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Uracil in duplex DNA is a substrate for the human nucleotide incision repair pathway 
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ABSTRACT

Spontaneous hydrolytic deamination of cytosine to uracil (U) in DNA is a constant source of genome instability in cells. This mutagenic process is greatly enhanced at high temperatures and in single-stranded DNA. If not repaired, these uracil residues give rise to C→T transitions, which are the most common spontaneous mutations occurring in living organisms, and are frequently found in human tumours. In the majority of species, uracil residues are removed from DNA by specific uracil-DNA glycosylases in the base excision repair (BER) pathway. Alternatively, in certain archaeal organisms uracil residues are eliminated by apurinic/apyrimidinic (AP) endonucleases in the nucleotide incision repair (NIR) pathway. Here, we characterized the substrate specificity of the major human AP endonuclease 1, APE1, towards U in duplex DNA. APE1 cleaves oligonucleotide duplexes containing a single U•G base pair; this activity depends strongly on the sequence context and the base opposite to U. The apparent kinetic parameters of the reactions show that APE1 has high affinity for DNA containing U but cleaves the DNA duplex at an extremely low rate. MALDI-TOF MS analysis of the reaction products demonstrated that APE1-catalyzed cleavage of an U•G duplex generates the expected DNA fragments containing a 5'-terminal deoxyuridine monophosphate. The fact that U in duplex DNA is recognized and cleaved by APE1 in vitro suggests that this property of exonuclease III family of AP endonucleases is remarkably conserved from Archaea to human. We propose that NIR may act as a backup pathway to BER to remove uracils arising from cytosine deamination. 
Significance Statement
Hydrolytic deamination of cytosine to uracil generates a highly mutagenic DNA base lesion and is considered one of the major sources of spontaneous mutation in living organisms. We report that the major human apurinic/apyrimidinic (AP) endonuclease, APE1, is a deoxyuridine endonuclease and can remove uracil residues in the DNA glycosylase-independent nucleotide incision repair (NIR) pathway. This new repair function of AP endonucleases is evolutionary conserved in Archaea and humans, pointing to a possible evolutionary origin of the DNA repair mechanisms for spontaneous damage to DNA in a common ancestor to all living forms. 
\body
Introduction 


Spontaneous hydrolytic deamination of cytosine to uracil generates a highly mutagenic DNA base lesion. About 70-200 genomic cytosine bases are converted to uracils per day in every human cell 
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(1-2)
. Importantly, the rate of cytosine deamination is greatly increased at elevated temperatures and in single-stranded DNA. If not repaired, the uracil will pair with adenine during DNA replication and will inevitably produce a C•GT•A transition mutation. Indeed, CT transitions, likely arising through cytosine damage, are the most frequently occurring base substitutions observed in living organisms 
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. In addition, uracil in DNA occurs from incorporation of dUMP instead of TMP from nucleotide pool; this process results in U•A pairs which are not mutagenic but can be lethal for cells when accumulated at a high level in genomic DNA 
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. To counteract genotoxic effects of uracil in DNA, organisms from all major domains of life (Archaea, Bacteria, and Eukarya, as well as some eukaryotic viruses) use the base excision repair (BER) pathway, which is mediated by DNA glycosylases. Uracil removal in BER is initiated by highly specific and efficient uracil-DNA glycosylases (UNGs) that excise uracil from DNA by hydrolyzing the glycosidic bond between the abnormal base and the sugar. UNGs are mono-functional DNA glycosylases that excise uracil and leave an abasic (AP) site, which in turn is cleaved by an AP endonuclease to generate a single-strand break flanked with a 3'-hydroxyl (3'-OH) and a 5'-deoxyribose phosphate (5'-dRp) groups. Next, using the 3'-OH terminus, a DNA polymerase initiates repair synthesis to incorporate regular nucleotides and to remove the 5'-dRp group. Finally, a DNA ligase seals the nick to restore the DNA duplex integrity 
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. DNA glycosylases acting on genomic uracil are found in all living organisms and belong to the UDG structural superfamily, which consists of five families 
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. Family 1 UNGs, highly conserved in prokaryotes and eukaryotes, are the most efficient enzymes for the removal of uracil from DNA.

Intriguingly, certain Archaea and pupating insects contain no uracil-DNA glycosylases 
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. Complete genome sequences of several termophilic and mesophilic archaean species did not reveal homology to any of the five UDG families, raising a question of how these organisms deal with the uracil threat to genome stability 
 ADDIN EN.CITE 
(14-15)
. Using a biochemical approach, Fritz and co-workers have identified the Mth212 protein, a homologue of E. coli AP endonuclease Xth, as a DNA uridine endonuclease in Methanothermobacter thermautotrophicus ΔH (12). It has been shown that Mth212 can cleave 5' to AP sites and deoxyuridines (dU) in duplex DNA and also possesses an efficient 3'5' exonuclease activity indicating that this archaeal protein is a true AP endonuclease. Furthermore, DNA glycosylase-independent repair of uracil residues was reconstituted using four purified proteins of M. thermautotrophicus: Mth212, DNA polymerase B, 5'-flap endonuclease and DNA ligase (16). Interestingly, Xth family AP endonucleases other than Mth212, including E. coli Xth, Methanosarcina mazei Mm3148, and human APE1, do not exhibit DNA uridine endonuclease activity under the experimental conditions used to measure it (12).

Previously, we have suggested that the classic DNA glycosylase-initiated BER pathway presents certain problems for the efficient repair of DNA damage because it generates highly genotoxic intermediates such as AP sites and/or blocked 3'-termini that must be eliminated by additional steps before initiating the repair synthesis. Work in our laboratory, together with other observations, had identified an alternative to the classic BER, the nucleotide incision repair (NIR) pathway, in which an AP endonuclease makes an incision 5' to a damaged base in a DNA glycosylase-independent manner, resulting in a free 3'-OH group suitable for DNA polymerases and a 5'-dangling damaged nucleotide (17). The NIR endonucleases including E. coli Nfo, Saccharomyces cerevisae Apn1 and human APE1 can directly cleave DNA duplexes within a strand containing -anomeric 2'-deoxynucleosides (αdN) or various oxidized pyrimidines and initiate their removal via strand displacement synthesis coupled to the cleavage of the 5'-flap by a specific endonuclease (18-20). Importantly, DNA repair activities of E. coli Nfo and human APE1 involved in the BER and NIR pathways can be separated by constructing mutants deficient in the NIR activity but still capable of performing the AP endonuclease and 3'-repair phosphodiesterase functions 
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.

Human APE1 is a multifunctional repair enzyme involved in both BER and NIR pathways, redox regulation of the transcription factors, and other biological functions such as RNA metabolism and quality control 
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(23-24)
. Importantly, DNA substrate specificity of APE1 is modulated by divalent cations, pH and ionic strength (20): at low concentrations of Mg2+ (≤ 1 mM), APE1 exhibits dramatically increased 3'5' exonuclease (25) and NIR-endonuclease (20) activities, whereas at higher concentration of Mg2+ (≤ 5 mM), APE1 shows increased AP endonuclease and 3'-phosphodiesterase activities 
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. As we and others have shown, APE1 recognizes an extremely large variety of different DNA substrates including 5,6-dihydropyrimidines, αdN (20), 5-hydroxypyrimidines 
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, formamidopyrimidines (28), ethenobases, thymine glycol (29) and bulky lesions such as the 6-4 photoproduct 
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 and benzene-derived DNA adducts (31). 


In the present work, the sequence homology and overall structural similarity between Mth212 and APE1 
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 prompted us to examine the specificity of the human enzyme towards uracil residues in DNA under conditions favoring NIR. Here we demonstrate that human APE1 cleaves 5' to a dU residue present in double-stranded DNA. Matrix-assisted laser desorption ionisation time-of-flight (MALDI-TOF) mass spectrometry (MS) analysis of the APE1 cleavage products unambiguously confirmed the formation of a DNA fragment containing the 5'-dangling dUMP nucleotide. The evolutionary conservation, structural basis and potential biological importance of the reported new specificity of APE1 in the repair of spontaneous damage to genomic DNA are discussed.
 Results 
Human APE1 cleaves oligonucleotide duplexes containing uracil residues. To examine whether uracil residues are substrates for APE1 we chose a 30-mer oligonucleotide duplex with the sequence (referred here as dU-RT) previously used to study repair of oxidized pyrimidines 
 ADDIN EN.CITE 
(17, 20)
. The 3'-[32P]-labelled 30-mer U•G duplex was incubated with the APE1 protein for the extended periods of time, and the reaction products were analyzed by 20% denaturing PAGE. Based on the known reaction mechanism, the AP endonuclease-catalyzed incision should generate a 21-mer cleavage product containing a 5'-terminal dUMP residue, whereas the DNA glycosylase-catalyzed excision of U in the 3'-labelled U•G duplex should generate a 20-mer cleavage fragment which is shorter than NIR product by one nucleotide, the dUMP (17). To discriminate between BER and NIR activities, we generated the 20-mer BER product cleaving the U•G duplex with the mismatch-specific uracil/thymine DNA glycosylase (TDG) and APE1 under the BER+Mg2+ reaction conditions. TDG is known to excise U with high efficiency in mismatched U•G but not in U•A and single-stranded DNA 
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(33-34)
. As shown in Fig. 1A, a prolonged incubation (up to 180 min at 37°C) of U•G with APE1 under NIR condition led to formation of a specific cleavage product that migrated slower than the 20-mer fragment generated by TDG (lanes 4, 6, 8, 10, 12, 14 versus 2). This cleavage pattern indicates that APE1 incises 5' next to dU and generates a 21-mer cleavage fragment containing the 5'-dangling dUMP residue. As expected, no detectable activity of APE1 on the U•G duplex was observed in the BER+Mg2+ reaction buffer (lanes 3, 5, 7, 9, 11 and 13). Importantly, despite APE1 sharing common substrate specificity with endonuclease IV family NIR endonucleases, we observed no specific cleavage when the 3'-labelled U•G duplex was incubated with Nfo or Apn1 (Fig. 1B, lanes 15-17). It should be stressed that, under the experimental conditions used, Nfo and Apn1 efficiently processed their preferred NIR substrate αdA•T (lanes 9-11) indicating that the enzymes were fully active. These results, together with previously published observations, suggest that human APE1 has broader substrate specificity as compared to the enzymes of endonuclease IV family, and that this property might be specific to the mammalian Xth family of AP endonucleases. 

Previously, we have isolated the APE1-D308A mutant carrying a single amino acid substitution, which exhibits a drastically reduced NIR activity on the αdA•T duplex but still contains robust AP endonuclease and 3'-phosphodiesterase activities (22). Therefore, we examined whether the NIR-deficient APE1-D308A mutant can incise a dU-containing DNA duplex. As expected, unlike wild-type APE1, the APE1-D308A mutant was able to cleave neither αdA•T nor U•G duplexes (Fig. 1B, lanes 2 and 6 versus 3 and 7). Importantly, we have showed in our previous works that the APE1-D308A mutant still displays a good activity on the tetrahydrofuran (THF) AP site analog 
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. These results strongly suggest that the same active site amino acid residues are involved in the recognition of dU and αdA but are not required for the abasic site recognition.
DNA sequence context effects on the dU-endonuclease activity of APE1. Next, we examined whether APE1 recognizes U residues placed in different DNA sequence contexts. For this purpose, as shown in Table 1, we constructed twenty three duplex oligonucleotides of varying length, in which a single U•G base pair was placed in different positions and sequence contexts. The resulting 3'-[32P]-labelled U•G duplexes were incubated in the presence of APE1 for 2 h at 37°C, and the formation of NIR cleavage fragments was measured as described above. The results show that, in addition to dU-RT 30-mer duplex, APE1 can also cleave the majority of oligonucleotide duplexes used in this study (Table 1). The efficiency of the APE1-catalyzed cleavage varied depending on the sequence context, oligonucleotide length, and lesion position. Particularly, we observed a very strong sequence context effect when comparing the cleavage of N°5 (7.2%) and N°7 (0%) U•G duplexes, which have the same length and the same lesion position but very different sequences (Table 1). In contrast, changing the lesion position while keeping the same length and sequence context (compare cleavage of N°4 (11%) and N°5 (7.2%) U•G duplexes) had a modest effect on the cleavage rate (1.5 fold difference). The cleavage rate also varied depending on the length of the oligonucleotide substrates, with shorter duplexes cleaved overall 1.7–8-fold less efficiently than longer ones (compare N°1 (8.5%) to N°9 (4.9%) and to N°11-14 (1-2%)).

Next, we examined the impact of the nearest and distant base neighbours on the APE1-catalyzed cleavage of U•G duplexes. Only a modest effect (1.4–1.5-fold difference) was observed when we compared the cleavage rate of two pairs of the duplexes (N°1 (8.5%) vs N°2 (11.7%) and N°7 (0%) vs N°8 (1.5%)) each containing U at the same position, having the same length and the same sequence context except for the neighboring base flanking the uracil either at the 5' or 3' side, respectively (Table 1). To study in more detail the impact of the nearest neighbour base on the dU repair, we measured the cleavage rates in the group of 20-mer U•G duplexes containing varying neighboring bases flanking the uracil on either side. We observed only 1.3–4.2-fold difference between seven U•G duplexes tested, thus confirming a moderate effect of the nearest-neighbour base on the dU-endonuclease activity of APE1 (Fig. S1). Interestingly, we found a dramatic variation in the rate of APE1-catalyzed cleavage of the U•G duplexes that have the same length, the same lesion position and the same nearest bases flanking the uracil on either side but have different distant base sequences. As shown in Table 1, APE1 cleaved 14% of the duplex N°21 whereas no cleavage was detected in the duplex N°23; note that both duplexes contain U in the AUG context. Since duplexes N°21 and 23, if not completely annealed, could form alternative conformations such as hairpins with either unpaired U or U•A pair, we have probed these DNA duplexes with TDG/APE1 treatment. The results showed that TDG excises U in both N°21 and 23 duplexes with high efficiency (Fig. S2) indicating that the oligonucleotides are properly annealed and contain U•G base pairs. Similar dramatic differences were observed when comparing groups of duplexes with varying length: a 5-fold difference between duplexes N°8 (1.5%) and N°19 (7.5%) and a 3-fold difference between N°17 (6.2%) and N°6 (2%). Taking these results together, we did not find any preferrable sequence or motif for dU-cleavage; the evidence rather suggest that the overall sequence context, including both nearest and distant neighbour bases, plays a critical role in the recognition of uracil in duplex DNA by APE1.
The effect of the opposite base and kinetic parameters of uridine-endonuclease activity of APE1. Base-pair specificity of dU incision by APE1 was investigated using 20-mer dU-RT20 duplex oligonucleotides containing U•G, U•A, U•C, and U•T base pairs. The APE1-catalyzed incision at dU exhibited a marked preference of the opposite base in the following order: U•T ≈ U•C > U•G >> U•A (Fig. S3). APE1 cleaved U•A with a 5-fold lower efficiency compared to U•G, but the best substrates contained U mispaired to a pyrimidine. These results suggest that APE1 exhibits strong preference to mismatched uracil residues. This contrasts the opposite-base preference of APE1 acting upon 5-hydroxyuracil and 5,6-dihydrouracil in duplex DNA described previously (20).

For a quantitative evaluation of the substrate specificity of APE1, the kinetic parameters of cleavage of the 30-mer U•G duplex oligonucleotide (dU-RT sequence context) were measured under steady-state conditions. As shown in Table 2, the KM value of APE1 for the U•G duplex was extremely low 1.6 nM, demonstrating very high affinity of the human AP endonuclease for uracil residues in duplex DNA. However, the kcat of APE1 was also very low (≈0.001 min-1) indicating an extremely slow reaction rate. This kcat value means that one molecule of APE1 hydrolyses one molecule of U•G substrate in 18.5 hours. The kcat/KM ratio of APE1 for U•G duplex (0.6 µM-1•min-1) is very similar to that for ethenobases (0.2–0.8 µM-1•min-1) (29) but is approximately 30-fold lower than that for αdA•T and DHU•G (16 and 19 µM-1•min-1, respectively) (20). These biochemical data suggest that in vivo the NIR pathway would likely remove mismatched dU residues very inefficiently as compared to -anomeric nucleotides and oxidized pyrimidines. Comparison with the kcat/KM values of the full-length human UNG2 for U•A (753 µM-1•min-1) and truncated ΔN84-UNG for U•G (7000 µM-1•min-1) shows that APE1 is at least three orders of magnitude less efficient than human uracil-DNA glycosylase suggesting that NIR may serve as a minor pathway to remove uracil residues only in the absence of UNG.
Characterization of the mechanism of action of APE1 and TDG on uracil residues by MALDI-TOF mass spectrometry. The mechanism of APE1-catalyzed cleavage of DNA containing uracil bases was initially inferred from the analysis of the electrophoretic mobility of the 3'-end labelled cleavage fragments (Fig. 1). Therefore, to independently confirm the mechanism, we characterized the nature of the APE1 cleavage products by mass spectrometry (MS). We performed MALDI-TOF MS analyses of the reaction products generated from a 17-mer U•G duplex oligonucleotide by APE1 alone under NIR condition or by TDG and APE1 under BER condition. The mass spectrum of the reaction products resulting from the incision of U•G by APE1 showed two mono-charged cleavage product peaks: one at [M+H]+=2448.9 Da corresponding to the 8-mer oligonucleotide 5' to the lesion, 5'-GGTGCATA (calculated mass, 2449.6 Da), and the other one at [M+H]+=2755.2 Da corresponding to the expected 9-mer APE1 cleavage product 5'-p-UGCATGTCC containing a 5'-terminal dUMP and the sequence 3' to it (calculated mass, 2755.8 Da) (Fig. 2A). In addition to these cleavage products there were a mono-charged peak, [M+H]+=5195.4 Da, corresponding to the complementary strand with a calculated mass of 5195.4 Da, and the peak arising from the non-cleaved dU-containing strand ([M+H]+=5187.2 Da, calculated mass 5187.4 Da). Furthermore, under the NIR condition, the 3'5' exonuclease activity of APE1 degraded the complementary strand generating the 16-mer (5'-GGACATGCGTATGCAC [M+H]+=4906.5 Da), 15-mer and 14-mer fragments which are, respectively, one, two and three nucleotides shorter than the 17-mer substrate (Fig. 2A). This result indicates that APE1 cleaves double-stranded DNA 5' to a dU nucleotide and unambiguously confirms the mechanism of action of the human AP endonuclease on uracil residues in DNA. Importantly, our analysis of the mass spectrum of the cleavage fragments revealed no products of the DNA glycosylase action implying that APE1 cleaves next to the original uracil residue rather than an adventitiously formed abasic site.

In a control experiment, we analyzed the mechanism of action of TDG, a monofunctional DNA glycosylase, on the U•G duplex (Fig. 2B). To incise the AP sites generated by TDG we performed the reaction in the presence of APE1 under the BER+Mg2+ conditions. As expected, the mass spectra revealed two mono-charged peaks, one at [M+H]+=2448.1 Da corresponding to the 8-mer oligonucleotide 5' to the lesion, 5'-GGTGCATA (calculated mass, 2449.6 Da), and another one at [M-H]+=2660.6 Da corresponding to the oligonucleotide 5'-dRp-GCATGTCC containing a 5'-deoxyribose phosphate (dRp) residue left after the incision of the nascent AP site, plus the sequence 3' to the lesion (calculated mass, 2661.6) (Fig. 2B). This result indicates that TDG excises the uracil residue leaving an AP site, which is cleaved in turn by APE1 to generate a 8-mer downstream cleavage product containing a 5'-dRp residue. In conclusion, the results of both experiments well corroborate the denaturing PAGE data (Fig. 1).
Action of APE1 towards sodium bisulfite-deaminated cytosines and in vitro reconstitution of uracil repair. In the above experiments, we used only synthetic oligonucleotides containing a single U residue as substrates. Therefore, we examined whether APE1 can cleave a DNA duplex at dU residues generated by sodium bisulfite-induced deamination of cytosines. For this, 30 μg of the single-stranded 30-mer oligonucleotide (RT context) was incubated in the presence of sodium bisulfite at 55°C, then labeled at the 3'-end and annealed to the complementary strand containing G opposite all C residues. The resulting DNA duplex containing randomly distributed U•G base pairs was incubated either with TDG and APE1 under the BER+Mg2+ reaction condition or with APE1 alone under the NIR reaction condition. As shown in Fig. 3A, more than half of the DNA duplex was digested by TDG/APE1 treatment indicating an efficient conversion of C to U residues and their subsequent excision by TDG (lane 2). As expected, TDG and APE1 cleaved double-stranded DNA at the sites corresponding to the positions of C residues and generated the BER products of the expected lengths (27-, 24-, 20-, 18-, 10- and 3-mer) (lane 2). Less than half of the DNA substrate was cleaved after 0.5–3 h of incubation with APE1 (lanes 3-6). Importantly, APE1 generated three additional 25-, 21- and 19-mer products that migrated slower than the corresponding products of TDG/APE1-catalyzed incision (lanes 3-6 versus 2). These results indicate that APE1 cleaves 5' to dU residues induced by sodium bisulfite treatment and generates the fragments that are one nucleotide longer than the respective BER products.

Previously, we have reconstituted the human NIR pathway in vitro for the oligonucleotide duplexes containing αdA and (A residues using four purified proteins: APE1, flap endonuclease 1 (FEN1), DNA polymerase β (POLβ) and T4 DNA ligase (LIG) 
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(22, 29)
. In the present work, we examined whether the extremely slow rate of cleavage of the U•G duplex by APE1 could nevertheless promote the removal of mismatched uracil residues in a DNA glycosylase-independent manner. As shown in Fig. 3B, the incubation of a 40-mer U•G duplex (dU-DL10 context) containing a single dU at position 10 under the BER+Mg2+ reaction condition in the presence of APE1, FEN1, POLβ, LIG, [α-32P]dCTP and non-labelled dNTPs for 1 h at 37°C did not produce significant amounts of the fully repaired 40-mer DNA (lane 5). On the contrary, reconstitution under NIR condition using the same DNA substrate and proteins resulted in the appearance of a radioactively labelled 40-mer full-length DNA product and several intermediate-size fragments (approximately 10- to 30-mer) (lane 11). As expected, no incorporation of [α-32P]dCTP was observed in the absence of either APE1 (lane 7) or POLβ (lane 9). In the absence of either FEN1 or LIG, we observe the generation of intermediate-size DNA fragments (10-30 mer) and a very small amount of the 40-mer fully repaired product (lanes 8 and 10) suggesting that POLβ can initiate strand-displacement DNA synthesis after APE1-catalyzed cleavage. Together these results suggest that APE1 cleaves 5' to dU and generates a 9-mer fragment with the 3'-OH terminus, which is then extended by POLβ to 10-mer and 11–30-mer products by adding one dNMP or more. POLβ-catalyzed synthesis generates DNA flap structures, which are cleaved by FEN1 to remove the 5'-dangling dU nucleotide and give rise to single-strand nicks amenable to ligation. Our data indicate that, under the reaction conditions that enable the APE1-catalyzed incision of U•G duplex, DNA synthesis and ligation, uracil residues can be removed in a DNA glycosylase-independent manner restoring the original DNA sequence.
Methanothermobacter thermautotrophicus Xth homologue Mth212 is a NIR endonuclease. Mth212 is an archaeal homologue of human APE1 that contains both the AP site and deoxyuridine endonuclease activities (12). Here we examined whether Mth212 shares with NIR endonucleases the substrate specificity towards duplex DNA containing 5-hydrocytosine (5ohC), an oxidized pyrimidine lesion, and αdA residues. For this, Mth212-catalyzed activities were assayed on 3'-[32P]-labelled 30-mer DNA duplexes containing single THF•T, U•G, αdA•T, or 5ohC•G pairs for 15 min at 55°C. It should be noted that extended incubation of the DNA duplexes under 55°C in absence of enzyme did not lead to any cleavage and/or non-specific degradation of the 3'-labelled oligonucleotides (Fig. 4A, lanes 1 and 9 and Fig. 4B, lane 8). As shown in Fig. 4A, in agreement with the literature data, Mth212 cleaved DNA duplexes containing the tetrahydrofuran AP site (THF•T) (lanes 3-7) and dU (U•G) (lanes 11-15). Mth212 cleaved the THF•T duplex with the much higher efficiency as compared to the U•G duplex indicating that AP site is a preferred substrate for this archaeal enzyme. With higher concentrations (10-100 nM) of Mth212, DNA duplexes were degraded in a non-specific manner (Fig. 4A, lanes 6-7 and 14-15 and Fig. 4B, lanes 5-6 and 14) suggesting the removal of 3'-[α-32P]-cordycepin-5'-monophosphate by the intrinsic 3'5' exonuclease activity of the enzyme (12). Importantly, Mth212 cleaved αdA•T and 5ohC•G duplexes generating the fragments (Fig. 4B, lanes 2-6 and 10-13) that had the same electrophoretic mobility as the products of cleavage by E. coli Nfo (lanes 7 and 15) suggesting that Mth212 incises the DNA duplex 5' next to the damaged base. Interestingly, Mth212 cleaved the DNA duplex containing a 5ohC residue more efficiently than DNA with an αdA lesion. In addition, we examine whether Mth212 could cleave DNA duplex containing single 7,8-dihydro-8-oxoguanine (8oxoG) residue. Ineterestingly, no NIR activity was observed for APE1 and Mth212 when acting upon 3'-[32P]-labelled 20-40 mer 8oxoG•C duplexes (Fig. S4). Taken together, these results suggest that an archaeal AP endonuclease, Mth212, shares common DNA substrate specificity with human APE1 and E. coli Nfo and therefore can be considered a bona fide archaeal NIR-endonuclease. 
DISCUSSION 

Uracil residues in DNA can be both mutagenic when derived from spontaneous cytosine deamination and extremely cytotoxic if occur through massive incorporation of dUMP into genomic DNA during replication. Here, we investigated whether E. coli, yeast and human NIR endonucleases contain deoxyuridine endonuclease activity. The results showed that human APE1, but neither E. coli Nfo nor yeast Apn1, can cleave DNA duplex 5' to a dU residue, albeit at a very slow rate (Fig. 1A). The absolute requirement for the NIR reaction conditions and the absence of the dU-endonuclease activity in the APE1-D308A mutant indicate that dU residues, among other DNA base lesions, are substrates for the APE1-initiated NIR pathway (Fig. 1B). The study of DNA sequence context effect on the APE1 dU-endonuclease activity demonstrated that APE1 recognizes uracil in the wide range of DNA sequences (Table 1). APE1 exhibits 5–10-fold higher activity on base pairs containing mismatched uracil as compared to the canonical U•A pair. The kinetics parameters of the APE1-catalyzed dU cleavage are very similar to those for DNA containing ethenobases (29). APE1 cleaves U•G duplex at an extremely slow rate (kcat ≈ 0.001 min-1) (Table 2) as compared to AP site (15 min-1) and αdA (0.31 min-1) (22). Kinetic constants measured in vitro using purified enzyme indicate that APE1 is very inefficient as compared to DNA glycosylases and that in human cells the majority of uracil residues in DNA would be rather removed in the BER pathway. 

NIR endonucleases from the Nfo and Xth families share substrate specificity and can cleave duplex DNA containing various damaged bases. Here we showed that, in contrast to APE1, NIR endonucleases from the Nfo family cannot cleave DNA duplex containing a dU residue although they cleave DNA containing oxidized uracil residues such as 5,6-dihydrouracil and 5-hyroxyuracil (35). The difference between the Nfo and Xth family of NIR endonucleases in their ability to act on dU and ethenobases points to a fundamental difference in the interactions of these repair enzymes with DNA. Indeed, the crystal structure of Nfo bound to a synthetic AP site reveals that the enzyme sharply kinks the DNA helix by ~90° and flips both the AP site and its orphaned partner out of the DNA base stack 
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(36-37)
. In contrast, the structure of a complex between APE1 and abasic DNA demonstrates that the enzyme kinks the DNA helix just by 35° and binds a flipped-out AP site in a pocket that would exclude DNA bases, with the opposite base remaining stacked in the duplex (38). Based on these observations, we may hypothesize that Nfo-type AP endonucleases are not able to bent a U•G duplex and flip the opposite guanine out of the DNA base stack. Further structural studies are required to get insight into the molecular mechanisms of DNA damage recognition by APE1 and Nfo. 

The MALDI-TOF mass spectrometry measurements confirmed the results obtained using the denaturing PAGE, namely: (i) APE1 is a genuine dU-endonuclease and it incises DNA duplex 5' to uracil generating a 3' downstream cleavage fragment that still contains a 5'-terminal dUMP residue; and (ii) APE1 slowly degrades the complementary strand by its non-specific 3'5' exonuclease activity (Fig. 2). It should be stressed that APE1 was able to cleave sodium bisulfite-treated DNA duplex at randomly spaced uracil residues indicating that the new function of APE1 is relevant not only for synthetic oligonucleotides but also for other types of DNA substrate (Fig. 3A). We performed a complete in vitro reconstitution of the human NIR pathway for the U•G oligonucleotide duplex using only four purified proteins. As expected, incubation of the 40-mer U•G duplex in the presence of APE1, FEN1, POLβ and LIG generated a full-length repair product (Fig. 3B). This result demonstrates that, in human genome, mismatched uracil residues, despite the very slow incision rate, could be processed in a DNA glycosylase-independent manner via the NIR pathway. However, it should be noted that, in the presence of UNG, the uracil residues would be processed via the DNA glycosylase-initiated BER rather than APE1-initiated NIR, since the catalytic efficiency of human UNG2 acting on uracil residues in DNA exceeds that of APE1 by more than three orders of magnitude. 

The archaeal AP endonuclease, Mth212 and human APE1 have similar three-dimensional structures and closely related sequences 
 ADDIN EN.CITE 
(32)
. In agreement with this observation, we showed that Mth212 shares substrate specificity with other NIR endonucleases and can incise DNA duplex next to αdA and 5ohC residues (Fig. 4) but not 8oxoG one (Fig. S4). This result suggests that the Mth212-initiated NIR pathway can also eliminate certain type of oxidative DNA base lesions in addition to uracil residues. Wide substrate specificity of the Xth family NIR endonucleases Mth212 and APE1 described in this study should enable the repair of a variety of endogenous DNA lesions in a DNA glycosylase-independent manner that avoids generation of reactive base-free sugar moieties and strand breaks with 3'-blocking groups. This strategy could be advantageous when endogenous DNA damage occurs at a high frequency in organisms living in a hot environment. Indeed, thermophilic M. thermautotrophicus should accumulate higher amounts of deaminated cytosine residues in its DNA as compared to mesophilic organisms. 

Taken together, our data indicate that APE1-catalyzed deoxyuridine endonuclease activity is an evolutionary conserved catalytic function of the Xth family AP endonucleases from Archaea to humans. Therefore, the question arises whether this new function of the human DNA repair enzyme has a biological role. It should be noted that suppression of APE1 results in embryonic lethality in mice 
 ADDIN EN.CITE 
(39-40)
 and inhibits proliferation and/or induces apoptosis in cultured human cells 
 ADDIN EN.CITE 
(23, 41)
, indicating that APE1-catalyzed activities are essential for the cell viability. Downregulation of APE1 increases cellular sensitivity to DNA-damaging agents 
 ADDIN EN.CITE 
(42-43)
, and heterozygous ape1 knockout mice have increased spontaneous mutation frequencies in somatic tissues and spermatogenic cells as compared to wild-type littermates (44). These findings support the physiological relevance of APE1-catalyzed DNA repair activities in the maintenance of genome stability. Although the catalytic efficiencies of human UNG2, SMUG1, MBD4 and TDG glycosylases greatly outweigh the ability of APE1 to remove uracil from genomic DNA, we may propose that, in the absence of BER, the APE1-initiated NIR serves as a back-up pathway to keep DNA free of uracils and some other base lesions. 

AP sites are the most preferred DNA substrate for AP endonucleases of both the Xth and Nfo families, including Mth212 and APE1. Among AP endonucleases, NIR endonucleases can recognize, in addition to AP site, several DNA base lesions suggesting that these two types of DNA damage might share some common conformational features. These could be specific types of DNA helix distortion and/or particular conformational dynamic modes of the helix around the lesion site. Interestingly, repair of the preferred DNA substrates such as AP site and αdA by APE1 is barely sensitive to sequence context, whereas APE1 exhibits a strong sequence dependence when acting on DNA containing ethenobases (29) and uracil residues (Table 1). Intriguingly, APE1 dU-endonuclease activity varied dramatically depending mainly on the nature of the distant, rather than nearest, neighbor bases, indicating that the overall DNA duplex conformation and perhaps its mechanical properties may play a crucial role in uracil recognition. 

These new findings have significant implications for the understanding of the evolutionary origins of DNA repair pathways and mechanisms of DNA damage recognition. One may propose that long back in evolution, spontaneous DNA base loss and cytosine deamination were the major threats to the genome stability of an ancestor to all living forms. To counteract AP sites and uracil residues in DNA, these ancestor cells developed two DNA repair enzymes: AP endonuclease to counteract the former lesion and a DNA glycosylase to remove the latter one. The absence of UNG-like enzymes in certain Archaea, together with the presence of an AP endonuclease that can directly repair uracil residues in both Archaea and humans, suggest that at the beginning the AP endonuclease-initiated NIR pathway for DNA base lesions has evolved independently from the DNA glycosylase-mediated BER pathway. We hypothesize that the NIR pathway may be a remnant that appeared early in evolution before BER in a putative thermophilic ancestor to counteract spontaneous DNA damage. The NIR pathway offers an advantage under certain circumstances since it does not generate genotoxic intermediates and enables to couple repair directly to DNA synthesis. In this scenario, DNA glycosylase-mediated BER appeared later in evolution, offering cells a more efficient catalytic mechanism that involves sequential actions of a DNA glycosylase and an AP endonuclease to remove DNA base damage and produce a single-stranded break with a 3'-terminus that can be used as a primer for DNA repair synthesis. With the appearance of highly efficient uracil-DNA glycosylases, the dU-endonuclease function of AP endonucleases became less impotant and was lost from some branches of the life tree. 
MATERIALS AND METHODS 
Oligonucleotides and proteins. Sequences of all oligodeoxyribonucleotides used in the present work are shown in Table 1. All oligonucleotides were purchased from Eurogentec (Seraing, Belgium) including those containing dU, THF, αdA, and 5ohC. The complementary oligonucleotides contained dA, dG, dC or T opposite to the lesion. Prior to the enzymatic assays, oligonucleotides were either 3'-end labelled by terminal deoxynucleotidyl transferase (New England Biolabs, France) in the presence of [α-32P]-3'-dATP (cordycepin 5'-triphosphate, 5,000 Ci/mmol) or 5'-end labelled by T4 polynucleotide kinase (New England Biolabs) in the presence of [γ-32P]-ATP (3,000 Ci/mmol, PerkinElmer - Life Science Research, Courtaboeuf, France), as recommended by the manufacturers. Radioactively labelled oligonucleotides were desalted on a Sephadex G-25 column equilibrated in water and then annealed to the required complementary strand for 3 min at 65°C in a buffer containing 20 mM HEPES-KOH (pH 7.6) and 50 mM KCl and then slowly cooled to room temperature. Purified DNA glycosylases, AP endonucleases and human FEN1 were from the laboratory stock, prepared as described (22). Purified human POLβ was purchased from Trevigen (Gaithersburg, USA). 

The pET21d-Mth212 plasmid, a generous gift from Dr Ralf Ficner (Georg-August University Göttingen, Germany), containing the sequence coding for Mth212 protein from Methanothermobacter thermautotrophicus, was used to express recombinant His-tagged Mth212 in ArcticExpress (DE3) cells (Agilent Technologies). Over-expression was performed by auto-induction in the ZYM-5052 medium (1% NZ amine, 0.5% yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4, 0.5% glycerol, 0.05% glucose, 0,1% lactose) containing 100 mg/mL ampicillin. Five mL of the culture was grown at 37°C with shaking at 150 rpm to an OD600 of 0.2, the whole culture was diluted by adding 495 mL of fresh ZYM-5052 and incubated overnight at 16°C with shaking at 150 rpm. The cells were collected by centrifugation for 15 min at 6000 rpm and resuspended in 30 mL of the lysis buffer (20 mM HEPES pH 7.4, 20 mM KCl). The suspension was lysed in a French press (1400 Psi) and centrifuged at 4°C for 15 min at 6000 rpm. The supernatant was loaded on a HiTrap Chelating HP nickel column in the binding buffer containing 20 mM HEPES, 0.5 M KCl and 20 mM imidazole (pH 7.4). The bound proteins were eluted by the same buffer with 0.5 M imidazole, and the fractions containing the Mth212 protein were collected. To further purify the protein, the fractions were diluted to reduce the salt concentration and loaded on a HiTrap Heparin HP column, the bound proteins were eluted in a 50-600 mM KCl gradient. The purified protein samples were stored at -20°C in 50% glycerol. The homogeneity of the protein preparations was verified by SDS-PAGE. 
DNA repair assays. The standard reaction mixture (20 μL) for deoxyuridine endonuclease activity contained 10 nM of a [32P]-labelled U•G oligonucleotide duplex and 10 nM of the purified APE1 protein and incubated for 2 h at 37°C, unless stated otherwise. The DNA repair activities of APE1 protein were tested either in the NIR buffer, which is optimal for the nucleotide incision activity and contained 50 mM KCl, 20 mM HEPES-KOH (pH 6.9), 0.1 mg•mL-1 BSA, 1 mM DTT and 0.1 mM MgCl2 or in the BER+Mg2+ buffer, optimal for the AP endonuclease activity, containing 50 mM KCl, 20 mM HEPES-KOH (pH 7.6), 0.1 mg•mL-1 BSA, 1 mM DTT and 5 mM MgCl2. The same buffer was used for the S. cerevisiae Apn1 protein, while for the E. coli Nfo protein, MgCl2 was omitted,. The standard reaction mixture (20 μL) for Mth212 activity assay contained 10 nM of 3'-[32P]-labelled 30 mer oligonucleotide duplex and a limited amount of Mth212 in reaction buffer containing 50 mM KCl, 20 mM potassium phosphate buffer (pH 6.2), 1 mM MgCl2 and 0.1 mg•mL-1 BSA and was incubated for 15 min at 55°C as described (12). 

The release of modified bases by various DNA glycosylases was determined from the amount of a cleaved oligonucleotide substrate containing a single base lesion at a defined position. The DNA glycosylase activity was measured in the BER+EDTA buffer containing 10 nM of an oligonucleotide duplex, 50 mM KCl, 20 mM HEPES-KOH (pH 7.6), 0.1 mg•mL-1 BSA, 1 mM DTT, 1 mM EDTA and 10 nM of the required purified protein for 30 min at 37°C, unless stated otherwise. For monofunctional DNA glycosylases, the AP site left after the excision of a damaged base was cleaved either by light piperidine treatment [10% (v/v) piperidine at 37°C for 15 min] or by 5 nM APE1 in BER+Mg2+ buffer. 

All reactions were stopped by adding 10 μL of a stop solution containing 0.5% SDS and 20 mM EDTA, then desalted by hand-made spin-down columns filled with Sephadex G25 (Amersham Biosciences) equilibrated in 7.5 M urea. Purified reaction products were separated by electrophoresis in denaturing 20% (w/v) polyacrylamide gel (7,5 M urea, 0.5× TBE, 42°C). The gels were exposed to a Fuji FLA-3000 Phosphor Screen and analyzed using Image Gauge V3.12 software. 

Kinetic parameters of reactions were measured using the concentrations of the duplex oligonucleotide substrates varying from 0.1 to 10 times of the estimated KM value (generally from 0.2 nM to 60 nM of DNA duplex) incubated in the presence of a limiting amount of the enzyme (10 nM APE1) for 30 min at 37°C under the NIR conditions. For KM and kcat determination, the linear velocities were plotted against DNA substrate concentrations, and the hyperbolic curve obtained was fit to a rectangular hyperbola by least-squares non-linear regression. At least three independent experiments were performed for all kinetic measurements. 
In vitro reconstitution of the NIR and BER pathways. The in vitro reconstitution of the NIR pathway for dU residues was carried out in the presence of ATP which decreases the actual concentration of free Mg2+ in the reaction mix due to chelation of divalent cations. Briefly, 10 nM of the non-labelled 40 mer U•G oligonucleotide duplex (DL10 sequence context) was incubated for 1 h at 37°C in the presence of 10 nM APE1, 2 nM FEN1, 0.02 U POLβ, 20 U T4 DNA ligase and 1 U of uracil-DNA glycosylase inhibitor from bacteriophage PBS1 (UGI, New England Biolabs) in either the "NIR-like" reaction buffer containing 50 mM HEPES-KOH (pH 7.2), 30 mM NaCl, 3 mM MgCl2, 2 mM ATP, 0.1 mg•mL-1 BSA, 2 mM DTT, 5 mCi of [α-32P]dCTP and 50 μM each of dGTP, dATP and dTTP or in the “BER like” reaction buffer containing 20 mM HEPES-KOH (pH 7.6), 50 mM NaCl, 5 mM MgCl2, 2 mM ATP, 0.1 mg•mL-1 BSA, 1 mM DTT and 5 mCi of [α-32P]dCTP. The reactions were stopped and the products were analyzed as described above.
MALDI-TOF mass spectrometry analyses of the NIR pathway. Mass spectrometry measurements were done as described previously (45). Typically, 10 pmol of lesion-containing oligonucleotide duplexes (in 100 μL) were incubated with APE1 (10 nM) in the NIR buffer at 37°C for 17 h. The reaction products were precipitated with 2% lithium perchlorate in acetone, desalted and then dissolved in water prior subjection to the MALDI-TOF MS measurements. MALDI mass spectra were obtained in the negative mode on a time-of-flight Microflex mass spectrometer (Bruker, Wissembourg, France), equipped with a 337 nm nitrogen laser and pulsed delay source extraction. The matrix was prepared by dissolving 3-hydroxypicolinic acid in 10 mM ammonium citrate buffer and a small amount of Dowex-50W 50x8-200 cation exchange resin (Sigma). The matrix (1 μL) was added to the sample (1 L) on the target plate and allowed to dry. The spectra were calibrated using reference oligonucleotides of known masses. 
Cytosine deamination by sodium bisulphite treatment. 30 μg of a 30 mer regular single-stranded oligonucleotide (dC-RT sequence context) was subjected to sodium bisulfite treatment using EpiTect Bisulfite Kit according to the manufacturer protocol (Qiagen, France). After the treatment, the single-stranded oligonucleotide was 3'-labelled by terminal deoxynucleotidyl transferase (New England Biolabs France) in the presence of [α-32P]-3'-dATP (cordycepin 5'-triphosphate, 5,000 Ci/mmol-1) and annealed to a complementary strand containing G opposite all C residues. 10 nM of NaHSO3-treated 3'-[32P]-labeled 30 mer oligonucleotide duplex was incubated with either hTDG for 30 min and then with APE1 for 30 min at 37°C under the BER conditions, or with 10 nM APE1 for varying time under the NIR conditions. The reaction products were visualized as described above. 
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FIGURE LEGENDS 

Fig. 1. APE1-catalyzed deoxyuridine endonuclease activity. (A) Time- and condition-dependent cleavage of a DNA duplex containing a single uracil residue by APE1. 10 nM of the 3'-[32P]-labelled 30-mer U•G duplex (dU-RT sequence context) was incubated for 15–180 min at 37°C with 10 nM APE1 under the NIR and BER conditions. Lane 1, control non-treated U•G; lane 2, as 1 but incubated with 40 nM hTDG for 20 min under the BER+Mg2+ reaction conditions and then treated with 10% piperidine for 15 min to cleave the resulting AP sites. Lanes 3, 5, 7, 9, 11 and 13, as 1 but incubated with APE1 under the BER+Mg2+ conditions. Lanes 4, 6, 8, 10,12 and 14, as 1 but incubated with APE1 under the NIR conditions. The arrows denote the position of the intact 31-mer substrate, the position of the 21-mer product of APE1-NIR activity, and the position of the 20-mer product of DNA glycosylase activity. (B) Action of various NIR endonucleases and APE1-D308A mutant towards the U•G duplex. 10 nM of the 3'-[32P]-labelled 30 mer U•G, and αdA•T oligonucleotide duplexes (dU-RT sequence context) were incubated with either 10 nM wild-type (WT) APE1, or 10 nM APE1-D308A under the NIR conditions or with a limited amount of Nfo and Apn1 in their respective reaction buffers for 30 min and 2 h at 37°C. Lane 1, non-treated αdA•T; lane 2, as 1 but WT APE1 for 10 min; lane 3, as 1 but APE1D308A for 10 min. Lane 4, U•G incubated with 40 nM hTDG for 30 min and then with 10 nM APE1 for 30 min under the BER+Mg2+ conditions; lane 5, non-treated U•G; lane 6, as 5 but WT APE1 for 2 h; lane 7, as 5 but APE1-D308A for 2 h; Lane 8, non-treated αdA•T; lane 9, as 8 but 1 nM Nfo for 30 min; lane 10, as 8 but 1 nM Apn1 for 30 min; lane 11, as 8 but 4 nM Apn1 for 30 min; lane 12, as 8 but WT APE1 for 10 min; lane 13, as 4; lane 14, non-treated U•G; lane 15, as 14 but 1 nM Nfo for 2 h; lane 16, as 14 but 1 nM Apn1 for 2 h; lane 17, as 14 but 4 nM Apn1 for 2h; lane 18, as 14 but WT APE1 for 2 h. The arrows denote the position of the non-cleaved 31-mer substrate, the position of the 21-mer APE1-NIR product, and the position of the 20-mer DNA glycosylase product. For details, see Materials and Methods. 
Fig. 2. MALDI-TOF MS analysis of the reaction products generated by the incubation of a 17-mer oligonucleotide duplex containing a single dU residue with APE1 (A) and with TDG and APE1 (B). Typically, 10 pmol of the 17-mer U•G duplex (dU-RT17 sequence context) was incubated with either 10 nM APE1 under NIR conditions at 37°C for 17 h or with 40 nM hTDG at 37°C for 30 min and then with 10 nM APE1 at 37°C for 30 min under the BER+Mg2+ reaction conditions. For details, see Materials and Methods. 
Fig. 3. In vitro reconstitution of APE1-catalyzed dU-endonuclease activities. (A) Action of APE1 on a sodium bisulfite-treated DNA duplex. NaHSO3-treated and 3'-[32P]-labelled 31-mer C•G duplex was incubated with either hTDG for 30 min and then with APE1 for 30 min at 37°C under the BER+Mg2+ condition, or with 10 nM APE1 at 37°C for varying time under the NIR conditions. Lane 1, control NaHSO3-treated C•G duplex; lane 2, as 1 but hTDG/APE1; lane 3, as 1 but APE1 alone for 0.5 h; lanes 4–6, as 3 but 1 h, 2 h, and 3 h, respectively. For details, see Materials and Methods. (B) In vitro reconstitution of the NIR pathway for uracil residues. 10 nM of the non-labelled 40-mer U•G oligonucleotide duplex (DL10 sequence context) was incubated for 1 h at 37°C in the presence of DNA repair proteins, non-labelled dNTPs, and [α-32P]dCTP. Lane 1, U•G incubated under the BER conditions with all proteins except APE1; lane 2, as 1 but except FEN1; lane 3, as 1 but except POLβ; lane 4, as 1 but except DNA ligase; lane 5, in the presence of all proteins; lanes 6-11, U•G incubated under the NIR conditions with the DNA repair proteins; lane 6, except APE1 and FEN1; lane 7, except APE1; lane 8, except FEN1; lane 9, except POLβ; lane 10, except DNA ligase; lane 11, in the presence of all proteins; lane 12, 40-mer size marker. All incubations were performed in the presence of 1 unit of uracil-DNA glycosylase inhibitor (UGI). For details, see Materials and Methods.
Fig. 4. Characterization of DNA substrate specificity of Mth212. 10 nM of the 3'-[32P]-labelled 30-mer oligonucleotide duplexes (dU-RT sequence context) THF•T, U•G, αdA•T and 5ohC•G were incubated either with Mth212 for 15 min at 55°C, or 1 nM Nfo for 5 min at 37°C, under the respective reaction conditions. (A) Action of Mth212 on AP sites and uracil residues. Lane 1, THF•T incubated 2.5h at 55°C; lane 2, non-treated THF•T; lanes 3-7, as 2 but 0.5, 2, 4, 10 and 20 nM Mth212; lane 8, 1 nM Nfo; lane 9, U•G incubated 2.5h at 55°C; lane 10, non-treated U•G; lanes 11-15, as 10 but 0.5, 2, 4, 10 and 20 nM Mth212; lane 16, 1 nM Nfo. (B) Action of Mth212 on αdA and 5ohC residues. Lane 1, non-treated αdA•T; lanes 2-6, as 1 but 2, 4, 10, 20 and 100 nM Mth212; lane 7, 1 nM Nfo; lane 8, 5ohC•G incubated 2.5h at 55°C; lane 9, non-treated 5ohC•G; lanes 10-14, as 9 but 2, 4, 10, 20 and 100 nM Mth212; lane 15, 1 nM Nfo. The arrow "s" denotes the position of the non-cleaved 31-mer substrate, the arrow "p" denotes the position of the 21-mer cleavage product. For details, see Materials and Methods. 
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Supporting Information Figure S1. The influence of the nearest neighbouring bases to uracil residue on APE1-catalyzed DNA uridine endonuclease activity. 10 nM of 3'-[32P]-labelled 20 mer oligonucleotide duplex (dU-RT20 sequence context, Table 1) containing a single dU in sequence contexts AUG, AUA, AUC, AUT, CUG, GUG, TUG was incubated for 2h at 37°C in the presence of 10 nM APE1 under NIR condition. All determinations were performed at least three time. For details see Materials and Methods. 
Supporting Information Figure S2. Action of APE1 towards deoxyuridine residues when present in varied sequence contexts. Lane 1, non-treated control 10 nM of 3'-[32P]-labelled U•G duplex with the sequence context referred as dU-SP AU(11)G; lane 2, as1 but 50 nM hTDG for 30 min at 37°C and then 10 nM APE1 for 15 min at 37°C; lane 3, as 1 but 10 nM APE1 for 2h at 37°C; lane 4, non-treated control 10 nM of 3'-[32P]-labelled U•G duplex with the sequence context referred as dU-SP AU(21)G; lanes 5, as 4 but TDG + APE1; lane 6, as 4 but 10 nM APE1 for 2h at 37°C.The arrows denotes the position of the non-cleaved 31-mer DNA substrate, the position of the 21-mer NIR cleavage product and the position of the 20-mer and 10-mer BER cleavage product. For details see Materials and Methods. 

Supporting Information Figure S3. The influence of the base opposite to dU residue on APE1-catalyzed DNA uridine endonuclease activity. 10 nM of 3'-[32P]-labelled 20 mer oligonucleotide duplex (dU-RT20 sequence context, Table 1) containing a single uracil residue opposite to G, A, C or T was incubated for 2h at 37°C in the presence of 10 nM APE1 under NIR condition. All determinations were performed at least three time. For details see Materials and Methods. 

Supporting Information Figure S4. Action of APE1 and Mth212 towards 10 nM of 3'-[32P]-labelled DNA duplexes containing single 8oxoG residue. Lane 1, control non-treated 22 mer 8oxoG•C; lane 2, as1 but 25 nM hOGG1 for 30 min at 37°C and then 10 nM APE1 for 15 min, at 37°C; lane 3, as 1 but 10 nM APE1 for 1h at 37°C; lane 4, control non-treated 30 mer 8oxoG•C (dU-RT context); lanes 5, as 4 but OGG1 and APE1; lane 6, as 4 but APE1; lane 7, control 40 mer 8oxoG•C (dU-DL context); lane 8, as 7 but 20 nM Mth212; lane 9, 40 nM Mth212; lane 10, 60 nM Mth212; lanes 11, hOGG1 and APE1. The arrow "s" denotes the position of the non-cleaved 31 mer DNA substrate, the arrow "p" denotes the position of the 21-mer cleavage product. For details see Materials and Methods. 
