2′-deoxyadenosine (N6-HB-dA), 

1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2′-deoxyadenosine (1,N6-HMHP-dA), and 

N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2′-deoxyadenosine (N6,N6-DHB-dA). If not removed prior 

to DNA replication, these lesions can contribute to A → T and A → G mutations commonly 

observed following exposure to BD and its metabolites. In the present study, base excision repair 

of BD-induced 2′-deoxyadenosine (BD-dA) lesions was investigated. Synthetic DNA duplexes 

containing site- and stereospecific S-N6-HB-dA, R,S-1,N6-HMHP-dA, and R,R-N6,N6-DHB-dA 

adducts were prepared by a post-oligomerization strategy. Incision assays with nuclear extracts 

from human fibrosarcoma (HT1080) cells have revealed that BD-dA adducts were recognized and 

cleaved by a BER mechanism, with relative excision efficiency in the order: S-N6-HB-dA > R,R-

N6,N6-DHB-dA > R,S-1,N6-HMHP-dA. Strand cleavage at the adduct site was decreased in the 

presence of BER inhibitor methoxyamine and by competitor duplexes containing known BER 

substrates. Similar strand cleavage assays conducted using several eukaryotic DNA glycosylases/

lyases [AAG, Mutyh, hNEIL1, and hOGG1] have failed to observe correct incision products at the 

BD-dA lesion sites, suggesting that a different BER enzyme may be involved in the removal of 

BD-dA adducts in human cells.
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1,3-Butadiene (BD, Scheme 1) is an important industrial and environmental chemical widely 

used in synthetic rubber and plastic industry and ubiquitously present in automobile exhaust, 

urban air, and cigarette smoke.1–3 Based on the results of epidemiological and toxicological 

studies, BD is classified as a human carcinogen.4–7 BD is metabolically activated to DNA-

reactive epoxides, 3,4-epoxybut-1-ene (EB), 3,4-epoxybutan-1,2-diol (EBD) and 1,2,3,4-

diepoxybutane (DEB)8,9 (Scheme 1). These electrophilic species, if not detoxified, can react 

with DNA to form a range of nucleobase lesions including DNA monoadducts,10–12 

exocyclic lesions,13,14 DNA-DNA cross-links,15–18 and DNA-protein cross-links.19,20

The bulk of BD-induced adducts are formed at the N7-guanine position of DNA: this 

adducts (e.g. N7- (2-hydroxy-3-buten-1-yl)-2′-deoxyguanosine) are hydrolytically labile and 

are removed by spontaneous depurination.21 The less abundant adenine lesions (~ 10% of 

the total) are of special interest because of their hydrolytic stability and the tendency of BD 

and its metabolites to cause A → T and A → G mutations.9,22–24 Multiple BD-dA adducts 

have been identified, including N6-(2-hydroxy-3-buten-1-yl)-2′-deoxyadenosine (N6-HB-

dA), 1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2′-deoxyadenosine (1,N6-HMHP-

dA) and N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2′-deoxyadenosine (N6,N6-DHB-dA) 

(Scheme 1).10,12,13 N6-HB-dA is formed upon single alkylation of the N6 position of 

adenine in DNA by 3,4-epoxy-1-butene,12 while 1,N6-HMHP-dA and N6,N6-DHB-dA are 

induced by bis-alkylation of N6-adenine by 1,2,3,4-diepoxybutane (Scheme 1).13

Our recent studies conducted with DNA templates containing site- and stereospecific BD-

DNA adducts have revealed that in primer extension experiments, (S)-N6-HB-dA adducts 

were readily bypassed by human polymerases β, η, and κ in an error-free fashion, while 

(R,S)-1,N6-HMHP-dA exocycles completely blocked DNA replication by human 

polymerase β.25,26 Human translesion synthesis (TLS) polymerases η and κ were able to 

bypass (R,S)-1,N6-HMHP-dA, introducing T, A, or G opposite the lesion and inducing 

frameshift mutations.25,26 Polymerase bypass of (R,R)-N6,N6-DHB-dA by TLS polymerases 

was extremely inefficient, with all four nucleotides inserted opposite the modified base with 

similar frequencies.25 These results suggest that 1,N6-HMHP-dA and N6,N6-DHB-dA are 

capable of inducing mutations in the absence of repair. Therefore, an understanding of the 

cellular repair of BD-dA adducts will aid in defining the biological consequences of these 

lesions.

In the present study, we investigated the ability of nuclear protein extracts from human 

fibroblasts and recombinant base excision repair (BER) enzymes to recognize and cleave 

site- and stereo-specific BD-dA adducts: S-N6-(2-hydroxy-3-buten-1-yl)-2′-deoxyadenosine 

(S-N6-HB-dA), R,S-1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2′-deoxyadenosine 
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(R,S-1,N6-HMHP-dA) and R,R-N6,N6-(2,3-dihydroxybutan-1,4-diyl)- 2′-deoxyadenosine 

(R,R-N6,N6-DHB-dA) (Scheme 2). We found that all three adducts can be excised by 

nuclear protein extracts from human cells, with efficiency comparable to that of other known 

BER substrates (1,N6-ethenoadenine, guanidinohydantoin and 5-fluorouracil, Scheme 2). 

However, recombinant glycosylases examined [mouse Mutyh, human AAG, hNEIL1 and 

hOGG1] failed to produce correct excision products, suggesting that a different BER 

enzyme or accessory protein factors are required for BD-dA adduct repair in cells.

Experimental Procedures

Materials

Protected 2′-deoxyribonucleoside-3′-phosphoramidites (PAC-dA-CE, Ac-dC-CE, p-iPr-

PAC-dG-CE, dT-CE, 8-oxo-dG-CE, 1,N6-etheno-dA-CE, 5-fluoro-dC-CE) Ac-dC-CPG ABI 

and p-iPr-PAC-dG-CPG ABI columns, and all other reagents necessary for automated DNA 

synthesis were purchased from Glen Research (Sterling, VA). 5′-O-(4,4′-

dimethoxytrityl)-3′-O-(2-cyanoethyl)-N,N-diisopropyl-phosphoramidite of 6-

chloropurine-2′-deoxyriboside was purchased from ChemGenes Corp. (Wilmington, MA). 

Synthetic DNA oligodeoxynucleotides were prepared by solid phase synthesis using an ABI 

394 DNA synthesizer (Applied Biosystems, CA). DNA oligodeoxynucleotides containing 8-

oxo-dG and thymine glycol were purchased from Integrated DNA Technologies (Coralville, 

IA) and Sigma Aldrich (St. Louis, MO), respectively. T4 polynucleotide kinase (T4-PNK) 

was obtained from New England Biolabs (Beverly, MA), while T4 DNA ligase was procured 

from Roche (Basel, Switzerland). γ-32P ATP was purchased from Perkin-Elmer Life 

Sciences (Boston, MA). 40% 19:1 acrylamide/bis solution and micro bio-spin 6 columns 

were purchased from Bio-Rad (Hercules, CA). Illustra NAP-5 desalting columns and Sep-

Pak C18 SPE cartridges were obtained from GE Healthcare (Pittsburg, PA) and Waters 

(Milford, MA), respectively. All other chemicals and solvents were purchased from Sigma-

Aldrich (Milwaukee, WI) and used without further purification.

Cell culture—Chinese hamster lung fibroblast cell lines V79 (GM16136) were obtained 

from the Coriell Institute for Medical Research (Camden NJ). Cells were grown to 80–90% 

confluence on tissue culture dishes in Ham’s F-12 modified essential Eagle’s media (Life 

Technologies, Grand Island, NY, USA) supplemented with 9% fetal bovine serum. Cells 

were maintained in a humidified atmosphere of 5% carbon dioxide, 95% air, at 37 °C.

1,N6-HMHP-dA adduct persistence in genomic DNA detected by isotope 
dilution HPLC-ESI-MS/MS—V79 Chinese hamster lung fibroblasts (6 million cells, in 

duplicate) were treated with 100 μM DEB for 3 hours. Following treatment, DEB-containing 

media was replaced with fresh media, and the cells were allowed to recover for 0.5, 0.75, 1, 

2, or 24 hours to allow for adduct repair. To quantify the remaining 1,N6-HMHP-dA 

adducts, cells were harvested with 5 mL of PBS, sedimented, and stored at −20 °C until 

DNA extraction.

DNA extraction from cells was performed using standard phenol-chloroform extraction. 

DNA concentrations were determined by UV spectrophotometry (Thermo Scientific, 

Waltham, MA, USA) based on the absorbance at 260 nm. DNA purity was assessed from 
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A260/A280 absorbance ratios, which were typically between 1.8 and 1.9. DNA (50–150 μg) 

was re-suspended in water (200 μL).

DNA (100 μg) was spiked with 15N4-1, N6-HMHP-dA internal standard (27.5 fmol) and 

enzymatically digested with DNase I (35 U/100 μg DNA), PDE I (70 mU/100 μg DNA), 

PDE II (80 mU/100 μg DNA), and alkaline phosphatase (14.6 U/100 μg DNA) in 10 mM 

Tris-HCl/15 mM MgCl2 at 37 °C for 18 h.27 1, N6-HMHP-dA and its internal standard were 

isolated by solid phase extraction using Extract Clean Carbo cartridges (3 mL, from Grace 

Davidson, Deerfield, IL). SPE cartridges were washed with methanol (2 × 3 mL) and water 

(2 × 3 mL) prior to loading samples in water (1 mL). Samples were washed with water (3 

mL) and 5 % methanol (3 mL) and eluted with 30 % methanol (3 mL). The 30 % methanol 

elution was dried under vacuum and re-dissolved in 25 μL 0.05% acetic acid. Typically, 8 μL 

of this solution was injected on column for HPLC-ESI+-MS/MS analysis.

DNA hydrolysates containing 1,N6-HMHP-dA were analyzed by column switching HPLC- 

ESI+-MS/MS methods as reported elsewhere.27 In brief, trapping was achieved with a 300 Å 

SCX column (Waters Corp., Milford, MA) using an isocratic flow of 0.5% methanol in 

1mM ammonium hydroxide in water. Samples were then back-flushed with 0.05% acetic 

acid to transfer 1,N6-α-HMHP-dA and its internal standard onto a Synergi Hydro-RP (250 × 

0.5 mm, Phenomenex) analytical column. The solvent system consisted of 0.05% (v/v) 

acetic acid (A) and methanol (B) delivered at a flow rate of 10 μL/min. Solvent composition 

was changed linearly from 0.5 % to 5% B in 5 min, and further to 20% B in 10 min. The 

mass spectrometer was operated in the selected reaction monitoring mode by following the 

neutral loss of deoxyribose from the [M+H]+ ions of 1,N6-HMHP-dA and the 15N4-internal 

standard (m/z 338.1 → 222.1 and m/z 342.1 → 226.1, respectively). Quantitation was 

performed by comparing HPLC- ESI+-MS/MS peak areas corresponding to the analyte and 

its internal standard using standard curves constructed with authentic standards.

Synthesis of site-specifically modified DNA substrates

Synthetic oligodeoxynucleotides containing site- and stereospecific (S)-N6-HB-dA, 

(R,S)-1,N6-HMHP-dA, and (R,R)-N6,N6-DHB-dA lesions were prepared by the post-

oligomerization methodology developed in our laboratory.28–30 Briefly, (R,S)-1,N6-HMHP-

dA adducted DNA strands were prepared by coupling (R,R)-N-Fmoc-1-amino-2-

hydroxy-3,4-epoxybutane with the oligomers containing site-specific 6-chloropurine at 

position X. The resulting (R,R)-N6-(2-hydroxy-3,4-epoxybut-1-yl)-adenine (R,R-HEB-dA) 

containing oligodeoxynucleotides were isolated by high performance liquid chromatography 

(HPLC) and subjected to cyclization in water to afford the corresponding (R,S)-1,N6-

HMHP-dA strands. The corresponding oligomers containing (S)-N6-HB-dA and (R,R)-
N6,N6-DHB-dA adducts were prepared via nucleophilic aromatic substitution of 6-

chloropurine-containing DNA on solid support with (S)-N-Fmoc-1-aminobut-3-en-2-ol and 

(R,R)-pyrrolidine-3,4-diol, respectively (Scheme 2).29 Adduct-containing 

oligodeoxynucleotides were cleaved off solid support using 0.1 M NaOH for three days at 

room temperature.29 DNA strands containing 5-fluoro-dU, 8-oxo-dG and 1,N6-etheno-dA at 

position X (positive controls for BER experiments) were prepared by solid phase synthesis 

using commercially available phosphoramidites (Glen Research, Sterling, VA). The 
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modified nucleotides were added using an offline manual coupling protocol. The 8-oxo-dG-

containing oligomer was subsequently oxidized with Na2IrCl6 to generate the corresponding 

guanidinohydantoin-containing strands.31 All DNA strands were purified by reversed phase 

HPLC and characterized by HPLC-ESI-MS (Table 1), ESI-MS/MS of total enzymatic 

digests (Figure S-1A–C), and MALDI-TOF-MS of exonuclease ladders (Figure S1 D–E). 

Synthetic DNA strands were quantified by UV spectrophotometry.28

Preparation of 18-mer DNA duplex 3 by ligation

18-mer DNA strands containing site- and stereospecific (S)-N6-HB-dA, (R,S)-1, N6-HMHP-

dA and (R,R)-N6,N6-DHB-dA lesions at position X (5′-CGG ACX AGA AGT TTC 

CCC-3′) were synthesized by ligating the corresponding lesion-containing 11-mer 

fragments (5′-CGG ACX AGA AGT-3′) to the 7-mer 5′-TTCCCCC-3′. The 7-mer 

oligonucleotides (1 nmol) were 5′-phosphorylated by incubation with T4 PNK and 6 mM 

ATP at 37 °C for two hours in PNK buffer supplied by the manufacturer (final volume, 100 

μL). The solution was subsequently heated at 65 °C for 20 min to inactivate the enzyme. The 

resulting 5′-phosphorylated 7-mer oligonucleotide was mixed with of 11-mer fragment 5′-

CGG ACX AGA AGT-3′ and the 22-mer complementary strand (5′-

CCGGGGGAACTTCTTGTCCGTT-3′) (1 nmol each), heated at 90 °C for 5 min, and 

allowed to cool slowly to room temperature over four hours to obtain double-stranded DNA. 

Ligation was carried out with T4 DNA ligase in 1X ligase buffer supplied by the 

manufacturer at 16 °C overnight (12–16 hours). Double-stranded DNA was precipitated with 

ethanol, followed by 12% denaturing polyacrylamide gel electrophoresis to isolate the 18-

mer ligation product. Gel bands corresponding to the 18-mer ligated product were excised 

from the polyacrylamide gel, crushed in buffer (500 mM ammonium acetate, and 100 μM 

EDTA, pH 8), and incubated overnight at 4°C in a rotary carousel. The DNA solution was 

subsequently filtered through 0.22 μm Costar Spin-X centrifuge tube filters (Corning, 

Corning, NY) and purified by ethanol precipitation.

Preparation of human fibrosarcoma nuclear extract

Nuclear protein extracts were prepared according to the method described by Jessberger and 

Berg.32 In brief, human fibrosarcoma cells (HT1080) were grown in Dulbecco’s modified 

Eagle’s media supplemented with 9% fetal bovine serum (Life Technologies, Grand Island, 

NY, USA) in 150 mm tissue culture dishes. Cells were cultured in a humidified atmosphere 

of 5% carbon dioxide and 95% air at 37 °C. HT1080 cells (30–50 million cells/dish) were 

collected from 15 confluent 150 mm tissue culture dishes, washed three times with ice-cold 

phosphate buffered saline, and re-suspended in 2 mL of buffer A (10 mM Tris [pH 7.4] 

containing 10 mM KCl, 10 mM MgCl2, and 10 mM DTT). Following 15 min incubation on 

ice, phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 1 mM, and 

the cells were mechanically disrupted by 20 strokes in a Dounce homogenizer (tight pestle). 

The released nuclei were sedimented and re-suspended in 2 mL buffer B (comprised of 

buffer A supplemented with 350 mM NaCl, 1mM PMSF, 0.5 μg/mL leupeptin, 1.0 μg/μL 

aprotinin and 0.7 μg/mL pepstatin) and incubated for 60 min on ice. This material was 

centrifuged at 70,000 rpm in a Beckman TL-100.3 rotor at 4 °C for 30 min. Following the 

addition of glycerol and β-mercaptoethanol to the final concentrations of 10 % and 10 mM, 

Wickramaratne et al. Page 5

Biochemistry. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively, the extract was stored at −80 °C. The total protein concentration was measured 

using the Bradford assay (2–2.9 mg/mL).

Preparation of radiolabeled DNA substrates for repair experiments

Single-stranded DNA oligodeoxynucleotides containing site-specific R,S-1,N6-HMHP-dA, 

S-N6-HB-dA, or R,R-1,N6-DHB-dA (250 pmol) were radiolabeled by incubation with T4 

PNK (3 μL) and γ-32P ATP (3 μL) at 37 °C for 60 min in PNK buffer (final volume = 20 

μL). The solutions were heated at 65 °C for 10 min to inactivate the enzyme and filtered 

through Illustra Microspin G25 column (GE Healthcare, Pittsburgh, PA) to remove excess 

γ-32P ATP. The 5′-32P-labeled oligomers were mixed with 1–1.2 molar equivalents of the 

complementary strands in an annealing buffer (10 mM Tris [pH 7] containing 50 mM NaCl 

or 20 mM Tris-HCl [pH 7.6], 10 mM EDTA, and 150 mM NaCl), heated at 90 °C for 10 

min, and allowed to cool slowly overnight to obtain double stranded DNA.

Base excision repair assays with human fibrosarcoma nuclear extracts

Radiolabeled DNA duplexes 1–3 containing site-specific BD-dA adducts (50 nM) were 

dissolved in 10 mM HEPES (pH 7.4) buffer containing 100 mM KCl, 1 mM EDTA, 1 mM 

EGTA and 0.1 mM DTT. For initial assays examining the concentration dependence for 

repair, 0–12 μg of nuclear protein extract from human fibrosarcoma HT1080 cells was added 

(in a total volume of 20 μL), and the mixtures were incubated at 37 °C. The repair reactions 

were allowed to proceed for 2 h, followed by heating at 95 °C for 5 min to inactivate the 

enzymes prior to gel electrophoresis analysis.

For gel electrophoresis analyses of repair reactions, 15% or 20 % polyacrylamide gels 

containing 7 M urea were pre-run at a constant power of 15 W for 30 min in a TBE running 

buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA). Formamide denaturing dye (8 μL, 

containing 80% formamide, 0.025% xylene cyanol, 0.025% bromophenol blue in TBE 

running buffer) was added to samples prior to loading onto the gel and electrophoresed at a 

constant power of (15 W) at an ambient temperature. Radiolabeled 18-mer substrates and 

11-mer excision products were visualized on the gel using autoradiography by exposure to a 

storage phosphor screen overnight. Gels were imaged using a Typhoon FLA 7000 imager 

(GE Healthcare, Pittsburgh, PA). The extent of repair was evaluated by volume analysis 

using ImageQuant TL 8.0 (GE Healthcare, Pittsburgh, PA). The rate constants for strand 

cleavage were calculated by fitting the data to a first order rate equation using Origin 9.1 

software (OriginLab Corp., Northampton, MA) or GraFit 5.0 software (Erithacus Software 

Ltd., Horley, Surrey, UK).

To observe time dependent repair, nuclear extracts from HT1080 cells (25 μg) were added 

to 32P-endlabeled DNA duplexes (50 nM) in a total volume of 50 μL. Aliquots (10 μL) were 

withdrawn at 0, 15, 30, 75, 120, and 180 min and quenched by the addition of 10 μL of gel 

loading buffer (20 mM EDTA in 95% formamide containing 0.05% bromophenol blue and 

0.05% xylene cyanol), followed by denaturing PAGE analysis as described above.

To establish a role of base excision repair in adduct removal, DNA duplexes were pre-

incubated with a known BER inhibitor, methoxyamine (MX, 3 mM) in the reaction buffer at 
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room temperature for 60 min prior to the addition of nuclear extract, followed by time 

dependent repair assay as described above.

Base excision repair assay using recombinant enzymes

Strand cleavage assays were performed under single-turnover conditions (STO, [enzyme] > 

[DNA substrate]). 32P-endlabeled double-stranded DNA substrates (10–50 nM) were 

incubated with 8–200-fold excess of each recombinant BER enzyme [AAG, Mutyh, two 

hNEIL1 isoforms (edited and unedited),33 hOGG1] in a final volume of 20 μL. The 

recombinant enzymes were purified using previously published protocols.33–36

The assay buffer contained 20 mM Tris-HCl (pH 7.6), 10 mM EDTA, 100 μg/mL bovine 

serum albumin, 30 mM NaCl, while the experiments using hNEIL1 (edited or unedited) 

included 60 mM NaCl. AAG reaction buffer was 20 mM Tris-HCl buffer (pH 7.8) 

containing 100 mM KCl, 5 mM β-mercaptoethanol, 2 mM EDTA, 1 mM EGTA, and 50 

μg/mL BSA. Reactions were carried out at 37 °C for 60–180 min and quenched by the 

addition of NaOH to a final concentration of 0.2 M, heated to 90 °C for 5 min to cleave any 

abasic sites, and then analyzed by denaturing PAGE as described above.

Analysis of cleavage products by liquid chromatography-tandem mass spectrometry

Capillary HPLC-ESI−-MS/MS analyses were performed on an Agilent 1100 capillary HPLC 

system (Agilent Technologies, Inc., Wilmington, DE) coupled to an Agilent ion trap mass 

spectrometer (Agilent Technologies, Inc., Wilmington, DE) or a Thermo LTQ Orbitrap 

Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA). Liquid chromatography 

was performed on a Zorbax SB-C18 column (150 mm 0.5 mm, 5 μm, Agilent Technologies, 

Inc., Santa Clara, CA). The column was eluted at a flow rate of 15 μL/min using a gradient 

of 15 mM ammonium acetate (A) and acetonitrile (B). The column temperature was 

maintained at 25 °C. The solvent composition was changed linearly from 0 to 20% B over 

20 min, further to 80% B over 2 min, kept at 80% B for another 2 min, and decreased to 0% 

B within 1 min.

Agilent ion trap mass spectrometer was operated in the ESI− mode. Target ion abundance 

value was set to 50,000, and the maximum accumulation time was 300 ms. In a typical 

experiment, 6–10 average scans were taken in the mass range of m/z 200–1600. Nitrogen 

was used as a nebulizing gas (15 psi) and as a drying gas (5 L/min, 200 °C), while 

electrospray ionization was achieved at a spray voltage of 3–3.5 kV. A Thermo LTQ 

Orbitrap Velos mass spectrometer was operated with the following settings: ESI source 

voltage, 3.5 kV; source current, 6.7 A; auxiliary gas flow rate setting, 0; sweep gas flow rate 

setting, 0; sheath gas flow setting, 30; capillary temperature, 275 °C; and S-lens RF level, 

50%. The MS/MS conditions were as follows: normalized collision energy, 35%; activation 

Q, 0.25; activation time, 10 ms; product ion scan range, m/z 200 – 1600. The identities of 

the expected excision products (5′-TCAT-3′ and 5′-CGGAC-3′) were confirmed by 

comparing their experimental MS/MS spectra to their predicted CID fragmentation patterns 

from Mongo Oligo Mass Calculator version 2.06 (The RNA Institute, College of Arts and 

Sciences, State University of New York at Albany, http://mods.rna.albany.edu/masspec/

Mongo-Oligo).
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For mass spectrometry experiments, repair assays were performed with unlabeled DNA 

duplexes (Scheme 2, 10 μM) in 10 mM HEPES (pH 7.4) buffer containing 100 mM KCl, 1 

mM EDTA, 1 mM EGTA and 0.1 mM DTT in a total volume of 20 μL. Following the 

addition of the nuclear protein extract (5 μg), repair mixtures were incubated at 37 °C for 3 

h. Samples were subjected to solid phase extraction using Sep Pak C18 cartridges (100 mg/1 

mL) according to the manufacturer suggested protocol (Waters, Milford, MA). SPE fractions 

containing DNA (70% methanol elution) were dried in vacuo and reconstituted in water (20 

μL) prior to HPLC-ESI−-MS/MS analysis as described above.

Results

Kinetics of 1,N6-HMHP-dA adduct removal in mammalian cells

In our initial studies, the repair dynamics of 1,N6-HMHP-dA adducts were examined in 

Chinese hamster lung fibroblasts (V79) treated with 100 μM DEB for 3 hours (Figure 1). 

Following carcinogen removal, cells were incubated in fresh media for 0.5–24 h to allow for 

adduct repair. Adduct levels in chromosomal DNA at each post-treatment time point were 

determined using isotope dilution HPLC-ESI-MS/MS methodology developed in our 

laboratory.27 We found that 1,N6-HMHP-dA adducts were rapidly removed in mammalian 

cells, with a half life (t1/2) of 0.97 h (Figure 1). These results indicate that mammalian cells 

have an efficient mechanism for removing these types of adducts from genomic DNA.

Synthesis and structural characterization of DNA oligodeoxynucleotides

In order to determine the molecular mechanisms of repair of 1,N6-HMHP-dA and related 

BD-dA adducts in human cells, model DNA substrates containing site specific adducts were 

prepared. Three DNA sequences were selected (Scheme 2). An 11-bp duplex (Duplex 1) was 

derived from the human N-ras protooncogene, with BD-dA adducts (X) inserted at the 

second position of codon 61: 5′-CGG ACX AGA AG-3′ and 3′-GCC TGY TCT TC-5′ 
where Y = dT or dG.37 An 18-bp duplex (Duplex 2, 5′-TCA TXG AAT CCT TCC CCC-3′ 
and 3′-AGT AYC TTA GGA AGG GGG-5′ where X = BD-dA adduct and Y = dT or dG) 

was identical to the sequence used in our published lesion bypass experiments with DNA 

polymerases.26 Another 18-bp duplex (Duplex 3, 5′-CGG ACX AGA AGT TTC CCC-3′ 
and 5′-GGG GAA ACT TCT YGT CCG′3′, where X = BD-dA adduct and Y = dT or dG) 

was prepared by ligating an 11-nt lesion containing strand to a 7 nt strand (5′-TTC CCC-3′) 

using the 18-nt strand as a template.

A post-oligomerization methodology developed in our laboratory28,29 was used to generate 

DNA strands containing (S)-N6-HB-dA, (R,R)-N6,N6-DHB-dA, or (R,S)-1,N6-γ-HMHP-dA 

(Scheme 3). In this approach, DNA strands containing 6-chloropurine (X) (5′-TCA TXG 

AAT CCT TCC CCC-3′ and 5′-CGG ACX AGA AG-3′) are prepared using solid phase 

synthesis with commercial 6-chloropurine-2′-deoxyribose phosphoramidite. The resulting 6-

chloropurine-containing strands are reacted with (S)-N-Fmoc-1-aminobut-3-en-2-ol, (R,R)-

N-Fmoc-1-amino-2-hydroxy-3,4-epoxybutane,28,29 or commercial (3R,4R)-1-benzyl-

pyrrolidine-3,4-diol to generate the corresponding oligomers containing site specific (S)-N6-

HB-dA, (R,R)-N6-(2-hydroxy-3,4-epoxybutan-1-yl)-dA and (R,R)-N6,N6-DHB-dA adducts, 

respectively (Scheme 3).28,29 DNA strands containing (R,R)-N6-(2-hydroxy-3,4-
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epoxybutan-1-yl)-dA were converted to the corresponding (R,S)-1,N6-HMHP-dA containing 

strands via intramolecular nucleophilic substitution in an aqueous solution.28,29 These 

reactions were conducted on solid support in order to maximize the yield of the final 

product. All synthetic oligodeoxynucleotides were purified by HPLC to achieve > 98% 

purity and characterized by liquid chromatography-mass spectrometry (Table 1, Supplement 

S-1).

Known substrates of mismatch uracil DNA glycosylase (MUG),38 hNEIL1,39 hOGG1,40–42 

mouse Mutyh, Nei/Nth,43,44 and alkyl adenine DNA glycosylase (AAG)45 [5-fluoro-dU, 

guanidinohydantoin, 8-oxo-dG:C, 8-oxo-dG:A, thymine glycol, and 1,N6-etheno-dA (or 

hypoxanthine), respectively, see Scheme 2] served as positive controls in DNA repair 

experiments. Synthetic DNA containing 5-fluoro-dU, 8-oxo-dG and 1,N6-etheno-dA 

(duplexes 1, and 2 with adduct at position X, see Scheme 2) were prepared by solid phase 

synthesis. 8-oxo-dG was subsequently oxidized to guanidinohydantoin using Na2IrCl6.31 All 

DNA strands were purified by reversed phase HPLC and characterized by liquid 

chromatography-mass spectrometry, HPLC-ESI-MS/MS of enzymatic digests, and MALDI-

TOF-MS of exonuclease ladders (Table 1, Figure S-1).

Removal of BD-dA adducts using human fibrosarcoma nuclear extract

To observe the efficiency of BD-dA adducts removal in human cells, radiolabeled Duplex 2 
containing site- and stereo-specific (R,S)-1,N6-HMHP-dA, (S)-N6-HB-dA, or (R,R)-N6,N6-

DHB-dA at position X and dT at position Y (Scheme 2) were incubated with nuclear protein 

extracts from human fibrosarcoma (HT1080) cells. Repair reactions were resolved on 20% 

denaturing polyacrylamide gels, and the formation of the 5′-incision product (5′-TCAT-3′) 

was detected as band that migrated farther in the gel. DNA strands containing all three BD-

dA adducts were cleaved by human nuclear extracts in a concentration dependent manner 

(Figure 2). The kinetics of BD-dA adduct excision by human nuclear proteins was 

investigated by gel electrophoresis analysis of repair reactions quenched at pre-selected time 

points (Figure 3A). We found that the excision efficiency was in the order (S)-N6-HB-dA ≈ 
(R,R)-N6,N6-DHB-dA > (R,S)-1,N6-HMHP-dA (first order rate constants 0.02, 0.02 and 

0.01 min−1, respectively, see Table 2). The extent and the rate of repair decreased 

significantly in the presence of a known BER inhibitor, methoxyamine (MX)46 (Figures 3B–

D, Table 2).

To compare the efficiency of BD-dA adduct excision by human nuclear protein extracts to 

that of known BER substrates, the corresponding DNA duplexes containing 5-fluoro-dU (a 

known MUG substrate),38 and 8-oxo-dG (a known hOGG1 substrate)47 were prepared 

(Positive controls in Scheme 2). Repair reactions with nuclear protein extracts were 

conducted the same way as for BD-dA adducts. An excision product that migrated with 

similar mobility was observed for known BER substrates (Figure 4). Furthermore, the 

efficiency of excision of BD-dA adducts was similar to that of known BER substrates 

(Figure 4). Based on the experimental first order rate constants (Table 2), all three BD-dA 

adducts were excised 1.1–1.7-fold faster as compared to 5F-dU, while the rates were 1.3–

2.3-fold slower with respect to 8-oxo-dG.
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Liquid chromatography-tandem mass spectrometry analysis of base excision repair using 
nuclear extracts

To confirm that BD-dA lesions are recognized and cleaved via a BER mechanism, cleavage 

products generated upon incubation of Duplex 2 (Scheme 2, X = BD-dA adduct and Y = dT) 

with nuclear protein extracts from HT1080 cells were analyzed by HPLC-ESI−-MS/MS. 

Tandem mass spectrometry employing collision-induced dissociation was used to sequence 

the products. An incision product, 5′-TCAT-3′, was observed for all three adducted DNA 

duplexes (Figures 5), while negative controls incubated in the absence of nuclear protein 

extracts were not cleaved (results not shown). This excision product is consistent with a 

downstream BER intermediate. In this pathway, cleavage of the N-glycosidic bond of a 

damaged base by a DNA glycosylase generates an apurinic/apyrimidinic (AP) site.48–50 

Further processing of an AP site by an AP endonuclease (APE) results in incision of the 

DNA strand 5′ to the AP site to generate a single-strand break (SSB) terminating with 3′-

hydroxyl.48–50 Alternatively, the lyase activity of bifunctional glycosylases may cleave DNA 

from the 3′ side of the AP site to generate a strand break.48–50 The terminal clean-up step 

by APE or a 3′-phosphodiesterase would result in formation of a processed 3′-OH-

containing DNA fragment, consistent with the observed excision products (Figures 2 and 

3).48–50 Taken together, our HPLC-ESI-MS/MS results corroborate the gel electrophoresis 

data in Figures 1 and 2, suggesting that all three BD-dA adducts may be processed by a BER 

mechanism in human cells.

Activity of recombinant BER glycosylases towards BD-dA adducts

In an attempt to identify BER glycosylases that may be involved in the human nuclear 

protein extract–catalyzed cleavage reactions of BD-dA adducts, radiolabeled duplexes 2 and 

3 (Scheme 3) where X = (R,S)-1,N6-HMHP-dA, (R,R)-N6,N6-DHB-dA, and (S)-N6-HB-dA 

and Y = dT were incubated with several mammalian glycosylases under single nucleotide 

turnover conditions. The mammalian glycosylases chosen included human AAG, hNEIL1, 

hOGG1, and mouse Mutyh. There are two isoforms of hNEIL1 due to RNA editing of its 

pre-mRNA that differ at amino acid 242 (Lys 242, unedited, and Arg 242, edited) and have 

been shown to have distinct substrate specificities; therefore, both edited and unedited 

isoforms were examined in cleavage assays.33 Repair reactions were quenched by heating in 

the presence of NaOH to convert any abasic sites formed to DNA strand breaks and resolved 

on 15% denaturing polyacrylamide gels, where the cleavage products appeared as high 

mobility bands. DNA duplexes containing known substrates for a given glycosylase were 

used as positive controls. No cleavage was observed for AAG, hNEIL1 (edited and 

unedited), and Mutyh (Figure 6). Although certain recombinant glycosylases (most notably, 

hOGG1) generated some level of strand scission during unusually prolonged incubations 

(Figure 6), gel mobility of the observed excision products did not match that of authentic 

standards representing expected cleavage products, suggesting that they formed as a result of 

a contaminating nuclease. Future studies are needed to identify glycosylase enzymes 

involved in base excision repair of BD-dA adducts in human cells.
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Discussion

Genomic DNA serves as a repository of hereditary information, and its integrity is essential 

for life.51–53 However, DNA nucleobases are susceptible to electrophilic attack by chemical 

and physical agents formed endogenously and present in our diet and the environment. If not 

repaired, the resulting DNA adducts can lead to mutations and cell death.51,52,54 Each living 

cell is equipped with multiple cellular DNA repair mechanisms,52,55 including direct 

repair,52 mismatch repair,52,56,57 base excision repair (BER),52,54,56 nucleotide excision 

repair,52,56,58,59 homologous recombination,52,60 and non-homologous end joining.52,61 

Depending on molecular size and shape of specific types of DNA lesions and the extent of 

helix distortion associated with their formation, they can be removed by one or more 

mechanism.52,56

Our initial experiments conducted in mammalian cell culture (CHO cells, see Figure 1) 

indicated that 1,N6-HMHP-dA adducts are rapidly removed by an active repair mechanism 

(t1/2 = 0.97 h). We hypothesized that 1,N6-HMHP-dA and structurally related N6-HB-dA 

and N6,N6-DHB-dA adducts are subject to repair by BER because this is the preferred 

pathway for many relatively small nucleobase lesions that do not drastically disturb DNA 

structure.62 For example, structurally related 3-methyladenine and 1,N6-etheno-dA are 

recognized and cleaved by alkyladenine DNA glycosylases such as AAG.63,64 Circular 

dichroism (CD) experiments indicated that DNA duplexes containing N6-HB-dA, 1,N6-

HMHP-dA, and N6,N6-DHB-dA adducts maintain a B-type DNA conformation.28 Solution 

NMR structures of (R,R) and (S,S)-N6,N6-DHB-dA and (S)-N6-HB-dA containing DNA 

duplexes show that they are readily accommodated in the major groove of DNA.65 Only 

small perturbations in base stacking and hydrogen bonding interactions were observed for 

(S)-N6-HB-dA, while the presence of N6,N6-DHB-dA prevented its hydrogen bonding with 

thymidine in the opposite strand and disrupted stacking interactions of the adducted base 

with neighboring nucleotides. The overall B-DNA structure was maintained.65,66

Strand incision assays conducted with site-specifically modified DNA duplexes and nuclear 

extracts from human fibrosarcoma (HT1080) cells (Figures 2,3) suggest that all three BD-

dA adducts are efficiently recognized and processed by a BER pathway. In these 

experiments, 5′-radiolabeled DNA duplexes containing site- and stereospecific BD-dA 

adducts were incubated with nuclear protein extracts, and the cleavage products were 

detected as high mobility bands on the gel. Initial cleavage of the modified nucleobase by a 

BER glycosylase and subsequent excision of the apurinic/apyrimidinic (AP) site by AP 

endonuclease generates DNA strand breaks. Inhibitor assays repeated in the presence of 

known BER inhibitor, methoxyamine (MX) showed 50–75 % reduction in repair (Figures 

3B–D, Table 2). MX covalently binds to abasic sites generated upon glycosylase-mediated 

excision of modified nucleobases, preventing their processing by AP endonucleases.67,68 

Kinetic studies have revealed that the efficiency of BER repair of BD-dA adduct was similar 

to that of known BER substrates such as 8-oxo-dG, 1,N6-etheno-dA, and 5-fluorouracil 

(Figure 4). These gel electrophoresis results were confirmed by liquid chromatography-

tandem mass spectrometry analyses of the repair reactions, which have detected the expected 

cleavage products (Figure 5).

Wickramaratne et al. Page 11

Biochemistry. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surprisingly, we did not observe significant levels of in vitro cleavage of the BD-dA adducts 

by the four mammalian BER glycosylases tested (mouse Mutyh, human AAG, hOGG1 and 

hNEIL1, see Figure 6). AAG is known to cleave alkylated adenine lesions such as 3-

methyladenine and 1,N6-ethenoadenine; we initially expected AAG to be a likely candidate 

in the excision of BD-dA adducts. The mouse Mutyh and human OGG1 glycosylases tested 

here are best known for their participation in the “GO” repair pathway, which plays an 

important role in preventing mutations associated with 8-oxo-guanine (OG). The hOGG1 

glycosylase removes OG from OG:C bps while Mutyh removes A from OG:A bps that form 

due to the miscoding propensity of OG.69,70 We anticipated that Mutyh might be able to 

removed BD-dA adducts due to the fact that these are derivatives of adenine; however, we 

did not observe activity in vitro for any of the tested glycosylases (Figure 6). These results 

suggest that other BER enzymes may contribute to repair of these BD-dA adducts in human 

cells, or that auxiliary factors not included in our in vitro experiments are required for 

efficient excision.71–73 For example, coordinating action between two or more repair 

proteins may be required for adduct removal, as previously observed for XRCC1 with PolB 

or hOGG1.71,72 and for NEIL1 with the PCNA sliding clamp.74 The second protein may be 

required to unwind DNA or to form a scaffold that facilitates the recruitment of BER 

proteins to lesion site. Alternatively, the exocyclic lesions could be oxidized to secondary 

adducts by enzymes such as the AlkB proteins, thereby becoming better substrates for 

known BER glycosylases.75 Additional studies in repair deficient cells are underway to 

investigate these possibilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Dynamics of DEB-induced 1,N6-HMHP-dA adducts in hamster V79 cells. Cells were 

treated with 100 μM DEB for 3 hours and allowed to repair the damage for 0.5–24 hours, 

followed by enzymatic digestion of genomic DNA and HPLC-ESI-MS/MS analysis of any 

lesions remaining.
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Figure 2. 
Concentration dependent cleavage of DNA adducts by nuclear protein extracts from HT1080 

cells. 32P-endlabeled DNA 18-mer (5′-TCA TXG AAT CCT TCC CCC-3′) duplexes were 

incubated in 10 mM HEPES (pH 7.4), 100 mM KCl, 1 mM EDTA, 1 mM EGTA and 0.1 

mM DTT with increasing amounts of HT1080 nuclear extracts at 37 °C for 2 h. Samples 

were resolved on a 20% denaturing PAGE gel and visualized by phosphor imaging. (A) A 

representative PAGE gel for concentration dependent incision of 18-mer containing 

(R,S)-1,N6-HMHP-dA, and (B) volume analysis showing increasing amounts of incision 

products for BD-dA adducts with increasing amounts of nuclear extract.
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Figure 3. 
Time-dependent repair of 1,3-butadiene-induced 2′-deoxyadenosine adducts by nuclear 

protein extracts from human fibrosarcoma (HT1080) cells. A representative PAGE gel of 

incision of 18-mer (5′-TCA TXG AAT CCT TCC CCC-3′) containing (R,S)-1,N6-HMHP-

dA (A), time-dependent incision of 18-mers containing (S)-N6-HB-dA (B), (R,S)-1,N6-

HMHP-dA (C), (R,R)-N6,N6-DHB-dA (D) in the presence (red lines) and absence (black 

lines) of BER inhibitor, methoxyamine. 32P-endlabeled 18-mer DNA duplexes were 

incubated with 0.5 μg/μL nuclear extract in 10 mM HEPES (pH 7.4), 100 mM KCl, 1 mM 

EDTA, 1 mM EGTA and 0.1 mM DTT at 37 °C. Aliquots of the reaction mixture were 

quenched at preselected time points, samples were resolved on a 20% denaturing PAGE gel 

and visualized by phosphor imaging. Volume analysis showed increasing amounts of 

incision products with increasing incubation time (n = 3).
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Figure 4. 
Time course for excision of N6,N6-DHB-dA in the presence of nuclear protein extracts from 

human cells in comparison to known BER substrates (8-oxo-dG and 5F-dU). 32P-endlabeled 

dsDNA 18-bp Duplex 2 containing site-specific adducts (50 nM, X = N6,N6-DHB-dA) was 

incubated with 0.5 μg/μL nuclear extract in 10 mM HEPES (pH 7.4), 100 mM KCl, 1 mM 

EDTA, 1 mM EGTA and 0.1 mM DTT at 37 °C. Aliquots of the reaction mixture were 

quenched at preselected time points, and the samples were resolved on a 20% denaturing 

PAGE gel and visualized by phosphor-imaging. Volume analysis showed increasing amounts 

of incision products with increasing incubation time (n = 3).
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Figure 5. 
MS/MS spectra of incision products detected following incubation of DNA duplex 2 

containing site specific (R,S)-1,N6-HMHP-dA adducts with nuclear protein extracts from 

human fibrosarcoma (HT1080) cells.
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Figure 6. 
Base excision repair assay using recombinant mammalian glycosylases: a representative 

PAGE gel of the repair assay in the presence of (A) Mutyh (B) hOGG1 (C) hAAG, and (D) 

hNEIL1 (edited and unedited) with 18-mer Duplexes 2 (AAG) and Duplex 3 (Mutyh, 

hOGG1 and hNEIL1) where X is paired opposite dT. Strand cleavage assays were performed 

under single-turnover conditions (STO, enzyme concentration > DNA substrate 

concentration).32P-endlabeled double-stranded DNA substrates (10–50 nM) were incubated 

with 8–200-fold excess of each recombinant BER enzyme in a final volume of 20 μL. The 

assay buffer contained 20 mM Tris-HCl (pH 7.6), 10 mM EDTA, 100 μg/mL BSA, 30 mM 

NaCl, while the experiments using hNEIL1 (edited or unedited) included 60 mM NaCl. 

AAG reaction buffer was 20 mM Tris-HCl buffer (pH 7.8) containing 100 mM KCl, 5 mM 

β-mercaptoethanol, 2 mM EDTA, 1 mM EGTA, and 50 μg/mL BSA. Reactions were carried 

out at 37 °C for 60–180 min and analyzed as described in the methods section.
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Scheme 1. 
Proposed mechanism for the formation of 1,3-butadiene (BD) induced 2′-deoxyadenosine 

adducts.
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Scheme 2. 
DNA sequences and nucleobase lesions employed in the present study.
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Scheme 3. 
Preparation of DNA strands containing site-specific BD-dA adducts by a post-

oligomerization approach.
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Table 1

HPLC-ESI−-MS characterization of synthetic DNA oligomers.

Oligodeoxynucleotide sequence
Molecular weight/kDa

Calculated Observed

5′-TCA TXG AAT CCT TCC CCC-3′; X = S-N6-HB-dA 5424.5 5424.2

5′-TCA TXG AAT CCT TCC CCC-3′; X = R,S-1,N6-HMHP-dA 5440.5 5440.3

5′-TCA TXG AAT CCT TCC CCC-3′; X = R,R-1,N6-DHB-dA 5440.5 5440.1

5′-TCA TXG AAT CCT TCC CCC-3′; X = 1,N6-εdA 5378.5 5378.9

5′-TCA TYG AAT CCT TCC CCC-3′; Y = 8-oxo-dG 5386.5 5386.1

5′-TCA TYG AAT CCT TCC CCC-3′; Y = Gh 5376.5 5376.5

5′-TCA TZG AAT CCT TCC CCC-3′; Z = 5F-dU 5349.4 5349.0

5′-GGG GGA AGG ATT CTA TGA-3′ 5643.7 5643.4

5′-GGG GGA AGG ATT CCA TGA-3′ 5628.7 5628.6

5′-GGG GGA AGG ATT CAA TGA-3′ 5652.8 5652.2

5′-CGG ACX AGA AG-3′; X = R,S-1,N6-HMHP-dA 3485.2 3485.0

5′-CGG ACX AGA AG-3′; X = S-N6-HB-dA 3469.2 3469.0

5′-CGG ACX AGA AG-3′; X = R,R-1,N6-DHB-dA 3485.2 3484.8

5′-CTT CTT GTC CG-3′ 3274.1 3273.8

5′-TCA T-OH-3′ 1148.2 1148.2

5′-CGG AC-OH-3′ 1487.3 1487.1
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Table 2

First order rate constants observed for the repair of BD-dA adducts and known BER substrates by HT1080 

nuclear extract.

DNA adduct Rate constant ± SE/min−1

HT1080 Nuclear extract

(S)-N6-HB-dA 0.0208 ± 0.0034

0.0064 ± 0.0002

(R,S)-1,N6-HMHP-dA 0.0119 ± 0.0013

0.0024 ± 0.0004

(R,R)-N6,N6-DHB-dA 0.0152 ± 0.0009

0.0020 ± 0.0002

0.0275 ± 0.0061

0.0119 ± 0.0004
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