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Abstract

The base and nucleotide excision repair (BER and NER, respectively) pathways are two major 

mechanisms that remove DNA lesions formed by the reactions of genotoxic intermediates with 

cellular DNA. We have demonstrated earlier that the oxidatively generated guanine lesions 

spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) are excised from double-stranded 

DNA by competing BER and NER in whole cell extracts [Shafirovich, V., et al. (2016) J. Biol. 
Chem. 321, 5309-5319]. In this work we compared the NER and BER yields with single Gh and 

Sp lesions embedded at the same sites in covalently closed circular pUC19NN plasmid DNA 

(cccDNA), and in the same, but linearized form (linDNA) of this plasmid. The kinetics of the Sp 

and Gh BER and NER incisions were monitored in HeLa cell extracts. The yield of NER products 

is ~ 5 times greater in covalently closed circular DNA than in the linearized form, while the BER 

yield is smaller by ~ 20-30% depending on the guanine lesion. Control BER experiments with 8-

oxo-7,8-dihydroguanine (8-oxoG) show that the BER yield is increased by a factor of only 1.4 ± 

0.2 in cccDNA relative to linDNA. These surprising differences in BER and NER activities are 

discussed in terms of the lack of termini in covalently closed circular DNA, and the DNA lesion 

search dynamics of the NER DNA damage sensor XPC-RAD23B and the BER enzyme OGG1 

that recognises and excises 8-oxoG.
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INTRODUCTION

It is well established that exposure of cellular DNA to endogenous reactive oxygen species, 

free radicals, metabolically activated reactive intermediates, UV light or ionizing radiation 

gives rise to a variety of DNA lesions.1–3 If not repaired, error-prone replication of such 

lesions can lead to mutations and genomic instability.4, 5 Indeed, the repair of oxidatively 

generated lesions is critical for maintaining genomic stability during oxidative stress.6 

Existing paradigms suggest that non-bulky oxidatively generated DNA lesions are removed 

by base excision repair (BER) mechanisms,7 that specifically excises the damaged base, and 

is highly conserved from bacteria to humans.8 However, DNA helix-distorting bulky lesions 

are repaired by the nucleotide excision repair (NER) pathway9 that is initiated by the DNA-

damage-sensing NER factor XPC-RAD23B (abbreviated as XPC).10 This initial lesion-

recognition step is followed by the sequential binding of the ten-protein factor TFIIH to the 

XPC-DNA complex and the NER factors XPA, RPA, XPF and XPG.11 The endonucleases 

XPF and XPG incise the damaged strand on both sides of the lesion that generates the 

characteristic NER ladder of oligonucleotide excision products ~ 24 – 30 nucleotides (nt) in 

lengths.9–11

The oxidatively generated hydantoin DNA lesions 5-guanidinohydantoin (Gh) and 

diastereomeric spiroiminodihydantoin (S-Sp and R-Sp) are substrates of prokaryotic BER 

and NER mechanisms,12 in human cell extracts13, 14 and in human cells.15 Both hydantoin 

lesions are generated by the oxidation of 8-oxo-7,8-dihydroguanine (8-oxoG), itself a 

ubiquitous DNA lesion produced in cellular environments under conditions of oxidative 

stress.16

More recently, we demonstrated that the NER excision of a single bulky benzo[a]pyrene-

derived DNA lesion/DNA molecule was excised with a ~ six-fold greater efficiency when it 

was embedded in covalently closed circular pUC19NN plasmid (contour length 2686 base 

pairs) than in the same but linearized form of the same plasmid.17 The first NER factor that 

initiates the multi-step NER process is the DNA damage sensor XPC-RAD23B that searches 

DNA lesions by a constrained one-dimensional hopping mechanism.18 The remarkable 

enhanced NER efficiency in circular DNA was attributed to the absence of blunt ends in the 

circular DNA plasmids. The simplest hypothesis is that in linear DNA at or near the termini, 

XPC molecules can dissociate from the DNA molecules (by hopping or sliding off) and have 

a lower probability of re-associating with DNA than in the regions more distant from the 

termini. Such sliding-off phenomena have been observed in the case of the p53 transcription 

factor.19
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In this work, we compared the excision of the hydantoin lesions Gh and Sp by competing 

BER and NER pathways with the lesions embedded either in circular or in the linear forms 

of the pUC19NN plasmid with a contour length of 2686 base pairs. We have previously 

shown that BER and NER pathways occur in ratios of ~ NER/BER ~ 0.5 – 2.0 depending on 

the cell extract preparation and, presumably, the relative concentrations of relevant BER and 

NER proteins that initiate these repair pathways when the hydantoin lesions are embedded in 

short 147-mer duplexes 14. Here we elucidated how the excision of the hydantoin lesions by 

the two competing NER and BER pathways are affected by the topology of DNA molecules. 

We demonstrate that in the case of the non-bulky Sp and Gh DNA lesions, the efficiencies of 

the NER mechanisms are significantly enhanced in covalently closed circular DNA plasmids 

relative to the same but linearized DNA, while minor differences are observed in the case of 

base excision repair of the same lesions.

EXPERIMENTAL PROCEDURES

DNA Repair Substrates.

We designed covalently closed circular plasmids containing single Gh or S-Sp lesions at the 

same site harboring site-specifically guanine lesions (Figure 1A) that exclude the effects of 

DNA termini on DNA repair.

A gapped-vector technology20 was used to generate the circular plasmid substrates from 

pUC19NN plasmids as shown in Figure 1B. The latter was cloned from the well-known 

pUC19 plasmids by inserting a fragment containing two Nt. BbvCI restriction sites.17 The 

gap created by tandem nicking with the Nt. BbvCI restriction enzyme was filled with 32P-

labeled oligonucleotides containing site-specifically positioned Sp- or Gh-lesions, or by 8-

oxoG, a classical substrate of BER proteins that was employed as a positive control of BER 

activity.21 The kinetics of the BER and NER incisions of these plasmid substrates were 

monitored in HeLa cell extracts.

Materials.

The pUC19 plasmid and restriction enzymes were obtained from New England Biolabs 

(Ipswich, MA). The T4-kinase, T4 ligase and proteinase K were purchased from 

ThermoFisher Scientific; E. coli DNA gyrase was from Millipore Sigma. The 2′-
oligodeoxynucleotides were purchased from Integrated DNA Technologies (Coralville, IA, 

USA) and purified by denaturing polyacrylamide gel electrophoresis.

Construction of Plasmid Substrates Containing the Sp and Gh Lesions.

The pUC19NN plasmid (Figure 1B) was cloned from the pUC19 plasmid by inserting a 32-

mer oligonucleotide fragment between the BamHI and HindIII restriction sites in the 

multiple cloning site of pUC19.17 Aliquots (50 μL) of pUC19NN (5 pmol) were treated with 

Nt. BbvCI restriction enzyme (50 U) at 37 °C for 1.5 h. The double-nicked pUC19NN was 

mixed with an excess of the complementary strand 5′-GGTAGCGATGGATATCGCTGA 

(500 pmol), heated to 80 °C for 5 min and cooled on ice for 2 min (this cycle was repeated 3 

times). The gapped plasmid was purified by diafiltration on Amicon Ultra-0.5 spin column 

(100 kDa cut-off), annealed to the 5′-phosphorylated oligonucleotides 5′-pTCAGCGATAT 
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and 32P-endlabeled 5′-32pCCATCXCTACC, the latter containing the lesion (X = Gh, S-Sp, 

or 8-oxoG), and finally ligated by T4 ligase at 16 °C for 16 h. The reaction products were 

treated with T5 endonuclease to digest linear and nicked plasmids.22 The covalently closed 

circular plasmids were purified by diafiltration on Amicon Ultra-0.5 spin columns (100 kDa 

cut-off). The nicks in circular plasmids were sealed by ligase thus generating covalently 

closed plasmids in their covalently closed, relaxed forms.23, 24 The supercoiled forms of the 

circular plasmids were generated by treatment of the relaxed plasmids with E. coli DNA 

gyrase using the manufacturer’s suggested protocol. The linear plasmid substrates were 

prepared by treatment of the covalently closed circular plasmids with ScaI restriction 

enzyme. The integrity of the plasmid substrates was confirmed by 1% agarose gel 

electrophoresis using both 32P and fluorescence (Ethidium Bromide) detection.

DNA Repair Assays in HeLa Cell Extracts.

The BER and NER-competent whole-cell extracts were prepared from HeLaS3 cells (Cell 

Culture Company, Minneapolis, MN) as described in detail elsewhere.25, 26 The extracts 

(protein concentration: 12 – 14 mg/mL by Bradford assay) in the dialysis buffer (25 mM 

HEPES, pH 7.9, 70 mM KCl, 12 mM MgCl2, 0.5 mM EDTA, 2 mM DTT, 12% glycerol) 

were aliquoted, frozen in liquid nitrogen and stored at – 80 °C. The DNA repair reactions 

were performed in the reaction solution (total volume 100 μL) containing 25 mM HEPES, 

pH 7.9, 70 mM KCl, 4 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 4 mM ATP, 200 μg/μL 

bovine serum albumin, 4% glycerol, 20 fmol of 32P-labeled DNA substrate and 30 μL HeLa 

cell extract. After incubation at 30 °C for fixed period of time the reactions were stopped by 

addition of 40 μg proteinase K in 0.3% SDS and incubated for 30 min at 37 °C. After 

phenol/chloroform extraction, the DNA was ethanol precipitated, treated with EcoRI and 

BsrBI restriction enzymes, and subjected to denaturing 12% polyacrylamide gel 

electrophoresis.

Analysis of Gel autoradiographs.

The polyacrylamide gels were dried, exposed to a Molecular Dynamics Storage Phosphor 

Screen, and then scanned with a Typhoon FLA 9000 laser scanner. The gel autoradiographs 

thus obtained were analysed using the Total Lab TL120 1D software.

RESULTS AND DISCUSSION

Interplay between BER and NER pathways in covalently closed circular plasmids.

The plasmid substrates harboring guanine lesions were generated from the pUC19NN 

plasmid by a gapped-vector technology.20 The single-stranded gap was created by removing 

the 21-mer fragment generated by tandem nicking with the Nt. BbvCI restriction enzyme, 

which cleaves only one strand in the plasmid (Figure 1B). The resulting gap was filled with 

the 10-mer 5′-pTCAGCGATAT and the 32P-labeled 11-mer 5′-32pCCATCXCTACC that 

contains the guanine lesions X = Gh, S-Sp, and 8-oxoG. The Gh/Sp lesions are efficient 

substrates of both BER and NER pathways,13, 27 whereas 8-oxoG is a well-known substrate 

of BER.21 After incubation with HeLa cell extracts, the DNA samples were isolated from 

the reaction mixture and treated with the EcoRI and BsrBI restriction enzymes to excise 32P-
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labeled 40-mer fragments, the products of successful BER activity, or the 101-mer intact 

fragments in the absence of BER and NER activities (Figure 2).

In the case of the NER, treatment of DNA with EcoRI and BsrBI enzymes is not required, 

because successful NER activity generates the dual incision products ~24 – 32 nucleotides 

in lengths containing the 32P-label and the lesion.28, 29

Typical results of DNA repair assays in HeLa cell extracts obtained with the different lesions 

S-Sp, Gh and 8-oxoG embedded at the same site in the same plasmid at identical 0.2 nM 

concentrations are shown in Figure 3.

The 40-mer and 101-mer oligonucleotide fragments are observable in each case, while the 

40-mers are observed only if BER activity has occurred. The NER activity yields the usual 

ladders of dual incision products ~ 24 – 32 nt in lengths30, 31 in the case of Sp- and Gh-

modified plasmids (Figures 3A and 3B). In the case of incubation times longer than ~ 15 

min, the degradation of these dual incision products by nonspecific exonucleases32 becomes 

apparent since oligonucleotide sequences less than 24 nt in lengths become apparent (lanes 

5, 6 and 6, 7 in Figures 3A and 3B, respectively). The 8-oxoG plasmid is exclusively 

repaired by the BER pathways and the NER dual incision products are absent in the case of 

this substrate (Figure 3C).

In addition to the well-characterized bands due to the major BER incision product (40 nt) 

and the NER dual incision products (the 24 – 32 nt ladder), additional weak bands between 

40 and 50 nt are formed in a time-dependent manner (Figure 3). We found that the yields of 

these products are typically less than 10% of the BER and NER excision products. The 

bands that appear to migrate with mobilities close to those of the BER incision product (40 

nt) are observable in all cases (Sp, Gh and 8-oxoG substrates). The BER bands can be 

attributed to the products of glycosylase/AP lyase activities that can result in three different 

3’-ends: a 3′-phosphate group (β,δ-elimination), an α,β-unsaturated aldehyde (β-

elimination), and a 3′-OH group derived from removal of 3′-phosphate/aldehyde groups.8 

The mobilities of these BER products follow the following trend: 3’-phosphate > 3’-OH > 

3’-α,β-unsaturated aldehyde.33 The slower migrating bands (near 48 nt) are clearly observed 

in the case of the NER substrates (Sp and Gh) only (Figure 3) and can be assigned to the 

fragments derived from the 3′-uncoupled NER incisions.34, 35 For instance, Evans et al. 

studied the repair of 1,3-intrastrand d(GpTpG)-cisplatin crosslinked lesions in closed 

circular plasmids;35 they observed 3′-uncoupled incisions at the 8th and 9th phosphodiester 

bonds 3′ to the lesion site, together with the usual NER dual incisions (the 24 – 32 nt 

ladder). Furthermore, the yields of NER products generated by the 3′-uncoupled incisions 

were much lower than the yields of the dual NER incisions, as in our experiments.

The BER and NER incision kinetics from the covalently closed circular plasmids harboring 

S-Sp, Gh and 8-oxoG lesions are depicted in Figure 4.

In the case of the Sp and Gh plasmid substrates the detectable levels of the NER dual 

incision products appear after the end of the incubation period (~2 min), and the reaction 

yields increase as a function of time and reach a maximum level of about 62 – 70% within 

15 – 30 min after the start of the reaction (Figures 4A and 4B). By contrast, the BER 
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incision products appear immediately after the start of the reaction and the BER yields 

approach maximum values of ~15% (Sp) and ~31% (Gh) ~ 5 min after mixing the reactants. 

The NER yields in covalently closed circular DNA are enhanced by a remarkable and 

astonishing factor of ~5 relative to the NER yields in the linearized form of the same 

plasmid (Figures 4A and 4C). By contrast, the BER yields of Sp remain practically 

unchanged.

A control experiment for BER activity with 8-oxoG, which is known to be efficiently 

excised by the glycosylase OGG1 (but is not known as a substrate of NER), is shown in 

Figure 5.

The yield of 8-oxoG BER products increases as a function of time and reaches a maximum 

level of ~53% after 30 – 60 min, showing that normal BER activity exhibited by a known 

BER substrate, is not inhibited in cccDNA. In the case of the Sp and Gh substrates, the 

combined yields of NER + BER excision products approaches ~ 80% (Figures 4A and 4B), 

and the low yield of BER products can be attributed to the efficient competition by NER 

proteins for binding to Sp or Gh.

NER/BER Incision Ratios.

In principle, the ratios of incision products generated at a given concentration of DNA 

substrates could be limited by the relative concentrations of one or the other kind of DNA 

repair protein. Such effects could manifest themselves at different DNA substrate 

concentrations at constant BER and NER protein concentrations. A five-fold rise of DNA 

concentrations from 0.2 nM to 1 nM induces a decrease in the NER/BER yield ratios from 

~4.3 to ~2.7 and ~2.0 to ~1.2 in the case of Sp- and Gh-plasmids, respectively (Figure S1, 

Supporting Information). These results indicate that the observed small decreases in 

NER/BER ratios as a function of DNA substrate concentration, are due to limiting 

concentrations of NER proteins in cell extracts.

Impact of plasmid linearization on the interplay between BER and NER pathways.

In these experiments, we compared the relative BER and NER incision efficiencies of the 

site-specifically inserted hydantoin lesions in a covalently closed plasmid and the same, but 

linearized plasmid with blunt ends. The latter was prepared by the selective cleavage of the 

parent circular plasmid with a unique ScaI restriction enzyme that generates the linearized 

plasmid substrate with the lesion positioned at the 945th nucleotide counted from the 5′-end 

(Figure 6A).

The DNA repair assays in HeLa cell extracts obtained with these substrates clearly 

demonstrate a significant suppression of NER dual incisions in the linearized plasmid in 

comparison with covalently closed circular plasmid (Figure 6B and Figure S2 in Supporting 

Information). The ratios of the relative yields of BER and NER incision products 

(YcccDNA/YlinDNA) in covalently closed circular plasmids and linearized plasmids are 

summarized in Figure 6C. This figure shows that the ratios of the relative yields of the NER 

dual incision products are 4.8±0.5 (Sp) and 5.1±0.5 (Gh) indicating that the NER activities 

of both hydantoin lesions in circular plasmids are greater than in linearized plasmids. By 

contrast, the BER activities of the hydantoin lesions in circular plasmids are slightly smaller 
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than in linearized plasmids, because the ratios of the BER yields are in the range of 0.7 – 0.8 

for both lesions. As expected, only BER activity is observed in the case of 8-oxoG lesions 

embedded in either cccDNA or linDNA (Figure S3, Supporting Information). A somewhat 

greater BER activity by a factor of up to 1.4±0.2 in cccDNA is observed (Figure 6C). By 

contrast, smaller BER yields of the Sp and Gh-lesions are observed in circular than in linear 

DNA (Figure 6C). This effect is attributed to the competition between XPC and BER 

enzyme for binding to the Sp or Gh lesions,14 thus leading to a smaller BER yield since the 

NER yield is highly favored in the circular DNA molecules. A likely BER protein that 

incises the Sp and Gh lesions is NEIL1 (molecular weight 43.7 kDa).36

The greater NER yields in circular than in linearized DNA suggests that the NER-initiating 

factor XPC-RAD23B has a greater affinity of recognizing NER substrates in circular 

plasmid DNA than in linear DNA of the same contour lengths (2686 base pairs). This 

observation can be understood if it is assumed that the termini of the linearized DNA 

molecules act as partial sinks of DNA-bound XPC molecules because of greater dissociation 

rates at the ends than within the interior of linearized DNA molecules.17 This hypothesis is 

supported by the observations of Mason et al.37 who demonstrated that NER excision 

efficiencies are significantly enhanced in human cell extracts when an NER substrate is 

embedded in a 149-mer linear duplex with the ends blocked by streptavidin-biotin 

complexes that prevented XPC molecules from sliding off the ends of DNA molecules.

Interplay of BER and NER pathways in supercoiled and relaxed plasmid substrates.

The sealing of a nicked strand in circular double-stranded plasmids by ligases, generates a 

relaxed form of plasmid DNA (rxDNA).23 Negative supercoiling of plasmids and 

chromosomal DNA is catalysed by gyrases in an ATP-dependent manner.38 In this work we 

compared the relative BER and NER incision efficiencies of site-specifically inserted 

guanine lesions in the relaxed and in the supercoiled form (scDNA) of covalently closed 

plasmids. The latter were prepared by supercoiling rxDNA with E. coli DNA gyrase.24 DNA 

repair assays in HeLa cell extracts clearly demonstrate that the yields of BER and NER 

incision yields in scDNA and rxDNA are similar (within ±10%) in scDNA and rxDNA 

(Figure S4, Supporting Information). These results indicate that the supercoiling does not 

significantly affect the competitive incisions between the NER and BER pathways, which 

determine the relative yields of NER and BER incision products.

How DNA repair proteins search and identify DNA lesions in a sea of unmodified DNA has 

long been a subject of significant interest. The current most often discussed model is 

facilitated diffusion,39, 40 a blend of mechanisms that include the random one-dimensional 

diffusional sliding of the protein along the double-stranded DNA molecule, that can include 

dissociation and re-association hopping events between nearby, or more distant sites, and 

intersegmental hopping between nearby looped segments of the same DNA molecule. 

Valuable experimental insights into the mechanisms have been obtained from single 

molecule experiments that examined the diffusion of DNA repair proteins hOGG1,41 XPC18 

and the yeast analog of XPC, RaD4.42 The results are consistent with an overall constrained 

motion of the repair proteins along stretched linear DNA molecules. Cheon et al.18 have 

shown that the diffusion coefficient of XPC in constrained regions of double-stranded DNA 
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containing cyclobutene pyrimidine dimer UV photolesions is DBP ≈ 0.010 ± 0.020 μm2>/s at 

a 150 mM NaCl concentration. The diffusion coefficient of the smaller glycosylase OGG1 is 

DOGG = 0.02 μm2/s.41 This difference is reasonable since the molar mass of XPC-RAD23B 

(151.1 kDa)43 is about 4 times greater than the mass of hOGG1 (38.8 kDa).44 While these 

differences suggest that the search mechanism might be somewhat faster in the case of 

OGG1, the efficiencies of XPC capture per collision with either lesion, nor the size of the 

constrained region,18 are known for either lesion studied here. Another mechanism that 

could explain the unusually large NER efficiencies of removal of the bulky and non-bulky 

NER substrates is the hopping of XPC molecules between different DNA segments in 

supercoiled cccDNA that will need to be investigated.

CONCLUSIONS

The efficiencies of excision of two hydantoin DNA lesions that are substrates of the two 

major repair pathways, NER and BER, have been compared in covalently closed circular 

DNA and in the linearized form of the same plasmid DNA. The high NER yields observed 

in the case of covalently closed circular Sp/Gh plasmids (62 – 70%) suggest an important 

role of the free DNA termini that partially suppress NER activity in linear DNA duplexes. In 

the case of covalently closed circular plasmids the NER dual incision are more efficient than 

in linearized plasmids by factor of ~5, a phenomenon that has also been observed using a 

bulky, benzo[a]pyrene-derived NER substrate that is not repaired by the BER pathway.17 By 

contrast, the BER incisions of the Sp and Gh lesions is less efficient by a factor of ~ 1.3 in 

the circular DNA plasmid molecules than in their linearized form. In contrast to the 

differences in NER yields, the BER yields of Sp, Gh, and 8-oxoG are similar in covalently 

closed circular and linearized DNA.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BER base excision repair

NER nucleotide excision repair

8-oxoG 8-oxo-7,8-dihydroguanine

Gh 5-guanidinohydantoin

Sp spiroiminodihydantoin

cccDNA covalently closed circular plasmid

Kolbanovskiy et al. Page 8

Chem Res Toxicol. Author manuscript; available in PMC 2022 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



linDNA linearized plasmid

scDNA supercoiled plasmid

rxDNA relaxed plasmid

nt nucleotide

bp base pair
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Figure 1. 
Covalently closed circular plasmid substrates (2686 bp) harboring site-specifically 

positioned guanine lesions (X = 8-oxoG, Gh and S-Sp); the substrates were 32P-internally 

labeled (*p)]. The preparation of the circular plasmid substrates were generated by a 

gapped-vector technology20 employing pUC19NN plasmids containing two Nt. BbvCI 

restriction sites.
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Figure 2. 
Schematic summary of the analysis of products derived from the incisions of covalently 

closed circular plasmids by BER and NER mechanisms after incubation in HeLa cell 

extracts.
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Figure 3. 
BER and NER incisions of the 32P-internally labeled covalently closed circular plasmids 

(0.2 nM) harboring S-Sp, Gh or 8-oxoG lesions as a function of incubation time in the same 

HeLa cell extract. Lanes M: oligonucleotide size markers.
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Figure 4. 
The kinetics of appearance of BER and NER incision products derived from the 32P-

internally labeled covalently closed circular plasmids containing S-Sp (A), and Gh (B) 

lesions and linearized plasmid containing S-Sp (C) lesions as a function of incubation time 

in the same HeLa cell extract. The results of three independent experiments and their 

standard deviations are shown.
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Figure 5. 
The kinetics of appearance of BER incision products derived from the 32P-internally labeled 

covalently closed circular plasmids containing 8-oxoG lesions as a function of incubation 

time in HeLa cell extract. The results of three independent experiments and their standard 

deviations are shown.
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Figure 6. 
Impact of plasmid linearization on the ratios of the relative yields of BER and NER incision 

products (YcccDNA/YlinDNA) after incubation of 32P-internally labeled plasmids (0.2 nM) 

harboring S-Sp, Gh, and 8-oxoG lesions in HeLa cell extract. (A) Schematic representations 

of linearized plasmids (linDNA) obtained by the treatment of covalently closed circular 

plasmids (cccDNA) with ScaI restriction enzyme. (B) BER and NER incisions of the 32P-

internally labelled covalently closed circular and linearized plasmids containing the same 

molar concentrations of DNA molecules bearing single S-Sp lesions (0.2 nM), as a function 
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of incubation time in identical HeLa cell extracts (lanes labelled 0, 5, 10, 15, 20, 30 min). 

Lanes M: oligonucleotide size markers. (C) The ratios of the relative BER and NER yields 

were calculated by integration of the histograms (at 15 – 30 min) derived from the 

denaturing gel autoradiographs (Panel B and Figures S2 and S3 in Supporting Information). 

The designation n.d. above 8-oxoG, signifies that no detectable NER products were 

observable. The results of three independent experiments and their standard deviations (P < 

0.05) are shown. The P values were calculated by using a paired t-test.
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