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Abstract

The excision of DNA lesions by human Nucleotide Excision Repair (NER) has been extensively
studied in human cell extracts. Employing DNA duplexes less than 200 base pairs (bp) in lengths
containing single bulky, benzo[ d]pyrene-derived guanine lesion (B[&4]P-dG), the NER yields are
typically of the order of ~ 5 — 10%, or less. Remarkably, the NER vyield is enhanced by a factor of
~ 6 when the B[4]P-dG lesion is embedded in a covalently closed circular pUC19NN plasmid
(contour length 2686 bp) than in the same plasmid linearized by a restriction enzyme with the
B[4]P-dG adduct positioned at the 945t nucleotide counted from the 5’-end of the linearized DNA
molecules. Furthermore, the NER vyield in the circular pUC19NN plasmid is ~ 9 times greater than
in a short 147-mer DNA duplex with the B[4]P-dG adduct positioned in the middle. Although the
NER factors responsible for these differences were not explicitly identified here, the hypothesis is
proposed that the initial DNA damage sensor XPC-RAD23B is a likely candidate; it is known to
search for DNA lesions by a constrained one-dimensional search mechanism (Cheon et al.,
Nucleic Acids Res. 2018) and our results are consistent with the notion that it dissociates more
readily from the blunt ends than from the inner regions of linear DNA duplexes, thus accounting
for the remarkable enhancement in NER yields associated with the single B[4]P-dG adduct
embedded in covalently closed circular plasmids.
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INTRODUCTION

The human genome is under continuous attack by highly reactive intermediates produced by
ionizing radiation and environmental pollutants that damage the genetic material of human
cells.1: 2 In healthy tissues, the integrity of the human genome is maintained by a DNA
repair system that removes DNA lesions in an efficient and timely manner.3 Bulky, DNA
double helix-distorting lesions are excised by the Nucleotide Excision Repair (NER)
mechanism4 yielding dual incision oligonucleotide products 24 — 32 nucleotides in lengths
containing the lesion. Optimal NER activity is observed when there are at least 44 base pairs
(bp) available on the 3’-side and > 50 on the 5’-side of the lesion.5 Therefore, in vitro NER
studies in mammalian cell extracts are usually conducted with DNA duplexes at least 130 —
160 bp in lengths.5: 7 However, it is unclear whether NER efficiencies are affected if the
lesions are embedded in even longer double-stranded DNA duplexes, or covalently closed
circular DNA plasmids. Another question is the impact of double-stranded DNA termini on
NER vyields. It has been demonstrated that the DNA end-binding protein Ku70/80 can
suppress the NER excision of 1,3-GTG-Pt(Il) intrastrand crosslinks embedded in 149 bp
DNA duplexes in human cell extracts.8 The binding of the heterodimeric DNA damage
sensor XPC-RAD23B (XPC) to the ends of linear DNA molecules with single stranded
overhangs is known to be enhanced9 and thus could potentially reduce NER efficiencies as
well.

In this work, we compared the relative NER dual incision efficiencies of the site-specifically
inserted bulky DNA lesion in a covalently closed plasmid pUC19NN (Figure 1) and the
same, but linearized plasmid 2686 bp in length with blunt ends, and also in a fully base-
paired 147-mer DNA duplex in human cell extracts. The design of the covalently closed
circular plasmid harboring site-specifically positioned DNA lesion is of particular interest,
since the putative effects of DNA end-binding proteins are eliminated.

The site-specifically positioned lesion was the 10R (+)-cis-anti-B[4PDE-A2-dG adduct
(abbreviated as B[4]P-dG), an excellent NER substrate in double-stranded DNA.11 12 The
kinetics of the NER dual incisions of all substrates were monitored in HeLa cell extracts.2
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EXPERIMENTAL PROCEDURES

Materials

The plasmid pUC19 and restriction enzymes were obtained from New England Biolabs
(Ipswich, MA). The T4-kinase, T4 ligase, and proteinase K were purchased from
ThermoFisher Scientific. The 2”-oligodeoxynucleotides were obtained from Integrated DNA
Technologies (Coralville, 1A) and purified by denaturing polyacrylamide gel electrophoresis
before use.

Preparation of pUC19NN Plasmid

The pUC19NN plasmid (Figure 1) was cloned from the pUC19 plasmid. The latter was
sequentially treated with Hindlll and BamHI restriction enzymes, and the Hindll1/BamHI
digest was purified by E.Z.N.A. Cycle Pure Kit (Omega Bio-tek, Norcross, GA), annealed to
the 5”-phosphrylated insert, and ligated by T4 ligase at 16 °C for 16 h. This insert containing
two Nt. BbvCl restriction sites (underlined) was prepared by annealing the 5'-
pGATCCTCAGCGATATCCATCGCTACCTCAGCA and 5’-
pAGCTTGCTGAGGTAGCGATGGATATCGCTGAG oligonucleotides with non-cohesive
overhangs shown in bold. The ligation mixtures were transformed directly into DH5a
competent £. colion LB agar plates, supplemented with 100 mg/L of ampicillin. After
screening with Bioworld X-Gal-IPTG, the white colonies were randomly picked, multiplied
and isolated with Qiagen Plasmid Mini Kit. Before the large-scale plasmid preparation and
isolation with the Plasmid Maxi Kit, incorporation of the insert was confirmed by Sanger
sequencing (Genewiz, South Plainfield, NJ). Two G:C base pairs flanking the insert were
deleted during the cloning process (Figure S1, Supporting Information). Both deletions were
irrelevant to the function of pUC19NN as they did not affect the Nt. BbvCl restriction sites.
The integrity of the covalently closed circular pUC19NN was confirmed by 1% agarose gel
electrophoresis.

Construction of Plasmid Substrates Harboring single B[a]P-dG Adducts

The plasmid substrates containing site-specifically positioned lesions were generated from
pUC19NN plasmids employing a gapped vector technology.10 Aliquots (50 uL) of
pUC19NN (5 pmol) were treated with Nt. BbvCl 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 purified by diafiltration on
Amicon Ultra-0.5 spin column (100 kDa cut-off) was annealed to the 5’-phosphorylated
oligonucleotides, 5"-pTCAGCGATAT and radiolabeled 5"-32pCCATCXCTACC containing
the lesion (X = B[4]P-dG) and ligated by T4 ligase at 16 °C for 16 h. The reaction products
were treated by T5 Endonuclease to generate linear and nicked plasmids.13 The covalently
closed circular plasmids were purified by diafiltration on Amicon Ultra-0.5 spin columns
(100 kDa cut-off). The integrity of the circular plasmid substrates was confirmed by 1%
agarose gel electrophoresis using both 32P and fluorescence (Ethidium Bromide) detection.
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Construction of 147 bp DNA Substrates

The 147 bp DNA duplexes were equivalent to the Widom 601 strong positioning DNA
sequence,14 except for the 11-mer 5’-CCATCXCTACC (X = B[4]P-dG) fragment (Figure
1). This 5"-32P-labeled 11-mer was inserted into 147-mer sequences by replacing an equal
number of 601 sequence nucleotides and the ends were ligated by the phosphorylation/
ligation synthesis methods; the lesions were positioned at the 66" nucleotide counted from
the 5’-end of the 147-mer strand.15 The 147-mer modified sequences obtained by this
approach were purified by denaturing PAGE and annealed to fully complementary strands
bearing C-bases opposite the lesion.

Linearized plasmid substrates

The covalently closed circular plasmids were treated with the Scal restriction enzyme
(Figure 1). The non-circular nature of the plasmid substrates was confirmed by 1% agarose
gel electrophoresis.

DNA Repair Assays in HeLa Cell Extracts

NER-competent whole-cell extracts were prepared from HeLaS3 cells (Cell Culture
Company, Minneapolis, MN) as described in detail elsewhere.16: 17 The extracts in NER-
dialysis buffer (25 mM HEPES, pH 7.9, 70 mM KCI, 12 mM MgCl,, 0.5 mM EDTA, 2 mM
DTT, 12% glycerol; protein concentration: 12 — 14 mg/mL by Bradford assay) were
aliquoted, frozen in liquid nitrogen, and stored at — 80 °C. The NER dual incision reactions
were performed in the reaction solutions (total volume 100 puL) containing 25 mM HEPES,
pH 7.9, 70 mM KCI, 4 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, 4 mM ATP, 200 pg/uL
bovine serum albumin, 4% glycerol, 20 fmol of 32P-labeled DNA substrate and 30 uL HeLa
cell extract. After incubation at 30 °C for fixed period of time the reactions were stopped by
the addition of 40 pg proteinase K in 0.3% SDS and incubated for 30 min at 37 °C. After
phenol/chloroform extraction, the low molecular weight DNA was ethanol precipitated and
subjected to denaturing 12% polyacrylamide gel electrophoresis.

Analysis of the Gel Images

The polyacrylamide gels were dried, exposed to Molecular Dynamics Storage Phosphor
Screens, and then scanned with a Typhoon FLA 9000 laser scanner. The gel autoradiographs
were analysed using the Total Lab TL120 1D software.

RESULTS AND DISCUSSION

A hallmark of successful NER activity is the appearance of the oligonucleotide dual incision
products of ~24 — 32 nucleotides in lengths.18: 19 In order to explore the impact of DNA-end
effects and the lengths of DNA substrates on the efficiencies of NER dual incisions in
human cell extracts, we constructed plasmid substrates that contained a single site-
specifically inserted bulky DNA lesions (Figure 1). The (+)-¢/s-B[4]P-dG adduct (X) is a
well-known NER substrate generated by the exposure of DNA in aqueous solutions to the
highly reactive metabolite of the environmental pollutant and carcinogen benzo[a]pyrene,20
(+)-7R,8S-dihydrodiol, 95,10 R-epoxy-tetrahydrobenzo[d]pyrene enantiomer (B[&]PDE).
This stereoisomeric bulky adduct is ideal for studying difference in NER incision
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efficiencies in human cell extracts.11: 12 The cleavage of the covalently closed circular
plasmid substrate by a unique restriction enzyme Scal generates a long linearized plasmid
substrate with blunt ends and the B[4]P-dG adduct positioned at the 945! nucleotide
counted from the 5"-end.

Typical results of the DNA repair assays in HeLa cell extracts obtained with the 32p-
internally labeled covalently closed circular plasmid, linearized plasmid, and control linear
147 bp duplexes in equal molar concentrations (0.2 nM) are depicted in the autoradiographs
of denaturing polyacrylamide gels shown in Figure 2.

In the case of circular plasmids, the characteristic ladder of NER dual incision products of
the 32P-labeled oligonucleotide fragments ~ 24 — 32 nt in lengths becomes clearly detectable
within 5 min after mixing (Panel A, lane 10); the shorter oligonucleotide fragments are due
to the partial degradation of the dual incision products catalyzed by exonucleases. The NER
yields are significantly smaller in the case of the linearized plasmid and the dual incision
products appear after 10 min (Panel B, lane 4). An even lower yield of dual incision products
is observed in the case of 147 bp DNA duplexes under the same conditions (Panel A, lane

5). In the case of the 147 bp linear DNA duplexes, analogous exonuclease products are not
observed up to ~2 h of incubation time, in agreement with previous experiments in human
cell extracts.?1: 22

The NER dual incision kinetics observed in the case of the covalently closed circular
plasmid, linearized plasmids, and 147 bp linear DNA duplexes are summarized in Figure 3.
In the case of the plasmid substrates, the NER dual incision products appear within the first
5 min of incubation time and reach a level of 36-38% within 10 — 30 min. The linearized
plasmid substrate is less reactive and attain a maximum level of about ~6% after a 30 min
incubation time. The lowest NER activity was observed in the case of the 147 bp linear DNA
substrates (~4%). These results demonstrate that the NER dual incision activity is the
highest in the case covalently close circular plasmids.

The low product yields of the linearized plasmid (//nDNA) and 147-mers relative to the
intact covalently closed plasmid (ccDNA) are not limited by low concentrations of NER
factors since at least a six-fold higher concentration is available that leads to the efficient
dual incision of the ccDNA (Figure 3). To obtain more insights into the factors that limit the
yield of excision products, we examined the impact of varying DNA substrate
concentrations on the rates of accumulation of NER dual incision products (Figure 4).

In all three cases the yields increase as a function of DNA concentration and tends to level
off at the higher substrate concentrations according to the following Scheme 1:

In this scheme, NER protein factor (Fyer) binds to the damaged DNA substrates (D) to
form the intermediate complex (FygreD) with rate constant 47; the complexes either
dissociate with rate constant .1, or successfully undergo dual incisions to generate the NER
dual incision products (PNggr) With rate constant Ap. These lesion-containing
oligonucleotides are slowly released (~3.3 h) from the double-stranded DNA in a complex
with the ten-protein NER factor TFIIH.22 The slow release of TFIIH on the time scale of
our incubation in cell extracts (< 30 min) suggests that our NER kinetic experiments occur
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under single-turnover conditions. The steady-state rate of the product formation as a
function of the substrate concentration can be expressed by the following equation:

V = kp|FNEr][D1/(Kdiss + [D]) [N

where Kjiss = k_1/kq is equal to the equilibrium dissociation constant of the FngreD
complex, because recycling of Fygr under single-turnover conditions is negligible.23 At low
substrate concentration [D] < Kjiss the value of V = &[FNer][DY Kiiss linearly increases
with substrate concentration, whereas at high [D] the reaction becomes independent of [D]
and asymptotically approaches its maximum rate, Vmax = Ap[FNer] in good agreement with
the experimental data (Figure 4). Applying such fitting routines yields excellent fits as
shown by the solid lines in Figure 4, and the estimated Kjjiss and Vmax values are
summarized in Table 1.

The dissociation constant Kgjss = 0.23£0.03 nM in the case of ccDNA, is ~ 3 — 4 times
smaller than in the case of linearized DNA and the linear 147-mer DNA duplexes. The
extent of curvature within a region of the size of ~ 30-35 bp is unlikely to have a significant
effect on the binding of a DNA damage-sensing protein of the of XPC-RAD23B (DNA
footprint ~ 30-35 base pairs9). The values of the association constant Aj are thus likely to be
similar in ccDNA and /inDNA. Finally, the number of base pairs in ccDNA and //inDNA are
the same. Based on these considerations, we advance the hypothesis that the smaller Kjjss Of
the factor Fngg is due to a lower dissociation constant Aq (Scheme 1). The surprising
implication of these findings is that the existence of the double-stranded termini, or ends in
/inDNA play a significant role in determining the magnitude of the NER dual incision yield.

The successful in vitro dual incisions require a minimum of NER factors that include, XPC,
TFIIH, XPA, RPA, and the endonucleases XPF-ERCC1 and XPG (encoded by ERCC5).4
The general consensus is that in the case of Global Genomic NER, the multistep excision
repair mechanism is initiated by the DNA damage sensor XPC, followed by the recruitment
of the ten-protein factor TFIIH to the site of DNA damage, the unwinding of a 24 — 32 long
oligonucleotide sequence by a process that involves the combined actions of XPB and XPD
that is mediated by XPA and RPA, followed by the dual incisions catalyzed by the
endonucleases XPF and XPG. The NER factor XPA plays a critical role in initiating the
TFIIH-associated unwinding mechanism.

Our experiments do not provide any direct insights into the nature of NER factor Fygr in the
proposed mechanism (Scheme 1). The DNA damage sensing factor XPC is the critical NER-
initiating factor that binds to unmodified DNA duplexes with a Kjjss 0f 1.1+0.2 nM, and in
the case of a (+)-c/s-B[4]P-dG lesion embedded in the middle of the same 50-mer duplexes,
Kjiss = 0.41+0.10 nM (publication in preparation). The NER factor XPA binds to modified
and unmodified DNA, but with more than ~ 100-1100 fold smaller affinities?# 2 than XPC.
It has been suggested that the binding of XPA to the DNA-XPC-TFIIH complex is the rate-
determining step in the NER dual incision multi-step mechanism.26 However, our Kjjss
value of 0.23 nM (Table 1) is orders of magnitude smaller than the dissociation constants of
XPA, while the Kjjss Value extracted from the analysis of the data in Figure 4, suggests a
value of 0.23 nM which is close to the XPC Kjjss value of 0.41 nM measured independently.
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While the importance of the other NER factors, besides XPA, cannot be rigorously excluded,
itis likely that Fyer ® XPC because it is the NER initiating factor that binds rapidly to
unmodified and modified DNA,27 is known to scan DNA lesions by a long-range26
constrained one-dimensional diffusion mechanism,2> 28 and because it is consistent with the
results summarized in Figure 4 and Table 1.

Impact of DNA termini and non-specific DNA binding of NER factors on dual incision

yields

The dissociation constants of XPC to unmodified and c¢/s-B[4]P-dG lesions are within a
factor of less than two from one another.29 We therefore investigated whether the ratio
between specific and non-specific binding decreases as a function of length of the DNA
molecules containing a single B[4]P-dG lesion.

To test this hypothesis, we explored the effects of non-specific linear DNA molecule
competitors on the yields of NER dual incision products. The pUC19NN plasmid was
digested by the BsrBI restriction enzyme that has three specific cleavage sites, thus
generating a mixture of four linear DNA fragments with blunt ends. The results of these
experiments are summarized in Figure 5.

Unmodified competitor DNA sequences diminish NER yields

(1)+(3)—In the presence of equal concentrations (0.2 nM) of the unmodified DNA blunt-
end sequence (3), derived from the treatment of the ccDNA plasmid with Scal, the NER
yield of (1) is reduced by a factor of 2.7 (Figure 5C). This experiment suggests that the
availability of NER factors to DNA sequence (1) is reduced by the presence of an
unmodified DNA molecule of equal length.

Comparing (1) and (2)—Fully digesting (1) with BsrBI to the set of fragments (2) shown
in Figure 5A, each fragment present with concentrations of 0.2 nM, does not significantly
affect the NER yields as shown by (2) in the bar graph (Figure 5C). This experiment
suggests that the assembly of the NER complex in the case of the shorter 644 nt fragment
with an efficiency similar to that in the longer 2686 fragment. Furthermore, increasing the
number of DNA ends in mixture (2) by factor of 4, in comparison with the parent linearized
plasmid (1), does not affect the yields of NER dual incision efficiencies.

(2)+(4)—Adding the mixture of unmodified fragments (4) derived from the digestion of the
unmodified linear plasmid (1) to mixture (2), diminishes the NER yield by an additional
factor of ~3.

Taken together, these results indicate that the reduction of NER vyields are due more to the
overall total concentrations of base pairs, rather than the number of molecules and thus the
number of DNA duplex termini.

SUMMARY AND PERSPECTIVES

The remarkably high NER dual incision activities in HeLa cell extracts in the case of
covalently closed plasmid DNA relative to linearized DNA by a factor of ~6 described here,
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is correlated with the reduction of NER repair synthesis activity by up to 80% in the case of
linearized plasmid when compared with supercoil plasmid DNA.30 In the latter experiments,
plasmids contained multiple lesions such as cyclobutane pyrimidine dimers, platinum,
acetylaminofluorene and 8-methoxypsoralen adducts. Other experiments demonstrated that
UV photoproducts in plasmid DNA microinjected in frog oocytes were repaired 50 times
more rapidly in circular molecules than in linear DNA.31 However, neither contribution
proposed a mechanistic explanation for these observations.

In this contribution, we propose that the striking elevated efficiency of removal a single
bulky DNA lesion embedded in a covalently closed NER plasmid with a contour length of
2686 base pairs. This effect is attributed to the absence of termini that diminish the
dissociation rate of one or more critical NER factors. This conclusion is supported by the ~
six-fold lower NER incision product yields in the linearized form of the same plasmid
molecules. The nature of the critical NER factor has not been rigorously identified in this
work. However, the working hypothesis, based on several important observations, suggests
that the DNA damage sensor XPC-RAD23B factor is the most likely NER factor that can
account for these observations. This NER damage-sensing NER factor is known to initiate
the multi-step NER mechanism by binding first to the DNA lesions and subsequently
recruiting other NER factors to the XPC-RAD23B-DNA complex. The search for DNA
lesions occurs by a long-range, constrained one-dimensional scanning,2> 28 and/or
translocation/hopping search mechanisms32-34 that need to be further investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BER
base excision repair

NER
nucleotide excision repair

B[a]P-dG
10R (+)-cis-anti-B[ 4]PDE-M2-dG adduct

(+)-7R,8S-dihydrodiol, B[a]PDE, 9S
10 R-epoxy-tetrahydrobenzo[ 4]pyrene enantiomer

bp
base pair
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nucleotide
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BamHI| Nt. BbvCl Nt. BovCl  Hindlll
55GATCChTCAGCGATATwCCATCXCTACCTCAGCA

X = (+)cis-BP[a]-dG
Linearized plasmid

g: *pCCATCXCTACC

Figurel.
Covalently closed circular and linearized plasmid substrates (2686 bp) containing site-

specifically positioned (+)-cis-B[4]P-dG adduct (X) and a radioactive 32P-internal label. The
covalently closed plasmid substrate was generated by an established gapped-vector
technology1© from a pUC19NN plasmid containing two Nt. BbvCl restriction sites
(underlined). The linearized plasmid substrate with the lesion X positioned at the 945t
nucleotide counted from the 5"-end was prepared by the selective cleavage of the circular
plasmid with a unique Scal restriction enzyme that generates blunt end cleavage products.
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Figure 2.

NER dual incisions of the 32P-internally labeled covalently closed circular plasmid (A),
linearized plasmids (B), and 147 bp linear DNA duplexes (A) containing the same molar
concentrations of DNA molecules bearing single (+)-cis-B[4]P-dG lesions (0.2 nM) as a
function of incubation time in identical HeLa cell extracts (lanes labelled 0, 2, 5, 10, or 30
min). Lanes M: oligonucleotide size markers.
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Figure 3.
Kinetics of appearance of NER dual incision products after incubation of the covalently

closed circular plasmids, linearized plasmids, and 147 bp linear DNA duplexes containing
the same single (+)-cis-B[4]P-dG lesion. The NER yields were calculated by integration of
the histograms derived from the denaturing gel autoradiographs at each particular incubation
time (0, 2, 5, 10, 15 and 30 min). The results of three independent experiments and their
standard deviations are shown.
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Figure 4.
Effect of concentration of covalently closed circular and linearized plasmids (A), and 147 bp

linear DNA duplexes (B) containing single (+)-cis-B[4]P-dG lesions on the steady-state rate
of appearance of NER dual incision products (V). The values of V were estimated using the
initial data points beyond the apparent induction period (2 and 5 min, for the linearized
plasmid and the 147 bp duplex, respectively, Figure 3). The solid lines represent the best fits
of the following equation to the experimental data points with the standard errors
representing 95% confidence intervals (the fitting parameters are summarized in Table 1)
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(D] + [FNER] + Kdiss — \/([D] + [FNER] + Kdiss)” — 4IDI[FNER]

2
valid over a wide range of substrate concentrations that represents an exact solution based on
Scheme 1.

based on the equation V = kp that is
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Figureb5.
Effects of non-specific linear DNA competitors on the yields of NER dual incision products

with linearized plasmid substrates containing single (+)-cis-B[4]P-dG lesions. (A) Digestion
of the circular 32P-labeled plasmid by Scal to form the linearized plasmid substrate (1);
digestion of the linearized substrate (1) with BsrBI to form a mixture of linear fragments (2).
(B) Digestion of the non-radioactive pUC19 plasmid by Scal to form the linearized plasmid
(3); digestion of the linearized plasmid (3) by BsrBI to form a mixture of linear DNA
fragments (4). (C) NER dual incision product yield after incubation of the linear DNA
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substrate (1) or (2), in the presence of non-specific competitor DNA fragments (3), or (4),
derived from the digestion of 0.2 nM DNA substrates (1) or (3) as shown in panels A and B.
Incubation time: 30 min in each case.
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Scheme 1.
Repair of damaged DNA substrates (D) by NER protein factor (FngR)-
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The dissociation constants (Kyiss) and maximum rates (Vmax) for covalently closed DNA plasmid, linearized

Table 1.

plasmid, and 147-mer linear duplex.

Plasmid, ccDNA | Linearized Plasmid, inDNA | Linear DNA 147-mer duplex
a 0.23+0.03 0.87+0.2 0.62+0.2
Kiiss (NM)
Vnax (PM/min) 3043 1142 4408

a . ] .
Standard errors representing 95% confidence intervals.

Biochemistry. Author manuscript; available in PMC 2021 August 11.




	Abstract
	Graphical Abstract
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Materials
	Preparation of pUC19NN Plasmid
	Construction of Plasmid Substrates Harboring single B[a]P-dG Adducts
	Construction of 147 bp DNA Substrates
	Linearized plasmid substrates
	DNA Repair Assays in HeLa Cell Extracts
	Analysis of the Gel Images

	RESULTS AND DISCUSSION
	Impact of DNA termini and non-specific DNA binding of NER factors on dual incision yields
	Unmodified competitor DNA sequences diminish NER yields
	(1)+(3)
	Comparing (1) and (2)
	(2)+(4)


	SUMMARY AND PERSPECTIVES
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Scheme 1.
	Table 1.

