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ABBREVIATIONS  

ROS, reactive oxygen species; AP, apurinic/apyrimidinic site; THF, 3-hydroxy-2-

hydroxymethyltetrahydrofuran or tetrahydrofuran; Ura, uracil; dU, 2-deoxyuridine; αdA, α-

anomeric 2-deoxyadenosine; Hx, hypoxanthine; 8oxoG, 7,8-dihydro-8-oxoguanine; BER, 

base excision repair; NIR, nucleotide incision repair; APE1 (a.k.a. APEX1, HAP-1, or Ref-1), 

human major AP endonuclease 1; OGG1, human 8-oxoguanine-DNA glycosylase; MBD4 

(a.k.a. MED1), human methyl-binding domain protein 4; MBD4cat, catalytic domain of 

MBD4; ANPG (a.k.a. Aag or MPG), human alkyl-N-purine-DNA glycosylase; ANPGcat, 

catalytic domain of ANPG; TDG, human mismatch-specific thymine-DNA glycosylase; Nfo, 

Escherichia coli endonuclease IV; ARP, Arabidopsis thaliana AP endonuclease.  
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ABSTRACT  

 

The base excision repair (BER) pathway consists of sequential action of DNA glycosylase 

and apurinic/apyrimidinic (AP) endonuclease necessary to remove a damaged base and 

generate a single-strand break in duplex DNA. Human multifunctional AP endonuclease 1 

(APE1, a.k.a. APEX1, HAP-1, or Ref-1) plays essential roles in BER by acting downstream 

of DNA glycosylases to incise a DNA duplex at AP sites and remove 3-blocking sugar 

moieties at DNA strand breaks. Human 8-oxoguanine-DNA glycosylase (OGG1), methyl-

CpG-binding domain 4 (MBD4, a.k.a. MED1), and alkyl-N-purine-DNA glycosylase (ANPG, 

a.k.a. Aag or MPG) excise a variety of damaged bases from DNA. Here we demonstrated that 

the redox-deficient truncated APE1 protein lacking the first N-terminal 61 amino acid 

residues (APE1-N∆61) cannot stimulate DNA glycosylase activities of OGG1, MBD4, and 

ANPG on duplex DNA substrates. Electron microscopy imaging of APE1–DNA complexes 

revealed oligomerization of APE1 along the DNA duplex and APE1-mediated DNA bridging 

followed by DNA aggregation. APE1 polymerizes on both undamaged and damaged DNA in 

cooperative mode. Association of APE1 with undamaged DNA may enable scanning for 

damage; however, this event reduces effective concentration of the enzyme and subsequently 

decreases APE1-catalyzed cleavage rates on long DNA substrates. We propose that APE1 

oligomers on DNA induce helix distortions thereby enhancing molecular recognition of DNA 

lesions by DNA glycosylases via a conformational proofreading/selection mechanism. Thus, 

APE1-mediated structural deformations of the DNA helix stabilize the enzyme–substrate 

complex and promote dissociation of human DNA glycosylases from the AP site with a 

subsequent increase in their turnover rate.  
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Significance Statement  

The major human apurinic/apyrimidinic (AP) endonuclease, APE1, stimulates DNA 

glycosylases by increasing their turnover rate on duplex DNA substrates. At present, the 

mechanism of the stimulation remains unclear. We report that the redox domain of APE1 is 

necessary for the active mode of stimulation of DNA glycosylases. Electron microscopy 

revealed that full-length APE1 oligomerizes on DNA possibly via cooperative binding to 

DNA. Consequently, APE1 shows DNA length dependence with preferential repair of short 

DNA duplexes. We propose that APE1-catalyzed oligomerization along DNA induces helix 

distortions, which in turn enable conformational selection and stimulation of DNA 

glycosylases. This new biochemical property of APE1 sheds light on the mechanism of redox 

function and its role in DNA repair.  
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1. Introduction  

 

 DNA repair is essential for cell survival and for tissue homeostasis given that cellular 

DNA is constantly challenged by various endogenous and exogenous genotoxic factors that 

generate DNA damage: structural and chemical modifications of a primary DNA sequence. 

Various organisms have evolved multiple DNA repair systems to deal with these insults. 

Nonbulky base damage is specifically recognized among the vast majority of regular bases by 

DNA glycosylases and apurinic/apyrimidinic (AP) endonucleases in the base excision repair 

(BER) and nucleotide incision repair (NIR) pathways, respectively [1-4]. In the BER pathway, 

a DNA glycosylase hydrolyses the N-glycosidic bond between the damaged base and sugar, 

leaving either an apurinic/apyrimidinic (AP) site or a single-stranded DNA break. Based on 

the mechanism of action, DNA glycosylases are classified into mono- and bifunctional. 

Monofunctional DNA glycosylases such as human mismatch-specific thymine-DNA 

glycosylase (TDG), methyl-CpG-binding domain 4 (MBD4, a.k.a. MED1), and alkyl-N-

purine-DNA glycosylase (ANPG, a.k.a. Aag or MPG) cleave the N-glycosidic bond, releasing 

the modified base and generating an AP site [5-7]. Bifunctional DNA glycosylases such as 

human 8-oxoguanine-DNA glycosylase 1 (OGG1) and endonuclease VIII-like glycosylases 

(NEIL1-3) not only cleave the N-glycosidic bond but also exert an associated AP lyase 

activity that eliminates the 3 phosphate (β-elimination) or 3 and 5 phosphates (β,δ-

elimination) of the resulting AP site either in a concerted or in a nonconcerted manner [8-9]. It 

should be noted that mammalian bifunctional DNA glycosylases such as NEIL1 and NEIL2 

excise the modified base and cleave the resulting AP site in DNA via β/δ-elimination in a 

highly concerted manner [10-11]. In contrast, other bifunctional DNA glycosylases such as 

OGG1 and NEIL3 manifest nonconcerted action, with base excision being more efficient than 

AP site cleavage activity [8, 12]. β-Elimination produces a nick flanked by a 3-terminal α,β-
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unsaturated aldehyde and a 5-terminal phosphate, whereas β,δ-elimination yields a single-

nucleoside gap flanked by two phosphates [13-14]. At a subsequent step, the 3-terminal 

phosphoaldehyde and phosphate are removed by an AP endonuclease and polynucleotide 

kinase (PNK), respectively, allowing DNA polymerase to fill the gap before DNA ligase seals 

the resulting DNA nick [15-16].  

 BER, initiated by multiple DNA glycosylases, is the main pathway for removal of the 

majority of nonbulky DNA lesions [17-18]; however, a certain type of lesions—such as the -

anomers of 2-deoxynucleosides (αdN)—is repaired by AP endonucleases in the NIR pathway, 

not by DNA glycosylases [19-21]. Human major apurinic/apyrimidinic (AP) endonuclease 1 

(APE1, a.k.a. APEX1, HAP-1, or Ref-1) plays essential roles in both pathways. In BER, it 

acts downstream of DNA glycosylases by incising a DNA duplex at AP sites and removing 

3-blocking sugar phosphate moieties. Alternatively, in NIR, APE1 makes an incision 5 to a 

damaged base and generates a single-strand break with a 5-dangling modified nucleotide and 

a 3-hydroxyl group [21-22]. Human APE1 is a ubiquitous 36-kDa multifunctional protein 

that performs essential functions in DNA repair, transcription, RNA biogenesis, and cell 

proliferation [23-24]. Moreover, DNA substrate specificity of APE1 is modulated by 

concentrations of divalent cations, pH, and ionic strength in an apparently allosteric manner 

[21]. At low concentrations of Mg2+ (≤1 mM) and acidic or neutral pH (≤7), APE1 binds 

strongly to both the DNA substrate and the reaction product and exerts NIR endonuclease 

activity. By contrast, at high concentrations of Mg2+ (≤5 mM) and neutral or alkaline pH (≤8), 

APE1 shows high AP site cleavage activity mainly due to a dramatic increase in the enzyme 

turnover rate. Changes in intracellular Mg2+ concentration can induce conformational changes 

in the APE1 protein [21, 25]. Due to dynamic conformational changes, APE1 can recognize 

diverse types of DNA base lesions including αdN, oxidized pyrimidines [21, 26], 

formamidopyrimidines [27], exocyclic DNA bases, thymine glycol, uracil [28-29], and bulky 
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lesions such as benzene-derived DNA adducts [30] and a UV-induced 6-4 photoproduct [31]. 

Furthermore, the chemical structures of these DNA lesions have very little in common, 

implying that contrary to DNA glycosylases, APE1 tends to recognize damage-induced 

structural distortions of the DNA helix and not a modified base itself.  

 DNA glycosylase stimulation by APE1. Tight binding to an abasic site in duplex DNA 

appears to be a common feature of DNA glycosylases [32]. Kinetic characterization of human 

monofunctional TDG, MBD4, ANPG, and bifunctional OGG1 DNA glycosylases has 

revealed that their product release is rate limiting during the steady-state phase of the reaction 

[33-35]. Numerous studies have revealed that APE1 promotes dissociation of the DNA 

glycosylase–product complex, and this situation in turn increases multiple turnover rates of 

TDG, ANPG, and OGG1 [36-39]. APE1 enhances the product release rate constant but not 

the rate constant of base excision by the DNA glycosylases. Notably, the APE1 protein is 

highly abundant, and its concentration is estimated at 1–7 million molecules per cell [40]. 

Thus, the intracellular concentration of APE1 is higher than that of DNA polymerase β 

(50,000 per cell) [41] and human DNA glycosylases (UNG2, SMUG1, and TDG) [42]. Two 

mechanisms were proposed to explain the stimulation of DNA glycosylases by APE1: a 

passive mechanism, when an AP endonuclease depletes (cleaves) a free AP site to prevent its 

rebinding with the DNA glycosylase during the reaction [33, 39, 43-44] and an active 

mechanism, which consists of direct displacement of DNA glycosylase from the AP site 

either via specific protein–protein interactions [36] or through distortion of the duplex DNA 

structure to disrupt the DNA glycosylase–AP site DNA complex [45]. Several lines of 

evidence suggest that APE1 actively displaces DNA glycosylases from the AP site in duplex 

DNA. Indeed, the displacement of DNA glycosylases by APE1 does not require AP site 

cleavage activity because robust stimulation is observed in the absence of Mg2+ (essential for 

this catalysis) [46], and when the catalytically inactive APE1-D210N mutant is used [43]. 
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Furthermore, APE1 can increase the turnover of TDG and ANPG to 40 and 100 times the 

observed rates of DNA glycosylase’s dissociation from DNA of the AP site, respectively, 

indicating that APE1 follows the active mechanism of the stimulation [46-47]. It remains 

puzzling how the activities of various DNA glycosylases are stimulated by APE1 because 

these repair enzymes belong to different structural families without a common structural motif 

that could be involved in the specific protein–protein interaction. 

 APE1 was independently discovered as an abasic site-specific endonuclease 

homologous to the E. coli Xth protein [48-49] and as a redox factor (Ref-1) that regulates the 

DNA-binding domain of Fos-Jun, Jun-Jun, AP-1 proteins, and several other transcription 

factors [50]. Within cells, reactive oxygen species (ROS) can serve as signaling molecules 

because an increase in O2•
 and H2O2 concentrations activates various signaling pathways 

through a specific gene expression pattern. Gene expression is controlled by transcription 

factors (sequence-specific DNA-binding proteins), which are often regulated by post-

translational modifications. Particularly, the DNA-binding activity of mammalian 

transcription factor AP-1 (Fos-Jun heterodimer protein) is subject to reduction-oxidation 

(redox) regulation. This regulation is implemented via post-translational modification of a 

conserved cysteine residue in the DNA-binding domains of Fos and Jun [51]. Notably, 

oxidation of the cysteines by ROS strongly inhibits the DNA-binding activity of AP-1, and 

this inhibition can be reversed by reduction of the cysteines by thiol compounds or by the 

APE1 (Ref-1) protein [50]. It was proposed that APE1 activates these transcription factors via 

a redox mechanism by mediating the reduction of a cysteine (Cys) residue in its DNA-binding 

domain. The APE1 protein can be subdivided into two functionally distinct and partially 

overlapping regions: the N-terminal domain (amino acid residues 1–127) possessing the redox 

activity and the C-terminal domain (amino acid residues 61–318), which is responsible for the 

AP site cleavage activity [52-53]. Suppression of APE1 results in embryonic death in mice 
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[54], inhibits human cell proliferation [55], induces apoptosis in mouse embryonic fibroblasts 

[56], and causes telomere shortening [57]. At present, the role of non-DNA repair functions of 

APE1 in embryonic development and cell proliferation remain unclear.  

 It has been demonstrated that deletion of the first N-terminal 61 amino acids residues 

in APE1 (APE1-N∆61) decreases redox activity but does not influence AP site cleavage 

activity [53]. Later, a study by our laboratory revealed that the truncated APE1-N∆61 protein 

shows a dramatic decrease in the NIR activity, pointing to a common mechanism of action for 

the APE1-catalyzed NIR and redox functions [21]. These observations prompted us to 

investigate the role of the first 61 N-terminal amino acid residues of APE1 in the stimulation 

of human DNA glycosylases. Here we demonstrate that in contrast to wild-type (WT) APE1, 

the APE1-N∆61 mutant cannot stimulate the multiple turnover of DNA glycosylases. Electron 

microscopy (EM) indicated that APE1 can oligomerize onto a DNA fragment, introducing 

helix deformation to scan undamaged DNA in search of abasic sites. In contrast, atomic force 

microscopy (AFM) revealed that APE1 oligomerization induces a kink in the DNA backbone 

to detect an abasic site. The evolutionary conservation, structural basis, and potential 

biological importance of the reported new biochemical property of APE1 are then discussed.  

 

2. Materials and methods  

2.1. Oligonucleotides and proteins 

Sequences of all the oligodeoxyribonucleotides used in this work are presented in Table 

1. All the oligonucleotides were purchased from Eurogentec (Seraing, Belgium) including 

those containing uracil (U), hypoxanthine (Hx), tetrahydrofuran (THF), αdA, or 8-oxoguanine 

(8oxoG). The complementary oligonucleotides contained dA, dG, dC, or T opposite the lesion. 

Prior to enzymatic assays, oligonucleotides were either 3-end-labeled by terminal 

deoxynucleotidyl transferase (New England Biolabs, France) in the presence of [α-32P]3-
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dATP (cordycepin 5-triphosphate, 5,000 Ci/mmol) or 5-end-labeled by means of 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. The radioactively labeled oligonucleotides were desalted on a Sephadex G-25 

column equilibrated with water and then annealed to a desired complementary strand for 3 

min at 65 °C in a buffer consisting of 20 mM HEPES-KOH (pH 7.6) and 50 mM KCl and 

then were slowly cooled to room temperature.  

 Purified OGG1, ANPGcat, MBD4cat, E. coli endonuclease IV (Nfo) and Arabidopsis 

thaliana major AP endonuclease (ARP) were from the laboratory stock. Human alkyl-N-

purine-DNA glycosylase, ANPGcat, with the first 73 amino acid residues deleted from the N 

terminus was purified as described elsewhere [58]. The purification of human 8-oxoguanine-

DNA glycosylase OGG1 was carried out as described previously [59]. Human major AP 

endonuclease APE1 and its mutant versions (APE1-N∆61 and APE1-D210N) were expressed 

and purified in their native form without tags or other modifications as described previously 

[26]. The catalytic domain of methyl-CpG-binding domain protein 4, MBD4cat (residues 426–

580) was purified as described elsewhere [60]. Nfo and ARP were purified as described 

elsewhere [61-62].  

 

2.2. DNA repair assays 

The standard reaction mixture (20 μL) for DNA glycosylases without divalent cations 

contained 50 nM 32P-labeled oligonucleotide duplex, 15 nM OGG1 (or 20 nM MBD4cat, 15 

nM ANPGcat) and 50–2000 nM APE1-WT or its mutated versions (NΔ61, NΔ31, NΔ35, or 

D210N) in a buffer (BER-EDTA conditions) consisting of 20 mM Tris-HCl pH 8.1, 100 mM 

NaCl, 1 mM EDTA, 1 mM DTT, 0.1 mg/mL BSA, and incubated for 30 min at 37°C, unless 

stated otherwise. All the reactions were stopped by addition of 10 μL of a stop solution 



 - 11 -

consisting of 0.5% SDS and 20 mM EDTA. Then, the reaction mixture was exposed to light 

piperidine treatment [10% (v/v) piperidine at 37°C for 30 min] to cleave the AP sites left after 

the excision of a damaged base. After incubation, the solution was neutralized with 4.5 μL of 

2 M HCl.  

 The standard AP endonuclease assay was conducted at a high Mg2+ concentration (≥5 

mM) and pH 7.6 (BER conditions): the reaction mixture (20 µL) consisted of 10 nM 32P-

labeled THF•T duplex oligonucleotide, 5 mM MgCl2, 100 mM KCl, 20 mM Hepes-KOH pH 

7.6, 0.1 mg/mL BSA and 0.1 nM enzyme, unless specified otherwise. The standard NIR assay 

was performed at a low Mg2+ concentration (≤1 mM) and acidic or neutral pH (≤7; NIR 

conditions): the reaction mixture (20 µL) consisted of 10 nM 32P-labeled αdA•T duplex 

oligonucleotide, 0.5 mM MgCl2, 25 mM KCl, 20 mM HEPES-KOH pH 6.8, 0.1 mg/mL BSA, 

and either 2 nM APE1 or 0.1 nM Nfo, unless specified otherwise. All the reactions were 

stopped by addition of 10 μL of the stop solution.  

 After the reactions, all the samples were desalted on hand-made spin-down columns 

packed with Sephadex G25 (Amersham Biosciences) equilibrated with 7.5 M urea. The 

purified reaction products were separated by electrophoresis in a denaturing 20% (w/v) 

polyacrylamide gel (7.5 M urea, 0.5× Tris-borate-EDTA buffer, 42°C). The gels were used 

for exposure of a Storage Fuji FLA-3000 Phosphor Screen, which was then scanned using 

Typhoon FLA 9500, and the digital images were obtained and quantified in the FUJI Image 

Gauge v.3.12 software. At least three independent experiments were conducted for all kinetic 

measurements.  

 

2.3. Stopped-flow fluorescence measurements 

The pre-steady-state kinetics were studied by the stopped-flow technique with 

detection of a fluorescence signal generated during fluorescence resonance energy transfer 
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(FRET) between a fluorophore and quencher as previously described [63-64] on an SX.18MV 

stopped-flow spectrometer (Applied Photophysics). A 6-carboxyfluorescein (FAM) residue 

and black hole quencher (BHQ1) were present in the FRET substrates (Table 1); the 

wavelength λex = 494 nm was used for excitation, and emission was analyzed at λem > 515 nm 

(Schott filter OG-515). The dead time of the instrument was 1.4 ms. Concentrations of DNA 

glycosylases and DNA substrates were 1 µM, and concentrations of APE1 proteins were 0.5–

5.0 µM. The concentrations of reactants reported are those in the reaction chamber after 

mixing. All stopped-flow fluorescence measurements were carried out at 37°C in BER-EDTA 

reaction buffer [20 mM Tris-HCl (pH 8.1), 100 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 

and 7% glycerol (v/v)]. Typically, each trace shown is an average of three or more 

independent experiments. Experimental error was less than 5%. Each phase on the kinetic 

curve allowed us to calculate two parameters: the amplitude of this phase and the observed 

rate constant. The process should be finished within recorded time range to correct calculation 

of the parameters. 

 Data obtained in the fluorescence stopped-flow kinetic assays were fitted by means of 

the following exponential Eq. 1, using the Origin software (Originlab Corp.):  

 

F = F0 + F1 exp(k1t) + F2 exp(k2t)      (1) 

 

where F is the observed FAM fluorescence intensity, F0 is background fluorescence, Fi is a 

fluorescence parameter, and ki denotes the observed rate constant. 

 

2.4. Electron microscopy 

A 1440-bp dsDNA fragment was amplified by PCR from the pBR322 plasmid (NEB, 

France) as described elsewhere [65]. For molecular imaging experiments, all DNA molecules 
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were purified on a Mini Q anion exchange column using a SMART chromatography system 

(GE Healthcare). The purified DNA was precipitated with ethanol and resuspended in TE 

buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). Transmission electron microscopy (TEM) 

samples were prepared by positive staining as previously described [65]. All nucleoprotein 

complexes were formed by incubation at 4°C for 10 min in binding buffer (10 mM Tris-HCl 

pH 8, 50 mM NaCl) containing 5 nM 1440-bp DNA fragment in the presence of 100 nM 

APE1-WT or APE1-N∆61 protein, which corresponds to a final protein/nucleotides ratio of 

1/72. Immediately before spreading on the microscopy grid, the DNA–protein reaction was 

diluted 20-fold in binding buffer. Five microliters of this dilution was deposited onto a 600-

mesh copper grid coated with a thin carbon film, preactivated by glow-discharge in the 

presence of pentylamine (Sigma-Aldrich, France). The grids were washed with aqueous 2% 

(w/v) uranyl acetate (Merck, France) and then dried with ashless filter paper (VWR, France). 

TEM examination was carried out under a Zeiss 912AB transmission electron microscope in 

filtered crystallographic dark-field mode. Electron micrographs were captured using a Tengra 

high-resolution CCD camera and iTEM software (Olympus, Soft Imaging Solutions).  

 

 

2.5. AFM analysis of the APE1–DNA complexes 

A short DNA fragment containing a single abasic site in the middle of the sequence 

was prepared. For this purpose, a 20-bp double-stranded oligonucleotide containing a single 

abasic site at its center was ligated using T4 DNA ligase with two 95-bp fragments on both 

sides of the site to generate a 210-bp fragment. The ligated DNA fragments were purified by 

chromatography on a Mono Q ion exchange column by means of a Smart chromatography 

system (GE Healthcare). APE1–DNA complexes were incubated in binding buffer (100 mM 

NaCl, 5 mM MgCl2, 20 mM Tris-HCl pH 7.5) at 20°C for 10 min. A 5-µL droplet of the 



 - 14 -

APE1 (100 nM) and DNA solution at 2 µg/mL (3 µM nucleotide and 14 nM AP site) was 

deposited onto the surface of freshly cleaved mica (muscovite) for 1 min. Then, the surface 

was rinsed with a 0.002% diluted uranyl acetate solution to stabilize the complexes for AFM 

imaging in air [66]. The sample was then rapidly rinsed with Milli-Q water (EMD Millipore, 

Bedford, MA) to obtain a clean surface after drying with filter paper. AFM imaging was 

carried out in intermittent contact mode on a Multimode system (Bruker) operating with a 

Nanoscope IIA controller (Bruker). We used silicon AC200TS cantilevers (Olympus) with 

resonance frequencies of ~150 kHz. All images were acquired at a scan frequency of 1 Hz and 

resolution 512 × 512 pixels. The images were analyzed in the Nanoscope IIIA software and a 

third-order polynomial function was employed to remove the background.  
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3. Results  

3.1. The role of the redox domain of APE1 in stimulation of 8oxoG-DNA glycosylase 

activity of OGG1  

 To test whether the redox domain of APE1 is involved in DNA glycosylase 

stimulation, we measured 8oxoG-DNA glycosylase activity of OGG1 in the presence of 

APE1-WT or truncated mutant APE1-N∆61. To this end, 50 nM 5-32P-labeled 40mer 

8oxoG•C duplex was incubated with 15 nM OGG1 protein in BER-EDTA buffer in the 

presence of various concentrations of APE1 proteins. It should be noted that we used a 

reaction buffer containing EDTA and no divalent cations to avoid the passive mode of 

stimulation of DNA glycosylases by APE1. Recently, we demonstrated that Mg2+ ions have 

no effect on the initial formation of the APE1–DNA complex; however, formation of the 

catalytic complex as well as the rate of catalytic reaction strongly depend on the concentration 

of Mg2+ [67]. After the reaction, to reveal the presence of uncleaved AP sites, the samples 

were mildly treated with piperidine (10% [v/v] piperidine at 37 °C for 30 min) and then 

analyzed by polyacrylamide gel electrophoresis (PAGE) in a 20% denaturing gel. As shown 

in Fig. 1, incubation of 8oxoG•C with OGG1 led to formation of a small amount of the 19mer 

cleavage fragment indicating excision of 8oxoG base at position 20 (Fig. 1A, lanes 2 and 9). It 

should be noted that OGG1 has a weak AP lyase activity, and after excision of 8oxoG, the 

enzyme remains associated with an intact AP site for a relatively long time [8]. Vidal and 

colleagues showed that APE1 stimulates only the hOGG1-catalyzed base excision but not AP 

site cleavage, thus accentuating the uncoupling of OGG1 glycosylase and AP lyase activities 

[43]. Here, the piperidine treatment efficiently incised an AP site in DNA via β-elimination 

and generated a 5-32P-labeled cleavage fragment containing a 3-phospho α,β-unsaturated 

aldehyde. Addition of greater amounts of the APE1-WT protein resulted in a dramatic 

increase in 8oxoG•C cleavage and appearance of an additional faster-migrating cleavage 
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product (lanes 3–7). These observations confirm the findings of Vidal and colleagues and 

indicate that APE1 increases AP site formation via stimulation of the turnover of OGG1-

catalyzed DNA glycosylase activity on the 8oxoG•C duplex. Formation of a faster-migrating 

cleavage product indicates that at high protein concentrations, APE1 can cleave AP sites even 

in the presence of 1 mM EDTA and generate a 5-32P-labeled cleavage fragment containing a 

3-hydroxyl group. In contrast to APE1-WT, addition of greater concentrations of the 

truncated mutant APE1-N∆61 into the reaction did not result in effective stimulation of 

OGG1 on the 8oxoG•C duplex (lanes 10–14). This result was quite surprising because the 

APE1-N∆61 mutant, just as the wild-type enzyme, has a very efficient AP site cleavage 

activity [53, 68]. The inability of the truncated APE1 protein to stimulate OGG1 implies the 

involvement of N-terminal amino acids in the active displacement of DNA glycosylase from 

the AP site in DNA.  

 Next, we determined whether catalytically inactive APE1-D210N mutant and 

truncated APE1 variants lacking the first N-terminal 31 or 35 amino acid residues (APE1-

N∆31 and APE1-N∆35, respectively) would stimulate OGG1 on the 8oxoG•C duplex. 

Previously, we have shown that truncated APE1-N∆31 and APE1-N∆35 mutants perform the 

NIR function [26]. Of note, the APE1-D210N, APE1-N∆31, and APE1-N∆35 mutants were 

still able to increase the turnover rate of OGG1 to the same extent as the APE1-WT protein 

did (Fig. 1B and SI Appendix, Fig. S1). As expected, incubation of the APE1-D210N mutant 

with OGG1 and 8oxoG•C duplex did not generate a faster-migrating 19mer cleavage product 

(Fig. S1). This result indicates that the 19mer cleavage fragment observed during stimulation 

of OGG1 by APE1 is a product of the hydrolytic cleavage of the abasic site by the human AP 

endonuclease. To further substantiate the involvement of the redox domain of APE1 in DNA 

glycosylase stimulation, we analyzed bacterial and plant AP endonucleases: E. coli 

endonuclease IV (Nfo) and Arabidopsis thaliana AP endonuclease (ARP) for their ability to 
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stimulate OGG1 on the 8oxoG•C duplex. The results showed that at any given concentration, 

the Nfo protein moderately stimulated OGG1 and could cleave AP site DNA in the absence of 

Mg2+ (SI Appendix, Fig. S2). This result suggests that bacterial AP endonuclease acts in a 

passive manner by cleaving AP sites that are released after spontaneous dissociation of DNA 

glycosylase. No DNA glycosylase stimulation was observed in the presence of the plant ARP 

protein, suggesting that AP endonucleases from other species, where a native redox domain is 

absent, cannot stimulate active dissociation of the OGG1–AP site DNA complex.  

 

3.2. Conformational transitions in a fluorophore-labeled FRET-8oxoG•C duplex in the 

presence of OGG1 and APE1 

 To elucidate the nature of OGG1 stimulation by APE1, we registered the processes of 

complex formation between OGG1 and the FRET-8oxoG•C duplex and subsequent N-

glycosidic bond hydrolysis (DNA glycosylase activity) and DNA cleavage (AP lyase activity) 

in a pre-steady-state stopped-flow assay of the FRET signal (Fig. 2A). Interaction of OGG1 

with FRET-8oxoG•C led to a decrease in the FRET signal in the initial part of the kinetic 

curve up to 20 s. The initial drop-off in the FRET signal indicates stabilization of the DNA 

duplex ends that causes a slight decrease and fixation of the distance within the FRET pair of 

dyes in the enzyme–DNA complex. Structural and kinetic data suggested that the observed 

decrease in the FRET signal characterizes a conformational change (of the enzyme and DNA) 

leading to formation of a tight complex and the catalytically competent state [69-71]. These 

data are in agreement with our previous kinetic results showing that the catalytic complex is 

formed during the initial 50–100 s of the interaction [72-73].  

 The solutions of OGG1 and of the FRET-8oxoG•C substrate were mixed in the 

presence of various concentrations of APE1-WT, APE1-N∆61, or Nfo (Fig. 2A and SI 

Appendix, Fig. S3). 
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 The hydrolysis of the N-glycosidic bond of the damaged nucleotide resulted in 

formation of an abasic site product. OGG1 is a bifunctional enzyme, but the AP lyase activity 

of OGG1 is much weaker than its DNA glycosylase activity [70-71, 74]. Formation of the AP 

site and subsequent slow disruption of the OGG1 complex with an abasic product enhance the 

mobility of duplex chains and increase the distance between FRET-dyes, which increases the 

FRET signal in the 50–1000 s interval (Fig. 2A). We examined the effect of APE1-WT on 

OGG1 action (DNA binding and product release) by analysis of kinetic traces obtained at 

varied concentrations of APE1-WT (SI Appendix, Fig. S3A). Preincubation of OGG1 with 

APE1-WT for 15 min and subsequent mixing with the FRET-8oxoG•C substrate led to a 

dramatic increase in the amplitude of the FRET signal as compared with the kinetic trace 

without APE1-WT. It should be noted that mixing only APE1-WT with the FRET-8oxoG•C 

duplex did not yield changes in the FRET signal (Fig. 2A). Kinetic traces obtained for each 

concentration of APE1-WT were processed according to Eq. 1, and values of the observed 

rate constants of the complex formation (k1) and product release followed by the glycosylase 

reaction (k2) were calculated. We found that the observed rate constant k1 (SI Appendix, Fig. 

S3B) does not depend on the concentration of APE1-WT, indicating that the AP endonuclease 

does not affect the rate of complex formation between OGG1 and DNA containing 8oxoG. At 

the same time, an increase in the amplitude of the FRET signal in the presence of APE1 

indicates stabilization of a specific complex of OGG1 with 8oxoG-DNA because of a 

decrease in the rate of its dissociation in the presence of APE1-WT. Moreover, the observed 

rate constant of product release k2 increased with the increasing concentration of APE1-WT. 

The increase in k2 may indicate two possibilities: (i) acceleration of the catalytic step of 

8oxoG base removal by OGG1 or (ii) stimulation of the product release step. These 

possibilities are in agreement with the previous observations that revealed stimulation of the 
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OGG1 DNA glycosylase activity by APE1 [43] as well as the evidence of active displacement 

of OGG1 from an abasic product by APE1 [33, 38].  

 To identify the contributions of the catalytic stage and the stage of dissociation to the 

overall process, additional experiments with DNA containing a single THF residue (referred 

to as an F-site) were conducted (Fig. 2B). The F-site cannot be cleaved by OGG1; therefore, 

interaction of OGG1 with FRET-F•C leads to the formation of a complex and is accompanied 

by an increase of the FRET signal up to 400 s. Incubation of FRET-F•C with APE1-WT alone 

in the presence of 1.0 mM EDTA leads to a linear increase of the FRET signal within the 

recorded time range indicating the cleavage of the F-site (Fig. 2B). Finally, the FRET-F•C 

substrate was preincubated with OGG1 to form the enzyme–substrate complex, and then 

mixed with APE1-WT. As expected, APE1-WT induces the dissociation of the OGG1–FRET-

F•C complex, as reflected by a decrease of the signal up to 400 s. Of note, subsequent very 

slow barely noticeable growth of the FRET signal indicates the APE1-catalyzed cleavage of 

the F-site. Taken together, these data confirmed that APE1-WT induces dissociation of the 

OGG1–FRET-F•C complex. Nevertheless, these data do not contradict the possible influence 

of APE1-WT on the N-glycosidic activity of OGG1. 

 To gain an insight into the nature of OGG1 stimulation by APE1-WT, we carried out 

fluorescence measurements in the reactions of OGG1 and the FRET-8oxoG•C duplex with 

bacterial AP endonuclease Nfo or truncated APE1-N∆61. First, we examined the passive 

mechanism of DNA glycosylase stimulation by Nfo, which is based on depletion of free AP 

sites generated via spontaneous dissociation of OGG1. Preincubation of OGG1 with Nfo for 

15 min and subsequent mixing with the FRET-8oxoG•C substrate did not make any 

difference in the kinetic traces as compared to OGG1 alone (Fig. 2A). This result suggested 

that the passive stimulation of DNA glycosylase via cleavage of free AP sites cannot be 

detected under conditions used in the experiment. Next, we examined the effect of a 
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preformed nonspecific APE1-WT–DNA complex on FRET. To this end, the FRET-8oxoG•C 

duplex was incubated with APE1-WT and then mixed with OGG1. As shown in Fig. 2A, the 

nonspecific preformed APE1–DNA complex does not influence the amplitude of the FRET 

signal during DNA binding and catalysis by OGG1. This finding suggests that APE1-WT 

nonspecifically bound to DNA did not stimulate DNA binding by OGG1. Nevertheless, we 

observed an increase in the amplitude of the FRET signal in the interval 20–1000 s, indicating 

an increase in the catalytic activity of OGG1 or the rate of product release in the presence of 

APE1-WT. At the next step, the truncated APE1-N∆61 protein was preincubated with OGG1 

and then mixed with the FRET-8oxoG•C duplex. The results showed that the loss of the N-

terminal domain of APE1 led to the loss of the FRET signal changes as compared to what was 

observed with APE1-WT (Fig. 2A). Taken together, these data support the hypothesis that 

OGG1 and APE1-WT form transient DNA-protein complexes that stabilize the interaction of 

OGG1 with an 8oxoG-DNA substrate and stimulate DNA-N-glycosylase activity of OGG1. 

The N-terminal domain of APE1-WT plays a key role in the formation of these complexes. 

Furthermore, OGG1 binds to DNA first prior to initiation of protein–protein interactions 

within the OGG1–APE1–DNA complex. This finding is supported by our previous kinetic 

analysis of AP site transfer from OGG1 to APE1-WT, where we demonstrated formation of 

the transient ternary complex APE1-WT–OGG1–DNA [64].  

 

3.3. The role of the redox domain of APE1 in stimulation of uracil-DNA glycosylase 

activity of MBD4 

 MBD4 is a monofunctional DNA glycosylase that excises thymines, uracil, and 5-

hydroxymethyluracil, particularly when these bases are opposite a guanine [75-76]. MBD4 

belongs to the helix-hairpin-helix (HhH) DNA glycosylase superfamily, named after a 

conserved structural motif involved in DNA binding [77]. Just as TDG, the MBD4 protein has 
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a negligible turnover rate because of high affinity for the AP site generated after base excision 

[35]. Here, we analyzed a truncated version of MBD4: the one containing only the catalytic 

DNA glycosylase domain, MBD4cat (residues 426–580).  

 To test whether APE1 can stimulate MBD4cat, 50 nM 5-32P-labeled 22- and 63mer 

U•G duplexes were incubated with 20 nM of the catalytic domain of the MBD4cat protein in 

BER-EDTA buffer in the presence of various concentrations of the APE1-WT and APE1-

N∆61APE1 proteins. As shown in Fig. 3A, incubation of U•G with MBD4cat followed by 

piperidine treatment resulted in formation of a 9mer cleavage fragment, indicating excision of 

the uracil residue at position 10 (lanes 2 and 8). As expected, addition of greater amounts of 

the APE1-WT protein resulted in a dramatic increase in U•G cleavage and appearance of an 

additional faster-migrating cleavage product (lanes 3–6). These results indicated that APE1 

increases AP site formation via stimulation of the turnover of MBD4cat-catalyzed uracil-DNA 

glycosylase activity. Formation of the faster-migrating cleavage product revealed that at high 

protein concentrations, APE1 can cleave AP sites even in the absence of divalent cations and 

can generate a 9mer cleavage fragment containing a 3-hydroxyl group (lanes 4–6). In contrast 

to APE1-WT, addition of increasing concentrations of the truncated mutant APE1-N∆61 into 

the reaction did not cause effective stimulation of MBD4cat on the U•G duplex (lanes 9–12). 

Similar stimulation of MBD4cat by APE1-WT, but not by APE1-N∆61, was observed when 

we tested a long (63mer) U•G duplex suggesting that APE1-mediated displacement of DNA 

glycosylase is not dependent on the length of the DNA substrate (Fig. 3B and SI Appendix, 

Fig. S4). Furthermore, in agreement with our previous observation, MBD4cat excised uracil in 

the 63mer U•G duplex less effectively as compared to the 22mer duplex [78]. Taken together, 

these results showed that APE1 can stimulate turnover of MBD4cat and that the redox domain 

of APE1 is essential for the active displacement of DNA glycosylase from an AP site in DNA.  
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 To corroborate the function of the N-terminal domain of APE1 in MBD4cat activation, 

we examined the processes of complex formation between MBD4cat and the FRET-U•G 

duplex and subsequent N-glycosidic bond hydrolysis (DNA glycosylase activity) by a pre-

steady-state stopped-flow assay of the FRET signal. As shown in Fig. 4, interaction of 

MBD4cat and the FRET-U•G duplex decreased the FRET signal in the initial part of the 

kinetic trace (up to 100 s), indicating formation of the catalytic complex. The subsequent N-

glycosylase reaction formed an AP site in the DNA duplex with an accompanying increase in 

the FRET signal in the interval 100–3000 s. Preincubation of MBD4cat with APE1-WT or 

APE1-N∆61 followed by mixing with the FRET-U•G substrate dramatically increased the 

amplitude of the FRET signal but only in the presence of APE1-WT. Just as the FRET data 

obtained with OGG1, these results revealed the effect of stabilization of the MBD4catDNA 

complex in the presence of APE1-WT, thus pointing to the key role of the N-terminal domain 

of APE1 in the DNA glycosylase stimulation.  

 

3.4. The function of the redox domain of APE1 in the stimulation of hypoxanthine-DNA 

glycosylase activity of ANPG 

 ANPG, also referred to as AAG or MPG, is a monofunctional DNA glycosylase that 

excises 3-methyladenine and 7-methylguanine from methylated DNA [79], hypoxanthine 

(Hx) [80], and 1,N6-ethenoadenine (εA) [81-82] when present in duplex DNA. It has been 

reported that ANPG binds tightly to a DNA product containing an AP site after excision of 

Hx, and its turnover rate is accelerated by APE1 [46]. Here, we examined the role of the 

redox domain of APE1 in the stimulation of Hx-DNA glycosylase activity of the truncated 

ANPGcat protein, which lacks N-terminal residues 1–73 of the full-length protein. For this 

purpose, 50 nM 5-32P-labeled 40mer Hx•T duplex was incubated with 15 nM ANPGcat in 

BER-EDTA buffer in the presence of various concentrations of the APE1-WT or APE1-N∆61 
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protein. As depicted in Fig. 5, incubation of Hx•T with ANPGcat followed by piperidine 

treatment caused formation of a 19mer cleavage fragment, indicating excision of the Hx 

residue at position 20 (Fig. 5A, lanes 2 and 8). As expected, addition of a greater amount of 

the APE1-WT protein dramatically increased Hx•T cleavage (lanes 3–6). In contrast to OGG1 

and MBD4cat, we did not observe formation of a faster-migrating 19mer cleavage product 

containing a 3-hydroxyl group when we used high APE1-WT protein concentrations (lanes 

4–6), suggesting that ANPGcat interferes with the AP site cleavage activity of APE1. As 

expected, addition of greater concentrations of the truncated mutant APE1-N∆61 into the 

reaction did not yield effective stimulation of ANPGcat on the Hx•T duplex (lanes 9–13). 

These results showed that the redox domain of APE1 is also essential for the stimulation of 

ANPGcat-catalyzed Hx-DNA glycosylase activity because of active displacement of the 

enzyme from the AP site in DNA.  

 

3.5. Electron microscopic analysis of DNA complexes with the APE1 protein 

 Biochemical evidence obtained above showed that the first 60 N-terminal residues of 

the redox domain together with the AP endonuclease domain of APE1 participate both in 

stabilization of the DNA glycosylase–substrate complex and in active disruption of the 

enzyme–product complex between DNA glycosylase and an AP site. To get insights into the 

possible mechanisms of the APE1-mediated reaction, we examined interactions between 

APE1 and DNA by TEM and AFM. To characterize the behavior of the APE1 protein toward 

DNA, we incubated full-length APE1-WT or truncated APE1-N∆61 with an undamaged 

1440-bp dsDNA fragment and then visualized DNA–protein complexes by TEM in dark-field 

mode using a specific spreading method (positive staining). As presented in Figure 6, APE1 

bound to the normal unmodified duplex DNA in a nonspecific manner and produced protein 

clusters that resembled oligomer-like structures (panels b–d). Two observations point to a 
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cooperative mode of protein–DNA binding: (i) DNA molecules covered by APE1 can be 

observed among APE1-free DNA molecules (Fig. S5); and (ii) binding of multiple APE1 

molecules to DNA and formation of protein oligomers. It is noteworthy that the nucleation of 

APE1 polymerization on DNA appeared to be slightly promoted by the presence of 5 and 3 

DNA extremities (panels b1–b3). The APE1 oligomerization on DNA induced conformational 

distortions of DNA helix structure as shown in panels c and d. These helix distortions were 

sometimes drastic and could promote more densely folded molecular configurations of duplex 

DNA fragments (panels c [arrow] and d1). It should be noted that the presence of APE1 

oligomers on DNA increased intramolecular DNA folding as observed in panels c and d and 

even induced intermolecular bridging among several DNA molecules thus forming small and 

large condensates (panels d1 and d2) possibly via protein–protein interactions across distant 

APE1-oligomers. When examining protein–DNA complexes with the truncated APE1-N∆61 

protein, we also observed protein oligomerization along DNA and conformational distortions 

of the helix (panels e1 and e2) but to a much lesser extent as compared to full-length APE1-

WT. Moreover, no events of intermolecular DNA bridging in the presence of APE1-N∆61 

were observed. Taken together, these results suggested that APE1 can cooperatively bind 

along a normal undamaged DNA duplex and generate protein–DNA oligomeric complexes. 

Oligomerization of APE1 on DNA induces dramatic distortions in helix structure, and they 

can mediate intra- and intermolecular DNA bridging. By contrast, truncated APE1-N∆61 

oligomerized along DNA with lesser efficacy and did not induce intermolecular DNA 

bridging as compared to full-length APE1-WT.  

To characterize DNA distortions caused by APE1, we measured the ratio of DNA 

contour length (s) to end-to-end distances (d) of the 1440-bp DNA fragment. The s/d ratio 

provides information about persistence of the DNA fragment length and conformational 

changes induced by APE1, for example a value >1 of the s/d ratio reflects greater DNA 
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curvature. The results in the histogram clearly indicate that APE1 induces conformational 

changes according to the increase in the s/d ratio (curvature of the DNA fragment) for the 

APE1–DNA complexes in comparison with the bared DNA (SI Appendix, Fig. S6). The s/d 

ratio obtained with APE1-N∆61 is closer to that obtained with the naked DNA, confirming 

that APE1-N∆61 introduces only minimal conformational changes.  

 

3.6. Analyses of the APE1–abasic site DNA complexes on short fragments 

 To examine the APE1 oligomeric complexes on DNA, we incubated native APE1 with 

a 210-bp DNA fragment containing a single AP site in the middle of the sequence, and after 

immobilization on the support, the samples were subjected to AFM or TEM imaging. AFM 

generates topographic images of high-molecular-weight complexes, which help both to 

measure local deformations of DNA induced by APE1 and to visualize the oligomerization of 

the protein onto DNA. As shown in Figure 7, APE1 interacted with the AP site located in the 

middle of the DNA fragment and induced a spectacular DNA kink (panels c–f). The images 

also revealed that APE1 not only bound to the AP site but also polymerized along undamaged 

DNA segments; these in turn promoted dramatic local curvature, torsion of DNA (panels c–f).  

We measured the angle of curvature induced by APE1 at the abasic site on this fragment in 

AFM and in TEM images by a method described previously [83-84]. The distribution of the 

angles for sets of 100 measurements obtained by TEM is presented in Fig. 7g. We found that 

the presence of the abasic site induces curvature of ~30° and the presence of APE1 on this 

abasic site induces curvature centered around 90°. The fragments observed in the presence 

of APE1 are either in complex with DNA or free as indicated by the bimodal distribution. 

These results again revealed nonspecific association of APE1 with regular DNA, implying 

cooperative polymerization of APE1 along the DNA duplex. On the basis of the data 

obtained by visualization of the APE1 oligomer–DNA complexes by TEM and AFM, we 
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can say that protein oligomerization on DNA duplexes enables APE1 to move along the 

DNA in search of AP sites and possibly other lesions. On the other hand, the polymerization 

of APE1 along undamaged DNA should result in unproductive DNA substrate binding and 

subsequently in a decrease of the effective enzyme concentration in the reaction. This effect 

in turn may slow down APE1-catalyzed cleavage activities on long DNA substrates.  

 

3.7. Effects of DNA substrate length on the APE1-catalyzed cleavage of AP site- and 

αdA-containing duplex oligonucleotides 

 Binding of APE1 to undamaged DNA and formation of stable APE1–DNA complexes 

may interfere with APE1-catalyzed DNA repair activities. Indeed, binding of APE1 to a DNA 

duplex in an unproductive way should decrease the effective enzyme concentration in the 

reaction. To examine this possibility, we measured cleavage efficacy of APE1 on αdA•T and 

THF•T duplex oligonucleotides of various lengths ranging from 17 to 64 bp. As shown in Fig. 

8A, APE1 cleaved more than 50% of the 17mer αdA•T duplex in 10 min (lane 4), whereas the 

cleavage of the 64mer αdA•T duplex was barely visible even after 60-min incubation (lane 

14). The cleavage efficacy of αdA•T duplexes by APE1 can be ranked in the order 17mer > 

22mer > 43mer ≈ 64mer, with the extent of incision of the 17mer duplex being 3- to 18-fold 

greater than that of the longer DNA duplexes (Fig. 8B). Similar results were observed with 

17mer to 64mer THF•T duplex oligonucleotides. The efficacy of APE1 cleavage of a 

synthetic AP site can be ranked in the order 17mer > 22mer > 43mer > 64mer, with the extent 

of incision of the 17mer duplex being 1.5- to 6-fold greater than that of the longer DNA 

duplexes (SI Appendix, Fig. S7). These data suggested that inhibition of the APE1-catalyzed 

cleavage activities on long DNA substrates may be due to stable association of the enzyme 

with undamaged regular DNA.  
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 Next, we evaluated the cleavage efficacy of truncated mutant APE1-N∆61 and E. coli 

AP endonuclease Nfo on 17- to 64mer DNA substrates. As presented in Fig. 9A, APE1-N∆61 

more effectively cleaved 17mer and 22mer THF•T duplexes than 43mer and 64mer ones. 

Nevertheless, the graph shows that the differences in the cleavage efficacy between short and 

long DNA oligonucleotides were less pronounced, and the error bars for all four DNA 

substrates overlapped substantially, pointing to a small confidence interval as compared to the 

results obtained with APE1-WT. Furthermore, E. coli AP endonuclease Nfo cleaved 22-, 43-, 

and 64mer αdA•T duplexes with similar efficacy and manifested only a weak preference for 

the 17mer substrate, contrary to APE1-WT (Fig. 9B). No significant differences were 

observed in the cleavage efficacy of Nfo acting on THF•T duplexes of various lengths (SI 

Appendix, Fig. S8). To further substantiate differences between AP endonucleases, we 

calculated the linear velocities of DNA cleavage (Table S1). As expected, the results showed 

that APE1 has a strong preference for shorter DNA fragments, whereas E. coli Nfo cleaves 

short and long DNA fragment with similar efficacy (SI Appendix, Fig. S9). Taken together, 

these results suggested that as opposed to APE1, the AP endonucleases lacking the N-terminal 

part of redox domain do not have a strong cleavage preference for short DNA substrates.  
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4. Discussion  

 The redox domain that spans the region between amino acid positions 35 and 127 of 

the major human AP endonuclease, APE1, regulates the sequence-specific DNA binding of 

various transcription factors [52, 85]. The existent crystal structures of APE1 in complex with 

DNA containing an AP site do not show any additional interactions of the N-terminal amino 

acid residues with a DNA duplex [86]. Indeed, the truncated APE1-N∆61 protein has a 

proficient AP site cleavage activity similar to that of the full-length APE1 protein, indicating 

that N-terminal residues are not required for BER functions [53]. Nevertheless, the first 42 N-

terminal disordered amino acid residues of APE1, not visible in crystal structures, are highly 

enriched in positively charged basic lysine and arginine residues, which can be engaged in 

electrostatic interactions with DNA phosphates. Several lines of evidence show that N-

terminal amino acid residues of APE1 participate in DNA binding during NIR activity [21] 

and in interaction of the protein with RNA and negative calcium responsive sequence 

elements (nCaRE) of certain gene promoters [87-89]. The deletion, mutation, and/or 

acetylation of lysine residues among the first 33 amino acid residues of APE1 lead to 

increased AP site cleavage activity [88, 90]. Taken together, these observations point to the 

existence of two N- and C-terminal DNA-binding sites in the APE1 protein and that the 

additional interactions of the N-terminal amino acid residues of APE1 with DNA may 

contribute to both transcription regulation and DNA repair.  

 The function of the first 61 N-terminal residues of the redox domain of APE1 in the 

DNA glycosylase-independent NIR pathway and specific binding to DNA and RNA suggest 

that the redox domain was acquired during vertebrate evolution to perform additional 

biological functions absent in bacterial homologs such as E. coli exonuclease III. In the 

present work, we are interested in the participation of the redox domain of APE1 in the 

stimulation of DNA glycosylases. It has been shown that APE1 stimulates multiple turnover 
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of human DNA glycosylases by actively displacing them from the AP site, the end product of 

the reaction [36-38]. Moreover, the APE1-catalyzed stimulation does not require the AP site 

cleavage activity suggesting that APE1 can displace DNA glycosylases without cutting AP 

site in DNA [43, 46]. In addition, several studies suggest that APE1 does not interact with 

DNA glycosylases via specific protein–protein interactions [36, 91]. For example, the ability 

of APE1-WT to stimulate truncated DNA glycosylase ANPGcat [present study and [46]] and 

even the catalytic domain of MBD4 and TDG [present study and [47]] indicates the absence 

of specific protein–protein contacts. This observation implies that the effect of APE1-WT is 

mediated by the conformational changes of DNA induced by APE1-WT. Our results here 

showed that the truncated APE1-N∆61 protein deficient in redox and NIR functions cannot 

stimulate the repair activities of human DNA glycosylases OGG1, MBD4cat, and ANPGcat. All 

these findings reveal that the APE1-catalyzed redox function, NIR activity, and DNA 

glycosylase stimulation share a common underlying molecular mechanism. Here, we 

hypothesized that interactions of the N-terminal part of the redox domain of APE1 with DNA 

and conformational changes of DNA induced by APE1 binding may be involved in the 

disruption of the complex of a DNA glycosylase with an AP site.  

 To elucidate the molecular mechanism of the APE1-catalyzed stimulation, we 

employed the stopped-flow fluorescence analyses of the interaction of APE1 with OGG1–

FRET-8oxoG•C and MBD4cat–FRET-U•G complexes under the experimental conditions used 

(Figs. 2 and 4). It is known that the DNA damage recognition by a DNA glycosylase involves 

several key steps: (i) nonspecific DNA binding; (ii) DNA bending at the lesion site, (iii) 

eversion of the damaged base from the double helix into the enzyme’s active site, and (iv) 

insertion of some amino acids of the enzyme into the resulting void in DNA. It is clear that 

certain steps may influence stability of the DNA duplex, which in turn would affect the 

distance between the fluorophores on DNA and produce a change in the FRET signal. Most 
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likely, stabilization of the ends of the DNA duplex, which affects the distance between the 

fluorophores, occurs already at the first step of a nonspecific enzyme–substrate complex 

formation. Based on this assumption, the FRET data revealed no difference in the observed 

rate constant (k1) of the formation of nonspecific DNA glycosylase–DNA substrate complex 

in the presence or absence of APE1. The dramatic change in FRET signal amplitude in the 

presence of APE-WT after initial DNA glycosylase substrate binding suggests that APE1 

influences subsequent steps of catalytic enzyme–substrate complex formation such as DNA 

bending, damaged base flipping out, and insertion of amino acid residues (Figs. 2 and 4). The 

action of APE1 stabilizes these intermediate transition states of the DNA damage-specific 

binding by DNA glycosylases. This APE1-mediated stabilization of the DNA glycosylase-

specific interactions with DNA damage results in more effective accumulation of the 

catalytically proficient enzyme–substrate complexes. The same DNA distortions caused by 

APE1 may lead to expulsion of the DNA glycosylases from abasic site DNA owing to the loss 

of “anchor” interactions between an everted damaged base and the enzyme active site, which 

in turn may increase turnover rates of the enzymes. Overall, these data support the hypothesis 

that APE1 forms a transient complex with DNA and that this APE1–DNA complex does not 

accelerate nonspecific DNA binding by DNA glycosylases but stabilizes intermediate stages 

of catalysis between a DNA glycosylase and its DNA substrate. The nature of the stabilization 

effect is probably related to DNA helix distortion by APE1, which facilitates bypassing of 

certain steps of catalytic complex formation by a DNA glycosylase, for example, DNA 

bending and flipping out of the damaged base. Due to acceleration of catalytic complex 

formation steps, we observed an increase in the rate of catalytic reaction of DNA glycosylases. 

The loss of the N-terminal domain of APE1-WT leads to a loss of both stabilization of the 

enzyme–substrate complex and active disruption of the enzyme–product complex and thereby 

of the ability to modulate DNA-N-glycosylase activity.  
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 Here, we performed TEM and AFM imaging to study APE1–DNA interactions. The 

results showed that APE1 can dynamically polymerize on DNA in an apparently sequence-

independent manner. We propose that this protein polymerization allows for scanning of the 

structural properties of DNA with short residence time, in order to search for abasic sites. 

Cooperative oligomerization of proteins along a DNA duplex is well known for recombinases 

(RecA and Rad51) and for other proteins such as HNS, Stpa, LrpC, and Fur [65, 92-93]. Such 

protein polymerization onto DNA is related to various functions and is referred to as 

“collaborative protein filaments” [92]. A DNA duplex containing an AP site manifests local 

flexibility, which is recognized by APE1. We demonstrated that APE1 can stabilize a kink, 

specific structure of the DNA duplex, as it was previously shown for PARP1 on a single-

strand break [83] and for MC1 on its DNA-binding site [84, 94]. We propose that the APE1 

oligomer functions as a sensor of conformational properties of DNA and this new function of 

APE1 allows for scanning of DNA and enables the search for local DNA structural 

perturbations such as an AP site and other DNA lesions.  

 The finding that multiple APE1 proteins can be stably associated with an undamaged 

DNA duplex implies a decrease in the effective enzyme concentrations in solution, which in 

turn should lower enzymatic activities on long DNA substrates. In line with this notion, we 

observed a dramatic decrease in APE1-catalyzed cleavage activities on 64mer DNA substrates 

as compared to 17mer ones. Furthermore, the efficacy of AP site and αdA-DNA cleavage by 

APE1 can be ranked in the order 17mer > 22mer > 43mer > 64mer, strictly depending on the 

size of DNA fragments. Contrary to full-length APE1, the truncated APE1-N∆61 protein 

manifested only a slight preference for short DNA duplexes as compared to long ones. 

Besides, E. coli AP endonuclease Nfo did not discriminate between DNA substrates of 

various length and cleaved 17–64mer duplexes with more or less similar efficacy. These data 

are in agreement with TEM and AFM imaging, which revealed that full-length APE1 tends to 
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polymerize on DNA fragments, thus generating protein oligomers along DNA fragments. 

Altogether, these results suggest that the first 61 N-terminal residues of APE1 participate in 

protein polymerization along DNA and in formation of oligomerlike complexes by binding to 

undamaged DNA via electrostatic interactions between DNA phosphates and positively 

charged basic lysine and arginine residues.  

 Under our experimental conditions, APE1 preferentially binds to the DNA duplex 

termini possibly because of the presence of transient single-stranded (ss) DNA generated by 

helix breathing at its extremities. Nevertheless, the population of APE1 oligomers at DNA 

duplex termini is much smaller as compared to APE1 oligomers bound along DNA fragment. 

We can theorize that in the context of unbroken DNA chromosomes, APE1 mainly binds to 

nucleosome-free DNA either in the sequence-specific manner for example to an nCaRE 

regulatory element, or to ssDNA generated during DNA transcription and replication. Here 

we propose that the APE1-oligomers on DNA perform both functions: stabilize the catalytic 

complex between the DNA glycosylases and their DNA substrates and disrupt the enzyme–

end product complex. Furthermore, the APE1-catalyzed oligomerization on DNA may also 

serve as a molecular mechanism behind the redox function of APE1. It is tempting to 

speculate that APE1 oligomers on DNA induce distortions in helix structure, and these 

conformational changes may influence the affinity of transcription factors for cognate DNA 

sequences.  

 On the basis of our data, we can formulate a model in which APE1 binds to the DNA 

duplex termini in a stable manner and then recruits other APE1 molecules to bind nearby in a 

cooperative manner, which in turn initiates polymerization of the APE1 proteins along DNA, 

thus generating APE1-oligomers seen in TEM and AFM images (Fig. 10). Upon initial 

binding of DNA glycosylases to their substrates in the absence of APE1, the mutual “induced-

fit” steps shift the conformational ensemble toward the transition state. APE1 oligomers 



 - 33 -

mediate conformational changes in the DNA duplex, which may mimic the conformation of 

the transition state of the reaction, thereby lowering the entropic barrier and stabilizing the 

enzyme–substrate complex. In the equilibrium association of a DNA glycosylase with a 

damaged site in DNA, the rate constant of the forward reaction is close to a diffusion-

controlled value, but when the DNA substrate is bound to APE1, it is preformed for the 

formation of a catalytically competent complex with DNA glycosylase. Consequently, the rate 

constant of the reverse reaction should be lower in comparison with the APE1-free case. By 

contrast, in the complex of DNA glycosylase with the end product (AP site), the dissociation 

rate constant is higher for the AP site associated with APE1 owing to distortion of DNA 

structure, which decreases the number of specific contacts between DNA glycosylase and AP 

site DNA. Overall, we can say that APE1-catalyzed stimulation of certain DNA glycosylases 

is based on the transformation of an “induced-fit” into a “conformational selection” 

mechanism. Finally, APE1-induced conformational changes in DNA helix stimulate (i) 

formation of a catalytically competent enzyme–substrate complex, (ii) disruption of the DNA 

glycosylase–end product complex, and (iii) probably the binding of redox-dependent 

transcription factors to DNA. We propose that the redox domain of an AP endonuclease, 

acquired during evolution of vertebrates, provides additional biological functions including 

redox and DNA glycosylase stimulation. In the process of natural evolution, these additional 

functions of APE1 have become essential for cellular proliferation and embryonic 

development in mammals.  
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Table 1. Sequences of oligonucleotides bearing a single base lesion used to identify the BER and NIR activities and relative efficiency of the 

APE1-catalyzed cleavage of duplex DNA substrates. 

Name Sequence Length (lesion 
position) 

X-40a d(AATTGCTATCTAGCTCCGCXCGCTGGTACCCATCTCATGA) 40 (20) 

U-22b d(CACTTCGGAUTGTGACTGATCC) 22 (12) 

U-63  d(ACAGCACCAGATTCAGCAATTAAGCTCTAAGUCATCCGCAAAAATGACCTCTTATCAAAAGGA)  63 (32) 

Y-64c d(AGATTCAACTTAGTAGACGGCCACTTCGGAYTGTGACTGATCCGGTACGACTACTAGCTTATGC)  64 (31) 

Y-43 d(AGTAGACGGCCACTTCGGAYTGTGACTGATCCGGTACGACTAC) 43 (20) 

Y-22 d(CACTTCGGAYTGTGACTGATCC) 22 (10) 

Y-17 d(ACTTCGGAYTGTGACTG) 17 (9) 

c40Nd  d(TCATGAGATGGGTACCAGCGNGCGGAGCTAGATAGCAATT) (complementary to X-40) 40 

c22G  d(GGATCAGTCACAGTCCGAAGTG) (complementary to U-22) 22 

c63G  d(TCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTGCTGAATCTGGTGCTGT) 

(complementary to U-63) 

63 

c64T  d(GCATAAGCTAGTAGTCGTACCGGATCAGTCACATTCCGAAGTGGCCGTCTACTAAGTTGAATCT) 

(complementary to Y-64) 

64 

c43T  d(GTAGTCGTACCGGATCAGTCACATTCCGAAGTGGCCGTCTACT) (complementary to Y-43) 43 

c22T  d(GGATCAGTCACATTCCGAAGTG) (complementary to Y-22) 22 

c17T  d(CAGTCACATTCCGAAGT) (complementary to Y-17) 17  

FRET-Z•Ce 
5′-FAM-  GCTCAZGTACAGAGCTG-3′ 

3′-BHQ1-CGAGTCCATGTCTCGAC-5′ 

17 (6) 

FRET-U•G 5′-FAM- GCTCA U GTACAGAGCTG-3′ 17 (6) 
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3′-BHQ1-CGAGT G CATGTCTCGAC-5′ 
aX is either 8oxoG, U or Hx; 
bU is for Uracil;  
cY is either THF or αdA;  
dN is either G, A, T or C; 
eZ is either 8oxoG or THF; 
FAM is for 6-carboxyfluorescein; 
BHQ1 is for black hole quencher. 
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FIGURE LEGENDS  

 

Figure 1. Stimulation of human-OGG1–catalyzed DNA glycosylase activity by APE1 

WT or mutant proteins. (A) Denaturing PAGE analysis of the cleavage products. In brief, 50 

nM 5-32P-labeled 40mer 8oxoG•C duplex oligonucleotide was incubated in BER-EDTA 

reaction buffer for 30 min at 37°C in the presence of 15 nM OGG1 and various concentrations 

of APE1-WT or truncated APE1-N∆61 mutant. Lanes 1 and 8, 8oxoG•C duplex; lanes 2 and 

9, as in lane 1 but 15 nM OGG1; lanes 3–7, as in lane 2 but 50, 100, 200, 400, and 800 nM 

APE1-WT, respectively; lanes 10–14, same as lane 9 but 50, 100, 200, 400, and 800 nM 

APE1-N∆61, respectively. After the reaction, all the samples were mildly treated with 

piperidine (10% [v/v] for 30 min at 37°C) for cleavage at AP sites. Substrate and cleavage 

product sizes are indicated to the right of the gel. “19*mer” denotes cleavage product 

containing 3-terminal α,β-unsaturated phosphoaldehyde and “19mer” means a cleavage 

product containing a 3-terminal hydroxyl group. (B) Graphical representation of the 

stimulation of human OGG1-catalyzed DNA glycosylase activity by the APE1 proteins.  

 

Figure 2. Effects of the APE1 proteins on DNA binding and processing by OGG1. (A) 

The OGG1 and APE1 proteins were mixed with the FRET-8oxoG•C duplex oligonucleotide 

and incubated at 37°C in BER-EDTA buffer. The FRET signal was measured by the stopped-

flow technique. In brief, 1.0 µM OGG1 was mixed with a preincubated solution of 1.0 µM 

APE1-WT and 1.0 µM FRET-8oxoG•C duplex (cyan); 1.0 µM OGG1 was mixed with 1.0 

µM FRET-8oxoG•C duplex (black); a preincubated solution of 1.0 µM OGG1 and 1.0 µM 

APE1-Δ61 was mixed with the FRET-8oxoG•C duplex (blue); a preincubated solution of 1.0 

µM OGG1 and 1.0 µM APE1-WT was mixed with the FRET-8oxoG•C duplex (red); 2.0 µM 

APE1-WT was mixed with 1.0 µM FRET-8oxoG•C duplex (dark yellow); a preincubated 
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solution of 1.0 µM OGG1 and 1.0 µM Nfo was mixed with the FRET-8oxoG•C duplex 

(magenta). (B) The OGG1 and APE1 proteins were mixed with the FRET-F•C duplex 

oligonucleotide and incubated at 37°C in BER-EDTA buffer. In brief, 1.0 µM APE1-WT was 

mixed with 1.0 µM FRET-F•C duplex (black); 1.0 µM OGG1 was mixed with 1.0 µM FRET-

F•C duplex (cyan); 1.0 µM APE1-WT was mixed with a preincubated solution of 1.0 µM 

OGG1 and 1.0 µM FRET-F•C duplex (blue). 

 

Figure 3. Stimulation of human MBD4cat-catalyzed DNA glycosylase activity by the 

APE1-WT or APE1-N∆61 proteins. (A) Denaturing PAGE analysis of the cleavage products. 

Briefly, 50 nM 5-32P-labeled 22mer U•G duplex oligonucleotide was incubated in BER-

EDTA reaction buffer for 30 min at 37°C in the presence of 20 nM MBD4cat and various 

concentrations of APE1-WT or truncated APE1-N∆61. Lane 1, 50 nM U•G; lane 2, as in lane 

1 but 20 nM MBD4cat; lanes 3–6, as in lane 2 but 250, 500, 1000, and 2000 nM APE1-WT; 

lane 7, 50 nM U•G; lane 8, as in lane 7 but 20 nM MBD4cat; lanes 9–12, as in lane 8 but 250, 

500, 1000, and 2000 nM APE1-N∆61, respectively. After the reaction, all the samples were 

mildly treated with piperidine (10% [v/v] 30 min at 37°C) for cleavage at AP sites. Substrate 

and cleavage product sizes are indicated to the right of the gel. “9*mer” denotes a cleavage 

product containing 3-terminal α,β-unsaturated phosphoaldehyde, and “9mer” denotes a 

cleavage product containing a 3-terminal hydroxyl group. (B) Graphical representation of the 

stimulation of human MBD4cat-catalyzed DNA glycosylase activity on 22- and 63mer U•G 

substrates by the APE1-WT or APE1-N∆61 proteins.  

 

Figure 4. Effects of the APE1 proteins on DNA binding and processing by MBD4cat. The 

MBD4cat and APE1 proteins were mixed with the FRET-U•G duplex oligonucleotide and 

incubated at 37°C in BER-EDTA buffer. The FRET signal was measured by the stopped-flow 
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technique. In brief, 2.0 µM MBD4cat was mixed with 1.0 µM FRET-U•G duplex (black); a 

preincubated solution of 2.0 µM MBD4cat and 1.0 µM APE1-Δ61 was mixed with the FRET-

U•G duplex (blue); a preincubated solution of 2.0 µM MBD4cat and 1.0 µM APE1-WT was 

mixed with the FRET-U•G duplex (red).  

 

Figure 5. Stimulation of human ANPGcat-catalyzed Hx-DNA glycosylase activity by 

APE1-WT or APE1-N∆61. (A) Denaturing PAGE analysis of the cleavage products. In brief, 

50 nM 5-32P-labeled 40mer Hx•T duplex oligonucleotide was incubated in BER-EDTA 

reaction buffer for 30 min at 37°C in the presence of 15 nM ANPGcat and various 

concentrations of APE1-WT or truncated APE1-N∆61. Lanes 1 and 7, 50 nM Hx•T; lanes 2 

and 8, as in lane 1 but 1 5 nM ANPGcat; lanes 3–6, as in lane 2 but 250, 500, 1000, and 2000 nM 

APE1-WT, respectively; lanes 9–12, as in lane 8 but 250, 500, 1000, and 2000 nM APE1-

N∆61, respectively. After the reaction, all the samples were mildly treated with piperidine 

(10% [v/v], 30 min at 37°C) for cleavage at AP sites. Substrate and cleavage product sizes are 

indicated to the right of the gel. (B) Graphical representation of stimulation of human 

ANPGcat-catalyzed DNA glycosylase activity by the APE1-WT and APE1-N∆61 proteins.  

 

Figure 6. Interactions of the APE1-WT or APE1-N∆61 proteins with a 1440-bp linear 

undamaged duplex DNA fragment. Filtered dark-field electron microscopy images of 5 nM 

1440-bp linear dsDNA fragment incubated with 100 nM APE1 in binding buffer (10 mM 

Tris-HCl pH 8, 50 mM NaCl). (a1 and a2) Control DNA without the protein; (b1–b3) 

Polymerization of APE1-WT on DNA can be observed near DNA ends indicated by arrows; 

(c1 and c2) APE1-WT oligomers on DNA induce conformational distortions of the DNA 

helix and intramolecular DNA folding indicated by thin arrows; (d1 and d2) further 

oligomerization of APE1-WT along DNA fragments promotes intermolecular aggregation via 
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DNA bridging resulting in the formation of networks and DNA compaction marked by thick 

arrows; (e1 and e2) oligomerization of APE1-N∆61 on DNA. Only a few DNA 

conformational changes can be observed without bridging events. Scale bar = 200 nm.  

 

Figure 7. The interaction of the APE1-WT protein with an AP site–containing DNA 

fragment. A 210-bp linear DNA fragment containing an AP site was incubated with APE1-

WT in binding buffer (10 mM Tris-HCl pH 8, 50 mM NaCl). (a and b) Control DNA without 

the protein; (c–f) Various shapes of the interaction complex of APE1 with the AP site located 

in the middle of the DNA fragment. APE1 polymerizes along DNA to recognize an AP site 

and induces a drastic DNA backbone kink. The scale bars are 50 nm. (g) Angle measurements 

of the 210-bp linear DNA fragment containing an AP site. Distribution of the angles induced 

by the AP site alone or recognized by APE1. The AP site at the center induces curvature of 

~30° and the presence of APE1 on this abasic site induces curvature centered around 90°. 

Calculation of Spearman’s rank correlation coefficient showed a significant correlation 

between angle values obtained with free DNA and with APE1–AP site complexes (p < 

0.0001).  

 

Figure 8. APE1-catalyzed cleavage of αdA•T duplex oligonucleotides of various lengths 

(17- to 64mer). In brief, 10 nM 5-32P-labeled 17-, 22-, 43-, or 64mer αdA•T duplex 

oligonucleotides were incubated in NIR reaction buffer for 0–60 min at 37°C in the presence 

of 2 nM APE1-WT. (A) Denaturing PAGE analysis of cleavage products of 17mer and 64mer 

αdA•T duplexes by APE1-WT. Substrate and cleavage product sizes are indicated to the right 

of the gel. (B) Graphical representation of the time-dependent cleavage of αdA•T duplexes by 

APE1-WT.  
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Figure 9. Graphical representation of time-dependent cleavage of THF•T and αdA•T 

duplexes by APE1-N∆61 or E. coli Nfo. In brief, 10 nM 5-32P-labeled 17-, 22-, 43-, and 

64mer THF•T or αdA•T duplex oligonucleotides were incubated in respective buffers for 0–

10 min at 37°C in the presence of 0.5 nM APE1-N∆61 or 0.1 nM Nfo. (A) Time-dependent 

cleavage of THF•T duplexes by APE1-N∆61. (B) Time-dependent cleavage of αdA•T 

duplexes by E. coli Nfo.  

 

Figure 10. The putative mechanism of the APE1-catalyzed stimulation of DNA 

glycosylases and redox activity. (1) APE1 binds to transient single-stranded structures 

present at the termini of duplex DNA. (2) Multiple molecules of APE1 polymerize on the 

DNA fragment and form oligomerlike complexes. (3) APE1 oligomers on DNA induce 

conformational changes in the DNA helix, and this change stimulates DNA glycosylase 

activities and sequence-specific binding of transcription factors to DNA.  
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Table S1. Linear velocities of the cleavage of αdA•T and THF•T oligonucleotide duplexes of 

varying length by Nfo, APE1 and APE1-N∆61. 

 
DNA substrate Enzyme 

17 mer αdA•T 22 mer αdA•T 43 mer αdA•T 64 mer αdA•T 
Nfo  9.045 ± 1.259a 6.860 ± 1.149 7.459 ± 1.107 8.459 ± 1.368 
APE1 WT 0.181 ± 0.032 0.044 ± 0.0013 0.0076 ± 0.0014 0.0123 ± 0.0015 
     
 DNA substrate 
 17 mer THF•T 22 mer THF•T 43 mer THF•T 64 mer THF•T 
Nfo 7.787 ± 1.709a 9.662 ± 2.128 6.055 ± 1.198 8.764 ± 1.928 
APE1 WT  0.644 ± 0.0998 0.357 ± 0.005 0.155 ± 0.0071 0.106 ± 0.023 
APE1-N∆61  0.281 ± 0.051 0.385 ± 0.068 0.245 ± 0.009 0.117 ± 0.004 
aLinear velocities are given in nM/min.  
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Supplementary Figure S1. Stimulation of human OGG1-catalyzed DNA glycosylase activity by 

APE1-D210N and truncated APE1-N∆31 and APE1-N∆35 proteins. In brief, 50 nM 5'-32P-labeled 

40mer 8oxoG•C duplex oligonucleotide was incubated in BER-EDTA reaction buffer for 30 min 

at 37°C in the presence of 15 nM OGG1 and varying concentrations of APE1-D210N, APE1-

N∆31 or APE1-N∆35. Lanes 1, 8 and 15, 50 nM 8oxoG•C; lanes 2, 9 and 16, as in lane 1 but 15 

nM OGG1; lanes 3–7, as in lane 2 but 50, 100, 200, 400, and 800 nM APE1-D210N, 

respectively; lanes 10–14, same as lane 9 but 50, 100, 200, 400, and 800 nM APE1-N∆31, 

respectively; lanes 17–21, as in lane 16 but 50, 100, 200, 400, and 800 nM APE1-N∆35, 

respectively. After the reaction, all the samples were treated with light piperidine (10% [v/v], 30 

min at 37°C) for cleavage at AP sites. Substrate and cleavage product sizes are indicated to the 

right of the gel. "19*mer" denotes cleavage product containing 3'-terminal α,β-unsaturated 

phosphoaldehyde and "19mer" denotes cleavage product containing 3'-terminal hydroxyl group. 
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Supplementary Figure S2. Stimulation of human OGG1-catalyzed DNA glycosylase activity by 

bacterial and plant AP endonucleases. Briefly, 50 nM 5'-32P-labeled 40mer 8oxoG•C duplex 

oligonucleotide was incubated in BER-EDTA reaction buffer for 30 min at 37°C in the presence 

of 15 nM OGG1 and varying concentrations of E. coli Nfo or A. thaliana ARP. Lanes 1 and 8, 

50 nM 8oxoG•C; lanes 2 and 9, as in lane 1 but 15 nM OGG1; lanes 3–7, as in lane 2 but 50, 

100, 200, 400, and 800 nM Nfo, respectively; lanes 10–14, same as lane 9 but 50, 100, 200, 400, 

and 800 nM ARP, respectively. After the reaction, all the samples were treated with light 

piperidine (10% [v/v], 30 min at 37°C) for cleavage at AP sites. Substrate and cleavage product 

sizes are indicated to the right of the gel. "19*mer" denotes cleavage product containing 3'-

terminal α,β-unsaturated phosphoaldehyde and "19mer" denotes cleavage product containing 3'-

terminal hydroxyl group. 
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Supplementary Figure S3. Effect of APE1-WT on DNA binding and catalysis of OGG1. (a) The 

OGG1 and APE1-WT proteins were mixed with the FRET-8oxoG•C duplex oligonucleotide and 

incubated at 37°C in BER-EDTA buffer. The FRET signal was measured by the stopped-flow technique. 

In brief, 1.0 µM OGG1 was incubated with various concentrations (indicated right to the kinetic traces) of 

APE1-WT and then mixed with 1.0 µM FRET-8oxoG•C duplex. Dependence of the observed rate 

constants k1 (b) and k2 (c) on APE1-WT concentration.  
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Supplementary Figure S4. Stimulation of human MBD4cat on the 63mer U•G duplex by 

APE1-WT or APE1-N∆61. Denaturing PAGE analysis of the cleavage products. In brief, 50 

nM 5'-32P-labeled 63mer U•G duplex oligonucleotide was incubated in BER-EDTA reaction 

buffer for 30 min at 37°C in the presence of 20 nM MBD4cat and varying concentrations of 

APE1-WT and APE1-N∆61. Lanes 1 and 7, 50 nM 63mer U•G; lanes 2 and 8, as in lane 1 but 

20 nM MBD4cat; lanes 3–6, as in lane 2 but 250, 500, 1000, and 2000 nM APE1-WT; lane 7, 50 

nM U•G; lane 8, as in lane 7 but 20 nM MBD4cat; lanes 9–12, as in lane 8 but 250, 500, 1000, 

and 2000 nM APE1-N∆61. After the reaction, all the samples were treated with light piperidine 

(10% [v/v], 30 min at 37°C) for cleavage at AP sites. Substrate and cleavage product sizes are 

indicated to the right of the gel.  
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Supplementary Figure S5. Interactions of the APE1-WT protein with a 1440-bp linear 

undamaged duplex DNA fragment. Filtered dark-field electron microscopy images of 5 nM 

1440-bp linear dsDNA fragment incubated with 100 nM APE1 in binding buffer (10 mM Tris-

HCl pH 8, 50 mM NaCl) for 10 min at 4°C. Scale bar = 200 nm. 
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Supplementary Figure S6. Histogram of number of complexes (percentage) according to the s/d 

ratio. The s/d is the ratio between DNA contour length and end to end distances of 1440-bp DNA 

fragment in the presence or absence of APE1 and APE1-NΔ61. The percentage of analyzed molecules is 

reported on the Y-axis; n=120 for each condition. The Spearman's rank correlation coefficient between 

the s/d ratios in the presence of APE1-WT show significant correlation p<0,001 and no correlation 

between the s/d ratios in the presence of APE1-N∆61 mutant. 
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Supplementary Figure S7. APE1-catalyzed cleavage of AP site containing duplex oligonucleotides 

of varying lengths (17-64 bp). (a) Denaturing PAGE analysis of cleavage products. 10 nM 5'-32P-

labelled 17 and 64 mer THF•T duplex oligonucleotides were incubated in the BER reaction buffer for 0-

10 min at 37°C in the presence of 0.1 nM APE1-WT. Substrate and cleavage product sizes are indicated 

to the right of the gel. For details see Materials and Methods. (b) Graphical representation of time-

dependent cleavage of THF•T duplexes by APE1-WT. 
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Supplementary Figure S8. Graphical representation of time-dependent cleavage of THF•T duplexes 

by E. coli Nfo. Briefly, 10 nM 5'-32P-labeled 17-, 22-, 43-, or 64mer THF•T duplex oligonucleotides were 

incubated in Nfo buffer for 0–10 min at 37°C in the presence of 0.1 nM Nfo. 
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Supplementary Figure S9. Histogram of linear velocities of the cleavage of THF•T (A) and αdA•T 

(B) oligonucleotide duplexes of varying length by Nfo, APE1 and APE1-N∆61. 


