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HIGHLIGHTS
- APE1 forms a stable complex with ssDNA longer than 15 mer; 
- APE1-catalyzed repair and TF-stimulating activities depend on the structure of DNA duplex; 
- APE1 acts synergistically with reducing agents to stimulate DNA binding of AP-1 and p50; 
- APE1 stimulates DNA binding of p50-C62S redox-insensitive mutant; 
- APE1 forms stable multiprotein oligomers on intrinsically curved DNA regions. 

ABBREVIATIONS 
ROS, reactive oxygen species; AP, apurinic/apyrimidinic site; THF, 3-hydroxy-2-
hydroxymethyltetrahydrofuran or tetrahydrofuran; αdA, α-anomeric 2′-deoxyadenosine; Z, 3-
nitropyrrole; BER, base excision repair; NIR, nucleotide incision repair; APE1 (a.k.a. APEX1, HAP-1, 
or Ref-1), human major AP endonuclease 1; Nfo, Escherichia coli endonuclease IV; ARP, 
Arabidopsis thaliana major AP endonuclease; wARP, wheat Triticum aestivum AP endonuclease. 
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ABSTRACT 

Aerobic respiration generates reactive oxygen species (ROS), which can damage nucleic acids, 
proteins and lipids. A number of transcription factors (TFs) contain redox-sensitive cysteine residues 
at their DNA-binding sites, hence ROS-induced thiol oxidation strongly inhibits their recognition of 
the cognate DNA sequences. Major human apurinic/apyrimidinic (AP) endonuclease 1 
(APE1/APEX1/HAP-1), referred also as a redox factor 1 (Ref-1), stimulates the DNA binding 
activities of the oxidized TFs such as AP-1 and NF-κB. Also, APE1 participates in the base excision 
repair (BER) and nucleotide incision repair (NIR) pathways to remove oxidative DNA base damage. 
At present, the molecular mechanism underlying the TF-stimulating/redox function of APE1 and its 
biological role remains disputed. Here, we provide evidence that, instead of direct cysteine reduction 
in TFs by APE1, APE1-catalyzed NIR and TF-stimulating activities may be based on transient 
cooperative binding of APE1 to DNA and induction of conformational changes in the helix. The 
structure of DNA duplex strongly influences NIR and TF-stimulating activities. Homologous plant AP 
endonucleases lacking conserved cysteine residues stimulate DNA binding of the p50 subunit of NF-
κB. APE1 acts synergistically with low-molecular-weight reducing agents on TFs. Finally, APE1 
stimulates DNA binding of the redox-insensitive p50-C62S mutant protein. Electron microscopy 
imaging of APE1 complexes with DNA revealed preferential polymerization of APE1 on the gapped 
and intrinsically curved DNA duplexes. Molecular modeling offers a structural explanation how full-
length APE1 can oligomerize on DNA. In conclusion, we propose that DNA-directed APE1 
oligomerization can be regarded as a substitute for diffusion of APE1 along the DNA contour to probe 
for anisotropic flexibility. APE1 oligomers exacerbate pre-existing distortions in DNA and enable 
both NIR activity and DNA binding by TFs regardless of their oxidation state. 

Significance Statement 
The major human apurinic/apyrimidinic (AP) endonuclease, APE1, stimulates DNA binding of 
oxidized transcription factors. At present, the mechanism of stimulation remains unclear. We report 
that APE1 TF-stimulating activity depends on DNA conformation and acts in a synergistic manner 
with the reducing agents. Electron microscopy revealed that APE1 generates stable oligomers on 
intrinsically curved DNA to induce helix distortions. Computer modelling revealed that N-terminal 
fragment of APE1 can fold into distinct structural model and participate in APE1 multimerization. We 
propose that the cooperative binding of APE1 to DNA exacerbates pre-existing distortions in the helix 
to catalyze nucleotide incision and TF-stimulating activities. 
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1. Introduction 

Reactive oxygen species (ROS) generated during oxidative stress react with cellular macromolecules 
resulting in chemical and structural alterations of nucleic acids, proteins and lipids. In particular, 
oxidative damage to proteins often results in a loss of their function through the formation of disulfide 
bonds. Importantly, ROS-mediated protein alterations can be used as a cell signaling system 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 (TFs, sequence-specific 
DNA-binding proteins), which are often regulated by post-translational modifications. Particularly, the 
DNA-binding activity of mammalian TFs such as AP-1 (Fos/Jun heterodimer protein) and NF-κB (p50 
subunit) is a 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/Jun and p50 [1-2]. Notably, oxidation of the cysteines by ROS strongly inhibits the DNA-binding 
activities of AP-1 and NF-κB. This inhibition can be reversed by reduction of the cysteines by thiol 
compounds including thioredoxin, glutaredoxin, glutathione (GSH) and in the case of nuclear proteins, 
by the multifunctional apurinic/apyrmidinic (AP) endonuclease 1 (APE1/APEX1/HAP1) also referred 
as the redox factor 1 (Ref-1) [3-4]. Human APE1 is a ubiquitous 36 kDa multifunctional protein that 
performs essential functions in DNA repair, transcription, RNA biogenesis, and cell proliferation [5-6]. 
APE1 was independently discovered as an abasic site-specific DNA endonuclease homologous to the 
E. coli Xth protein [7-8] and as a redox factor (Ref-1) that regulates the DNA-binding domain of the 
Fos and Jun subunits of the AP-1 protein, the p50 subunit of NF-κB and several other transcription 
factors [3]. Based on its activities, the APE1 protein can be subdivided into two functionally distinct 
and partially overlapping regions, with the N-terminal domain 1–127 amino acid residues possessing 
the TF-stimulating activity and the C-terminal domain 61–318 amino acid residues which are 
responsible for the AP site cleavage activity [9-10]. Importantly, the first 61 N-terminal amino acid 
residues of APE1 are essential for stimulation of AP-1, since deletion of the first 40-60 amino acids 
resulted in more than 90% loss in DNA binding [9, 11]. 

It was proposed that APE1 activates AP-1 and NF-κB via a redox mechanism by mediating 
the reduction of a cysteine residue in their DNA-binding domains. In this model, APE1 uses its C65 
amino acid residue to reduce the disulfide bond in another protein [11]. This would lead to formation 
of a disulfide bond between C65 and C93 of APE1. However, this model is not universally accepted 
due to a number of contradicting findings. First, crystallographic studies revealed that C65 and C93 
are buried inside of the APE1 protein globule and cannot interact with other proteins [12]. 
Furthermore, none of the other six cysteine residues in APE1 are located appropriately in the 3-
dimensional structure to facilitate disulfide bond formation with C65 [13]. Second, mutation of either 
critical C64 residue in mouse APE1, or all seven cysteine residues in human APE1 did not affect the 
AP endonuclease-mediated stimulation of DNA binding of AP-1 and NF-κB [14-15]. Third, the plant 
AP endonuclease, the Arabidopsis thaliana ARP protein, which is only distantly related to APE1, 
stimulates DNA-binding activity of human AP-1 [16]. Noteworthy, ARP lacks the conserved C65, 
C99, C138, C208 and C296 and shares no or very little homology with the redox domain of APE1, 
making specific protein-protein interactions with mammalian TFs unlikely. At the same time, in 
support to the thiol-mediated redox reaction model, it was shown that zebrafish homologue of APE1, 
Danio rerio zAPE1, which also lacks the conserved C65, cannot stimulate human AP-1 [17]. 
Furthermore, it has been proposed that human APE1 undergoes significant unfolding to expose 
cysteine residues to catalyze the redox reaction [18]. At present, the molecular mechanism underlying 
the TF-stimulating activity of APE1 remains unclear and disputed, and further experiments are 
required to delineate the precise molecular mechanism of the stimulation of TFs. Indeed, it is not clear 
whether APE1 directly reduces TFs or acts indirectly as a molecular chaperone to facilitate their 
reduction. 

In addition to protein oxidation, ROS generate non-bulky oxidized DNA bases which are 
specifically recognized by DNA glycosylases and apurinic/apyrimidinic (AP) endonucleases in the 
base excision repair (BER) and nucleotide incision repair (NIR) pathways, respectively [19-22]. 
Human APE1 plays essential roles in the both repair 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-



- 4 -

strand break with a 5′-dangling modified nucleotide and a 3′-hydroxyl group [23-24]. This dichotomy 
in the repair pathways is explained by the fact that DNA substrate specificity of APE1 is modulated by 
concentrations of divalent cations, pH, and ionic strength in an apparently allosteric manner [23]. 
Changes in intracellular Mg2+ concentration induce conformational alterations in the APE1 protein that 
result in the change in its DNA substrate specificity [23, 25]. Indeed, under low concentrations of 
Mg2+ (≤1 mM) and acidic or neutral pH (≤7), APE1 exerts NIR endonuclease activity. At high 
concentrations of Mg2+ (≤5 mM) and neutral or alkaline pH (≥8), NIR is strongly inhibited, but AP site 
cleavage activity is dramatically activated mainly due to the increased enzyme turnover rate. Due to 
these Mg2+ induced changes in protein conformation, APE1 can recognize diverse types of DNA base 
lesions including α-anomeric 2'-deoxynucleotides (αdN) and oxidized pyrimidines [23, 26]. 

The first 42 N-terminal disordered amino acid residues of APE1 are highly enriched in 
positively charged basic lysine and arginine residues, which can engage in electrostatic interactions 
with DNA phosphates. Tell and co-workers demonstrated that the first 33 amino acid residues mediate 
the binding of APE1 to RNA and to negative calcium responsive sequence elements (nCaRE) of 
certain gene promoters [27-28]. Moreover, the deletion of the first 61 N-terminal amino acid residues 
of APE1 (APE1-N∆61) results in a dramatic decrease of the TF-stimulating, NIR and 3'→5' 
exonuclease, but not in AP site cleavage activity [9, 23, 26]. In our previous study, using SPRi 
technology we showed that APE1 binds with high efficiency to regular single-stranded (ss), DNA but 
failed to interact with hairpin DNA [29]. Noteworthy, APE1 showed similar binding affinity for both 
regular double-stranded (ds) DNA and to damaged dsDNA containing modified residues [29]. These 
observations may suggest that additional interactions of the N-terminal amino acid residues of APE1 
with DNA via binding to ssDNA and possibly to extremities of linear DNA duplexes promote the NIR 
activity. 

Besides the role of redox domain of APE1 in NIR, recent studies by our laboratory revealed 
that the redox-domain truncated APE1-N∆61 protein shows a dramatic decrease in the stimulation of 
human DNA glycosylases [30], again pointing to a common mechanism of action for the both APE1-
catalyzed repair and TF-stimulating activities. Furthermore, transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) imaging of APE1–DNA complexes revealed oligomerization of 
APE1 along the DNA duplex and APE1-mediated DNA bridging followed by DNA aggregation [30]. 
Noteworthy, APE1 multimerizes on both undamaged and damaged DNA in apparently cooperative 
mode. These observations prompted us to investigate the mechanism of APE1-catalyzed stimulation of 
DNA binding of the Fos/Jun subunits of AP-1 heterodimer and the p50 subunit of NF-κB. Here we 
demonstrate that APE1 TF-stimulating function depends on DNA conformation and acts in a 
synergistic manner with the reducing agents. Two homologous plant AP endonucleases lacking six out 
of seven conserved cysteine residues stimulate DNA binding of the human p50 subunit. TEM 
demonstrates that APE1 can oligomerize onto a circular, linear gapped and intrinsically curved duplex 
DNA. Furthermore, APE1 can stimulate DNA binding of the redox-insensitive p50-C62S mutant 
protein. The structural basis, evolutionary conservation and potential biological importance of the 
APE1-catalyzed stimulatory function of TFs which link the DNA repair and transcription regulation 
are discussed. 
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2. Materials and Methods 

2.1. Oligonucleotides and proteins 
Sequences of all the oligodeoxyribonucleotides used in this work are shown in Table 1. All the 

oligonucleotides were purchased from Eurogentec (Seraing, Belgium) including those containing 
tetrahydrofuran (THF), alpha-anomeric 2'deoxyadenosine (αdA) and 3'-nitropyrrole (Z). The 
complementary oligonucleotides contained either T or Z 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'-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 95 °C in a buffer consisting of 20 mM HEPES-KOH (pH 7.6) and 50 mM KCl and then 
slowly cooled to room temperature. 

Purified human APE1, E. coli Nfo, Arabidopsis thaliana and wheat Triticum aestivum major 
AP endonucleases (ARP and wARP, respectively) were from the laboratory stock. Nfo, ARP and 
wARP were purified as described elsewhere [31-32]. Human major AP endonuclease APE1 and its 
mutant version APE1-N∆61 were expressed and purified in their native form without tags or other 
modifications as described previously [26]. The histidine-tagged C-terminal truncated version of 
APE1 (APE1-C∆128) comprising amino acids 1–190 (containing the redox domain) were expressed in 
E. coli BL21 (DE3) Rosetta 2 strain (Merck) harbouring pET28c-APE1-C∆128 plasmid vector and 
purified using HiTrap Chelating HP column (GE Healthcare) chromatography, as recommended by 
the manufacturer. 

2.2. Preparation of the purified transcription factors 
The pDS56-6xHis vectors: wbFos and wbJun, carrying gene fragments encoding C-terminal 

DNA-binding and leucine-zipper domains of rat Fos and Jun proteins, respectively, were a kind gift of 
Dr Tom Curran (The Children's Hospital of Philadelphia, U.S.A.) [33]. pET14b plasmid with cloned 
gene encoding the wild-type p50 subunit of NF-κB protein was a kind gift of Dr Hiroshi Handa 
(Tokyo Institute of Technology, Japan) [34]. Site-directed mutation within the p50 coding sequences 
in pET14b-p50 was generated using the QuikChange site-directed mutagenesis kit (Quickchange® XL, 
Site-Directed Mutagenesis Kit, Stratagene). The following oligonucleotide primers (shown in the 
5'→3' direction) were used to generate p50-C62S mutant protein: Forward, 
d(GTTTCCGTTATGTATCTGAAGGCCCATCCCA) and Reverse, 
d(TGGGATGGGCCTTCAGATACATAACGGAAAC). 

The c-Fos, c-Jun, p50, p50-C62S proteins were expressed and purified from E. coli BL21 
(DE3) Rosetta 2 strain (Merck) harbouring wbFos, wbJun, pET14b-p50-WT and pET14b-p50-C62S 
respectively. Briefly, single colonies were picked and inoculated in 40 ml of LB with 50 μg·ml–1 
ampicillin and grown overnight in orbital shaker at 37°C. The overnight culture was diluted at the 
1:100 ratio in 2 liters of fresh LB with 50 μg·mL–1 ampicillin and grown at 37°C in orbital shaker (250 
rpm) to OD600 = 0.6 and then induced by 400 μM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 
16 h at 30°C (100 rpm). Bacteria were harvested by centrifugation and cell pellets were lysed using a 
French press at 14,000 psi in a buffer containing 20 mM HEPES-KOH pH 7.6, 40 mM NaCl, 0.1% 
NP-40 supplemented with Complete Protease Inhibitor Cocktail (Roche Diagnostics, Switzerland). 
The lysates were cleared by centrifugation at 40,000×g for 1 h at 4°C, the resulting supernatant was 
adjusted to 500 mM NaCl and 40 mM imidazole and loaded onto a HiTrap Chelating HP column (GE 
Healthcare) charged with Ni2+. The proteins were eluted using linear gradient of buffer B (20 mM 
HEPES-KOH pH 7.6, 500 mM NaCl, 500 mM imidazole), fractions containing the recombinant 
proteins were pooled and stored at –80°C in 10% glycerol. The homogeneity of the protein 
preparations was verified by SDS-PAGE. It should be noted that the recombinant APE1, c-Fos, c-Jun, 
p50 and p50-C62S proteins were purified in the buffers lacking reducing agents in order to obtain 
oxidized forms of TFs which unable to bind to DNA as described in [35]. In addition, the purified 
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redox-insensitive mutant p50-C62S protein was treated with 70 μM diamide for 30 min at 16°C to 
ensure the complete oxidation of cysteine residues. 

2.3. DNA repair assays 
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–1 BSA 
and 0.1 nM enzyme, unless specified otherwise. The standard NIR assay was performed at a low Mg2+ 
concentration (≤ 1 mM) and acidic/neutral pH (≤ 7) (NIR conditions): the reaction mixture (20 μL) 
consisted of 10 nM 32P-labeled αdA•T duplex oligonucleotide, 0.1 mM MgCl2, 25 mM KCl, 20 mM 
Hepes-KOH pH 6.8, 0.1 mg•mL–1 BSA and 2 nM APE1, unless specified otherwise. The reaction 
mixture (20 μL) for the E. coli Nfo protein contained 50 mM KCl, 20 mM HEPES-KOH (pH 7.6), 0.1 
mg•mL-1 BSA, 1 mM DTT and 1 nM Nfo, unless specified otherwise. All the reactions were stopped 
by addition of 10 μL of a stop solution consisting of 0.5% SDS and 20 mM EDTA. 

After the reactions, all the samples were desalted on hand-made spin-down columns filled 
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 exposed to 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.4.0 software. At least three independent experiments were 
conducted for all kinetic measurements. 

2.4. Electrophoretic Mobility Shift Assay (EMSA) 
The EMSA buffer for APE1 binding to ssDNA and dsDNA (20 μl) contained 10 mM Tris-HCl 

(pH 7.5), 50 mM NaCl, 1 mM EDTA, 5% glycerol, 5% saccharose, 0.01% NP-40 and 0.1 mg·mL–1 
BSA. After mixing the EMSA buffer with 2 nM of 5'-[32P]-labelled oligonucleotides and varying 
amounts of poly(dI-dC)•poly(dI-dC) (0-100 ng) and APE1 (0-500 nM) the reactions were incubated 
for 30 min at 6°C. The EMSA mixture for AP-1 (20 μl) contained 10 mM Tris-HCl (pH 7.5), 50 mM 
NaCl, 5 mM MgCl2, 1 mM EDTA, 5% glycerol, 5% saccharose, 0.01% NP-40, 0.1 mg·mL–1 BSA, 5 
nM of 5'-[32P]-labelled duplex oligonucleotide, either 0.1-1.0 mM DTT or 1-5 mM GSH (as reducing 
agents), 250-500 nM APE1 and 250-500 nM AP-1 heterodimer c-Fos/c-Jun (as transcription factors). 
The EMSA mixture for NF-κB subunit p50 (20 μl) contained 20 mM HEPES-KOH (pH 7.9), 100 mM 
KCl, 0.2 mM EDTA, 0.1 % NP-40, 10% glycerol, 5 nM of 5'-[32P]-labelled oligonucleotides, 250-500 
nM APE1 and 5-50 nM p50. Prior to incubation with DNA, 1 μM c-Fos, c-Jun and p50 proteins were 
incubated in their respective EMSA buffer (25 μL) at 37°C for 25 min in the presence or absence of 
reducing agents, and then 1 μg of poly(dI:dC)•poly(dI:dC) was added to each mixture and incubated 
further for 5 min at room T°C. After, the reaction mix containing radio-labeled DNA, APE1, TFs, 
poly(dI:dC)•poly(dI:dC) and reducing agents were incubated further for 30 min at room temperature. 
The binding reactions were stopped by putting on ice and adding 6 μL of 80% glycerol and loading 
immediately the mixture on native, non-denaturing 8% polyacrylamide gel (PAG) (AA:BA=80:1) in 
1xTris-glycine buffer (195 mM Glycine and 25 mM Tris Base). The DNA/protein complexes were 
separated from free DNA by electrophoresis at constant 80 V for 12-14 h at 4°C. 

Exposure of protein/DNA complexes to ultraviolet light (UV) generates covalent bonds 
between the DNA bases and certain amino acids in close contact with the DNA molecule [36]. Here, 
we used UV crosslinking to characterize the interactions between APE1 and synthetic oligonucleotides. 
The reaction mixture contained 1 or 2 μM APE1, 200 nM of 5'-[32P]-labelled oligo (dT)22 or oligo 
(dT)50, 20 mM HEPES–NaOH (pH 7.5), 50 mM KCl 50 mM, 5 mM MgCl2, and 1 mM DTT. The 
samples (30 μl) were exposed to UV irradiation (254 nm) in a Bio-Link crosslinker (Vilber Lourmat, 
Collégien, France) for 30 min at 0.5 J/(cm2·min) on ice. Fifteen μl of the loading dye (62.5 mM Tris–
HCl pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 12.5 μg/ml bromophenol blue) was 
added, the samples were heated for 5 min at 95°C and resolved by discontinuous SDS-PAGE. 

After electrophoresis the gels were exposed to a Storage Fuji FLA-3000 Phosphor Screen, 
which was then scanned using Typhoon FLA 9500 and digital images were obtained as described 
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above. At least three independent experiments were conducted for all quantitative measurements. 
Statistical analysis was performed using independent two-sample Student’s t-test. P values < 0.05 
were considered significant. Single asterisks denote 0.01 < P < 0.05 as statistically significant, double 
asterisks denote P < 0.01 as very significant and "ns" denotes P > 0.05 as non-significant. 

2.5. Equipment and settings. 
The acquisition of images of denaturing PAGE and non-denaturing PAGE gels was performed 

by exposure to a Storage Phosphor Screen BAS (GE Healthcare Life Sciences) overnight. Phosphor 
Screens were then imaged using the TyphoonTM FLA 9500 Laser Scanner (GE Healthcare Life 
Sciences) with an pixel resolution of 100 μM. Retrieved images in TIFF format were then processed in 
Adobe Photoshop CS6 software, to adjust brightness and contrast settings for appropriate visualisation 
of 5’-32P labelled DNA. Consistent adjustment of brightness and contrast was used across the entirety 
of the gel image. Quantification of DNA binding and cleavage was facilitated by use of the FUJIFILM 
Science Lab Image Gauge Ver. 4.0 software (Fujifilm), with quantification adjusted by removal of 
standardised background values on each gel image. GraphPad Prism 7 software was used for the 
generation of graphical representations of percentage of DNA binding and cleavage quantifications. 
Schema were generated with use of Adobe Photoshop CS6.

2.6. Electron microscopy 
Transmission electron microscopy (TEM) samples were prepared by positive staining as 

previously described [37]. 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 of DNA fragment in the 
presence of varying concentrations of APE1-WT or APE1-C∆128 proteins. After incubation the 
complexes were purified on Superpose 6 gel filtration column using a SMART chromatography 
system (GE Healthcare Life Sciences). The purified samples were immediately spreading on the 
microscopy grid (600-mesh copper grid coated with a thin carbon film) pre-activated by glow-
discharge in the presence of amylamine (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 Tengra high-
resolution CCD camera and iTEM software (Olympus, Soft Imaging Solutions). 

2.7. DNA preparation for TEM 
The double-stranded DNA (dsDNA) fragments (1440, 600 and 400 bp dsDNA) were obtained 

by PCR amplification of a region of the PBR322 plasmid and were purified on a Mini Q anion 
exchange column using a SMART chromatography system (GE Healthcare Life Sciences). PCRs were 
done using biotinylated 5’ primers (Sigma) indicated in Table 1 and the Taq polymerase (New 
England Biolabs, France) in order to generate blunt-ended products. The purified dsDNA fragments 
were precipitated with ethanol and re-suspended in TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). 
Linear 1440 bp dsDNA containing a specific intrinsic curvature called C7 region was prepared as 
described [37-38]. Linear 1440 bp fragment containing a single-stranded gap of 440 nt at the center 
with two adjacent dsDNA regions of 600 bp and 400 bp was prepared as follows, the purified 5'-
biotinylated 1440, 600 and 400 bp dsDNA fragments were injected on affinity column (Hi-Trap 
streptavidin HP, GE Healthcare Life Sciences) and then the 1440, 600 and 400 ssDNA fragments were 
eluted and hybridized to form the gapped linear 1440 bp DNA fragment. 

The supercoiled DNA (scDNA) was a commercial negatively supercoiled plasmid pUC19 
(New England Biolabs, France). 

2.8. Molecular modeling 
Elastic network analysis of vibrational motions in APE1 structures [39-40] was done using 

Anisotropic Network Model Web Server v2.1 [41-42]. Twenty lowest-frequency normal modes were 
calculated with a 15 Å cutoff for interaction between the network nodes. Ab initio folding of the N-
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terminal fragment of human APE1 (46 amino acid residues, APE11–46) was done using QUARK [43-
44]. Ten best-scoring models were subject to rigid body protein–protein docking with the structure of 
free APE1 (PDB ID 1BIX [45]) lacking the first 31 residue and additionally truncated to start with 
Asp47 (APE147–318). Protein–protein docking was performed using GRAMM-X server [46-47]. 
Homology modeling of APE1 catalytic domain (Leu62–Leu316) was done using SWISS-MODEL 
[48] with human and mouse TDP2 s templates (PDB IDs 5INL, 5INO, 5INP, and 5INQ [49].

Full-length APE1 model (APE1full) was assembled into tetramers by repeatedly docking the 
APE1–46 fragment onto APE1full. Four 15-mer DNA duplexes containing a lesion were taken from the 
crystal structure of APE140–318–DNA complex (PDB ID 1DEW), aligned using Kabsch algorithm [50] 
and incorporated into the tetramer model with THF moieties changed to AP sites. The final model 
preparation and refinement was performed in LEaP, a part of the AMBER Tools Package. The force 
field parameters for AP site were kindly communicated by Dr. Carlos Simmerling (Stony Brook 
University). Energy of the model was minimized in 2500 steps of steepest descent method followed by 
2500 steps of conjugate gradients method using Sander, a part of the AMBER Tools Package.
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33. Results 

3.1. Differential binding of APE1 to single- and double-stranded DNA oligonucleotides in gel-
shift assay 

Previously, using Surface Plasmon Resonance imagery (SPRi) we demonstrated that APE1 
binds to non-damaged linear single-stranded (ss) DNA with higher efficiency as compared to double-
stranded (ds) DNA fragments [29]. Noteworthy, APE1 failed to bind to a regular hairpin structured 
DNA oligonucleotide that lacks double-stranded ends [29]. Here, we used electrophoretic mobility 
shift assay (EMSA) to study the interaction of APE1 with DNA and the role of APE1/DNA complexes 
in the AP endonuclease-dependent stimulation of DNA binding of transcription factors. To 
characterize the binding of APE1 to ssDNA, 2 nM of 5'-[32P]-labelled oligonucleotide of varying 
lengths (from 11 to 63 nucleotides) was incubated in the presence of 500 nM APE1, and formation of 
the APE1/ssDNA complexes were analyzed by EMSA. As shown in Fig. 1, APE1 binds in a stable 
manner to 22 mer and other longer ssDNA fragments, generating high-molecular weight 
APE1/ssDNA complexes in the gel (lanes 6, 8, 10, 12, 14 and 16), but not to 11 and 15 mer fragments 
(lanes 2 and 4). Close analysis of the migration pattern of APE1/ssDNA complex in the gel points to 
the presence of a multi-protein organization with several molecules of APE1 bound to a single ssDNA 
molecule. Also, note that 22 mer oligonucleotide contains small amount of impurity which migrates 
more slowly than the major band (lane 5). 

In our precedent work, by employing EMSA we showed that APE1 binds to short duplex 
oligonucleotides in transient and unstable manner, generating a smeared pattern of migration of the 
DNA bands in the native gel [29]. Here, we examined APE1 binding to varying concentration of the 
regular, non-damaged 22 mer ssDNA, 22 mer dsDNA and 51 mer dumbbell shaped oligonucleotide 
(dmbDNA). As expected, APE1 binds to ssDNA and forms a stable APE1/ssDNA complex in the 
EMSA gel (Fig. 2, lanes 2-6). Noteworthy, formation of the stable APE1/ssDNA complex, when more 
than 50% of ssDNA fragments are in bound state, is the most efficient under high molar excess of 
APE1 over DNA (molar ratio of ssDNA/APE1 from 1/100 to 1/500) (Fig. 2, lanes 2-4 and SI 
Appendix, Table S1). Whereas, the decrease of the ssDNA/APE1 molar ratio down to 1/10 and 1/5 
due to the increase of ssDNA concentration, resulted in the disappearance of the super-shifted DNA 
band (lanes 7-8 and SI Appendix, Table S1), possibly due to the insufficient concentration of APE1 to 
form a stable APE1/ssDNA complex. Incubation of APE1 with 5'-[32P]-labelled 22 mer duplex and 51 
mer dmbDNA produced highly smeared super-shifted bands on the EMSA gel, suggesting that APE1 
fails to form stable protein/DNA complexes with dsDNA and dmbDNA in the gel (lanes 10-16 and 
18-23). Noteworthy, the migration patterns of the APE1/dsDNA complexes in the gel indicate that at 
high molar excess of APE1 to DNA (ratio 1/500 and 1/100) dmbDNA exhibited more smearing as 
compared to that of the duplex oligonucleotide (lanes 10-11 versus 18-19 and SI Appendix, Table S1). 
Our data with dsDNA are in agreement with the previous studies which demonstrated that under the 
conditions used for EMSA, APE1 does not interact with dsDNA oligonucleotide probe containing 
recognition site for a TF [3, 9, 11, 17-18]. Nevertheless, we may suggest that highly smeared 
appearance of dsDNA bands on the native gels is due to transient, unstable APE1/dsDNA interactions 
such as inter-molecular bridges occurring between different DNA molecules and oligomers along 
dsDNA as previously described [30]. 

3.2. Characterization of APE1 binding to single-stranded oligo (dT) by UV crosslinking 
The 22-63 mer ssDNA oligonucleotides used in our work can, in principle, adopt secondary 

structures, which may influence the formation of a stable APE1/ssDNA complexes detected by EMSA. 
Noteworthy, previous studies have shown that APE1 recognizes AP site in ssDNA substrates that can 
adopt secondary structures, and cleaves such ssDNA with higher efficiency than dsDNA [51]. On the 
contrary, APE1 has a low affinity for oligo (dA) and oligo (dT) oligonucleotides containing a defined 
AP site, implying that the presence of secondary structures is important for APE1 binding to damaged 
ssDNA [52]. It is, however, unclear to what extent secondary structures are important for interactions 
between APE1 and undamaged DNA. To examine the role of structural properties of DNA in the 
APE1 binding, we used 22- and 50-mer oligo (dT), which do not form secondary structure and can 
also be used for UV crosslinking to proteins. EMSA showed that APE1 binds oligo (dT)22 with an 
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efficiency similar to the mixed-sequence 22-mer ssDNA oligonucleotide (SI Appendix, Fig. S1). This 
result strongly suggests that secondary structures present in ssDNA do not play a significant role in 
APE1 binding and the stability of APE1/DNA complexes. 

As discussed above, the migration pattern of APE1/ssDNA complexes in the gel is consistent 
with cooperative binding of APE1 to DNA. We have studied the stoichiometry of APE1/ssDNA 
interactions by UV-crosslinking, taking advantage of the efficient APE1 binding to oligo (dT), in 
which thymine residues are prone to form covalent linkages with proteins upon UV irradiation. As 
expected, SDS-PAGE analysis of the protein/DNA complexes generated after irradiation of 
APE1/oligo mixtures with UV (254 nm) revealed efficient crosslinking of APE1 to both 22 and 50 
mer oligonucleotides (Figure 3, lanes 5-8). At both 1 μM and 2 μM, APE1 crosslinks to oligo (dT)22 
predominantly as a monomer, but dimers and higher-order oligomers can be also detected (lanes 5 and 
7). With a longer oligo (dT)50, at 2 μM APE1 preferentially crosslinks as an oligomer with two and 
more protein molecules bound to DNA (lane 6), and even at 1 μM dimers and oligomers constitute 
about half of the cross-linked species (lane 8). No protein/DNA complexes were detected in absence 
of UV irradiation or the APE1 protein (lanes 1-4 and 9-10). Taken together, these results suggest that 
APE1 can bind to sufficiently long ssDNA in an apparently cooperative manner. 

3.3. APE1-catalyzed repair activities on dumbbell-shaped and linear DNA duplexes containing 
αdA and synthetic AP site 

In our earlier SPRi study, we showed that APE1 fails to stably associate with hairpin-shaped 
DNA duplex immobilized on the chip, but not to that of regular linear DNA duplex [29]. Also, the 
EMSA reveals that APE1 produces aberrant unstable complexes with dmbDNA (Figure 2). Based on 
these observations, we propose that DNA structure may influence APE1-catalyzed DNA repair 
activities. To examine this, we constructed DNA substrates with various shapes containing either 
single THF or αdA residue, namely: linear 22 mer duplex with blunt ends; 51 mer dumbbell shaped 
DNA fragment (dmbDNA), which has a hairpin structure at both ends and composed of a long 51 mer 
hairpin template strand and a complementary modified 22 mer oligonucleotide; and 50 mer nicked 
DNA duplex composed of a long 50 mer template strand and three short 14, 14 and modified 22 mer 
complementary oligonucleotides (Fig. 4A and Table 1). 5'-[32P]-labelled 22 mer oligonucleotide 
containing single THF or αdA residue was hybridized to complementary 22, 50 and 51 mer strands, 
containing either Thymine or 3-Nitropyrrole (Z) residue opposite to the lesion, to obtain 22, 50 and 51 
mer duplexes containing single THF•T, αdA•T or αdA•Z base pair (Fig. 4B). It should be noted that 
APE1-catalyzed cleavage of THF•T duplex will be referred here as the BER activity, whereas the 
cleavage of αdA•T by APE1 will be referred here as the NIR activity. Also, to identify differences in 
the kinetics between various DNA shapes, we measured the NIR activity under more stringent reaction 
conditions in the presence of only 0.1 mM MgCl2. As expected, incubation of 5'-[32P]-labelled 22 mer 
αdA•T duplex with APE1 under the NIR conditions resulted in the efficient incision of oligonucleotide 
5' next to αdA residue and generation of 9 mer cleavage product (Fig. 4A, lanes 2-4 and SI Appendix, 
Table S2). APE1 also cleaved 50 mer nicked αdA•T duplex (6% cleavage in 10 min), though with 
much less efficiency as compared to 22 mer αdA•T substrate (56% cleavage in 5 min) (SI Appendix, 
Table S2). In addition APE1 exhibited non-specific 3'→5' exonuclease activity towards nicked αdA•T 
duplex leading to an extensive degradation of 5'-[32P]-labelled 22 mer αdA-strand (Fig. 4A, lanes 14-
16). 

Noteworthy, APE1 failed to cleave 51 mer αdA•T dmbDNA (Fig. 4A, lanes 6-8 and SI 
Appendix, Table S2), while it efficiently cleaved synthetic AP site in both 22 mer THF•T duplex and 
51 mer THF•T dmbDNA with similar rates (SI Appendix, Fig. S2). Furthermore, the E. coli NIR-
proficient AP endonuclease Nfo cleaves αdA-containing 22 mer duplex and 51 mer dmbDNA with a 
similar efficiency (SI Appendix, Fig. S3). These observations suggest that human APE1 requires a 
specific mechanism to recognize αdA residues in DNA, which is different from the mechanism 
underlying the classic AP site cleavage activity. Also, because of conformational constraints imposed 
by DNA hairpin loops, the dumbbell shaped DNA structure might be more rigid as compared to linear 
duplex DNA fragment. Thus, the conformational rigidity of dmbDNA may inhibit APE1-catalyzed 
NIR activity. To examine this hypothesis, we constructed 51 mer αdA•Z dmbDNA containing 3-
nitropyrrole (Z) residue opposite to αdA. Z is an universal base that can replace any of the four normal 
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bases without significantly destabilizing neighbouring base-pair interactions. Within the DNA helix Z 
residue stacks well and hydrogen bonds poorly with no selectivity to the opposite base, thereby 
lowering the melting temperature of the duplex. Here, we expected that the presence of Z residue 
opposite to αdA in dmbDNA would induce DNA chain flexibility and this in turn would stimulate the 
recognition of αdA by APE1. Indeed, APE1 cleaves αdA•Z dmbDNA with good efficiency and 
generates 9 mer cleavage product (Fig. 4A, lanes 10-12 and SI Appendix, Table S2), although with 
somewhat lower efficiency (lane 10, 43% cleavage in 5 min) as compared to 22 mer αdA•T duplex 
(lane 2, 56% cleavage in 5 min). Based on these results we may suggest that APE1 binds αdA•Z 
dmbDNA substrate in a stable manner which stimulates DNA bending and recognition of αdA residue. 

3.4. APE1 differentially stimulates the binding of AP-1 to dumbbell-shaped and linear DNA 
duplexes. 

Next, we examined whether APE1 TF-stimulating activity depends on the DNA structure by 
using the standard EMSA technique described in [35]. For this we constructed three DNA substrates 
each containing one binding site for the AP-1 heterodimer c-Jun/c-Fos, specifically: (i) 50 mer full 
duplex DNA fragment composed of two complementary 50 mer strands; (ii) 51 mer dmbDNA 
composed of a long 79 mer hairpin template strand and a complementary 21 mer oligonucleotide; and 
(iii) 50 mer nicked duplex DNA fragment composed of a long 50 mer template strand and three short 
14, 14 and 21 mer complementary oligonucleotides. The top 50 mer strand in full duplex and 21 mer 
strands in dmbDNA and nicked duplex were 5'-[32P]-labelled. To measure DNA binding activities the 
5 nM 5'-[32P]-labelled DNA duplexes were incubated in the standard DNA binding buffer containing 
or not 250 nM AP-1, 500 nM APE1 and 1 mM Glutathione (GSH) or Dithiothreitol (DTT). After 
incubation, the samples were placed on ice and formation of AP-1/DNA complexes was examined by 
the EMSA on 8% non-denaturing PAGE. As expected, the oxidized AP-1 fails to generate stable 
super-shifted AP-1/DNA complex with DNA fragments containing its cognate site (Fig. 5A, lanes 3 
and 11). Addition of either 1 mM GSH or 500 nM APE1 to AP-1 generated a faint super-shifted DNA 
band (lanes 4-5 and 12-13), whereas addition of 1 mM DTT leads to the shift of 15-25% of DNA 
fragments (lanes 7 and 15). These results suggest that GSH and APE1 separately only weakly 
stimulate AP-1 DNA binding, in contrast to DTT, which is a stronger reducing agent as compared to 
GSH, efficiently stimulated the AP-1 DNA binding. Noteworthy, addition of APE1 together with GSH 
and DTT stimulated binding of the oxidized AP-1 to all three DNA structures in synergistic manner 
(Fig. 5A, lanes 6, 8, 14, 16 and Fig. 5B and SI Appendix Fig. S4). The synergistic effect of combined 
action of APE1 and the reducing agents in promoting AP-1 DNA binding suggests that the mechanism 
of APE1-catalyzed stimulation of TFs might be different from that of the reducing agents. Finally, 
quantitative analysis of the APE1-catalyzed stimulation of AP-1 binding to various DNA structures 
revealed that in the presence of reducing agents APE1 stimulates AP-1 binding to dmbDNA two-fold 
less efficiently as compared to the full and nicked DNA duplexes with statistically significant 
difference (P value < 0.05) (Fig. 5B and SI Appendix, Fig. S4). Importantly, the differences between 
the means of GSH- and DTT-stimulated binding of AP-1 to three distinct DNA structures were not 
significant (P value > 0.05), suggesting that the differences in AP-1 complex formation ability are due 
to APE1-mediated stimulation, and not due to the preference of AP-1 to certain DNA structures. 

Intriguingly, the GSH promoted AP-1 super-shifted complexes (Fig. 5A, lanes 5 and 13) run 
more slowly in the gel as compared to that of DTT (lanes 7 and 15). It should be stressed, that the 
GSH (lanes 5 and 13) and APE1+GSH (lanes 6 and 14) promoted AP-1 super-shifted complexes run at 
the same position, indicating that APE1 is not associated with AP-1/DNA complex. In addition, the 
AP-1 super-shifted complexes promoted by DTT (lanes 7 and 15) and APE1+DTT (lanes 8 and 16) 
also run at the same position, again indicating that APE1 is not bound to AP-1/DNA complex. Taken 
together these results suggest that GSH-mediated reduction, but not that of DTT, may induce structural 
or conformational changes in the reduced AP-1 protein which results in different migration pattern in 
the non-denaturing EMSA gel. Thus GSH, contrary to DTT, may interact with reactive cysteine 
residues in AP-1 and generate protein-S-S-Glutathione adducts which in turn may lead to a different 
migration pattern of AP-1/DNA complex in the EMSA gel. 
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3.5. APE1 and reducing agents stimulate binding of the NF-κB p50 subunit to 11 mer DNA 
duplex in a synergistic manner 

NF-κB is an ubiquitous transcription factor that regulates numerous genes involved in immune 
response to pathogens and inflammation. Although, NF-κB is structurally and functionally distinct 
from AP-1, both transcription factors are regulated by the APE1-catalyzed TF-stimulating activity [53]. 
Similar to APE1-mediated stimulation of AP-1, the stimulation of DNA binding of the NF-κB p50 
subunit by APE1 is also well-characterized [53-54]. Therefore, we decided to examine whether APE1 
can stimulate the binding of p50 to DNA in a synergistic manner with the well-characterized reducing 
compounds such as GSH and DTT. For this we used 11 and 26 mer oligonucleotide duplexes 
containing a single cognate DNA motif d(GGGACTTTCC). As expected, oxidized p50 at high 
concentration (100 nM) either alone or with APE1 forms only a faint super shifted band on the gel 
(Fig. 6A, lanes 2-3 and 11-12, and SI Appendix Table S3). Addition of 1 mM GSH, 0.1 and 1.0 mM 
DTT weakly stimulated the binding of p50 to short 11 mer duplex oligonucleotide (10%, 17% and 
33% of complex formation, respectively) (Fig. 6A, lanes 4, 6 and 8, and SI Appendix Table S3), 
whereas these reducing agents strongly promoted the binding of p50 to longer 26 mer duplex (74%, 
63% and 92% of complex formation, respectively) (lanes 13, 16 and 18, and SI Appendix Table S3). 
These results suggest that the partially and fully reduced p50 protein binds and generates p50/DNA 
complexes with 26 mer duplex with higher efficiency as compared to short 11 mer duplex. 
Noteworthy, APE1 together with GSH and DTT stimulated the binding of p50 to 11 mer duplex in a 
synergistic manner (Fig. 6A, lanes 5, 7 and 9 and Fig. 6B). Whereas, the DNA binding of p50 to long 
26 mer duplex is stimulated by APE1 and the reducing agents rather in additive manner (Fig. 6A, 
lanes 14, 16 and 18 and Fig. 6B). Thus, the synergistic effect of the APE1-mediated stimulation of p50 
binding to short 11 mer DNA fragments point to the fact that APE1 stimulates TFs independently from 
their redox state by an alternative mechanism. 

3.6. Plant AP endonucleases homologous to human APE1 stimulate binding of the NF-κB p50 
subunit to DNA 

As we mentioned before there are a number of contradictory studies on the role of conserved 
cysteine residues of APE1 in the stimulation of DNA binding of TFs [11, 14-15, 17]. To resolve these 
conflicting studies, it has been proposed that APE1 may act as a protein chaperone which physically 
interacts with TFs to promote the reduction of cysteine residues by the reducing agents [15]. In the 
present study, to distinguish between different mechanisms of the APE1-catalyzed TF-stimulating 
activity, we examined plant AP endonucleases for their ability to stimulate DNA binding of the NF-κB 
p50 subunit. Previously, it was shown that the major Arabidopsis thaliana AP endonuclease, ARP, 
which is homologous to human APE1, can stimulate in vitro the DNA binding of AP-1 heterodimer c-
Jun/c-Fos [16]. In addition, recently we demonstrated that both common wheat (Triticum aestivum) 
AP endonuclease, wARP and Arabidopsis ARP exhibit NIR activities towards αdA residues in duplex 
DNA [32]. The C-terminal part of ARP and wARP proteins (residues 268-534 and 313-596 aa, 
respectively) exhibit homology to AP endonuclease domain of APE1 (61-318 aa), whereas the large 
N-terminal domains of ARP and wARP (1-268 and 1-313 aa, respectively) do not show significant 
sequence similarity to the N-terminal part of APE1 (1-61 aa). Importantly, the plant AP endonucleases 
not only lack the conserved C65 residues, but also other highly conserved C99, C138, C208, C296 and 
C310 which are thought to be critical for the APE1 TF-stimulating function. Plant ARP and wARP 
were incubated with the NF-κB p50 subunit and AP-1 in the presence of 5'-[32P]-labelled 26 mer 
duplex oligonucleotides containing the respective cognate sites. As shown in Fig. 7, oxidized p50 at 
low concentration (10 nM) alone or in the presence of 1 mM GSH fails to bind and generate super-
shifted complex with 26 mer DNA duplex (lanes 2-3). While incubation of the oxidized p50 protein 
with APE1, wARP and ARP resulted in the formation of super-shifted protein/DNA complexes, 
although with low efficiency (Fig. 7, lanes 6, 8 and 10 and SI Appendix Tables S4). Incubation of p50 
together with GSH and the AP endonucleases resulted in a synergistic stimulation of p50 binding to 
DNA (lanes 7, 9 and 11 and SI Appendix Tables S4). Here as a control we used the TF-stimulation 
deficient truncated APE1 protein lacking the first 61 N-terminal amino acid residues (APE1-NΔ61). 
As expected, the N∆61-APE1 mutant can still stimulate the DNA binding of p50 (lanes 4-5) (14 and 
28% of complex formation, respectively), but to a lesser extent as compared to wild-type APE1 and 
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plant AP endonucleases (lanes 6-11 and SI Appendix Tables S4) (20 to 58% of complex formation). In 
agreement with the previous study [16], we observed efficient stimulation of the DNA binding of the 
oxidized AP-1 heterodimer c-Jun/c-Fos in the presence of human and both plant AP endonucleases (SI 
Appendix, Fig. S5). Taken together, these results suggest that the plant AP endonucleases are able to 
stimulate the DNA binding of heterologous transcription factors in a manner very similar to that of 
human APE1. Moreover, absence of the APE1-like N-terminal domain and absolute majority of 
conserved cysteine residues in ARP and wARP, as well as high amino acid sequence divergence 
between APE1 and ARP-like proteins, suggest that the plant proteins stimulate the DNA binding of 
p50 in the redox- and chaperon-independent manner. 

3.7. Human APE1 stimulates binding of the redox-insensitive NF-κB p50-C62S mutant to DNA. 
Previous studies demonstrated that Cysteine at position 62 (C62) in the highly-conserved Rel 

homology DNA-binding domain (RHD) of p50 has to be in a reduced state for the efficient DNA 
binding [2, 4, 55]. Consistent with this observation, the amino acid substitution Cysteine → Serine at 
position 62 in p50-C62S mutant resulted in its strong DNA binding even under oxidized conditions, 
which moreover was not affected by the presence of reducing agents [54]. Biochemical data obtained 
in this study suggest that APE1 stimulates DNA binding of the transcription factors without reducing 
the conserved cysteine residues in the both AP-1 and NF-κB proteins. To further substantiate our 
findings, we decided to examine whether APE1 can stimulate the DNA binding of redox-insensitive 
p50-C62S mutant. In agreement with the previous observations [15], we demonstrate that utilization of 
high concentrations of p50-C62S mutant (50-100 nM) resulted in saturation of DNA binding and 
masked the stimulatory effect of APE1 (SI Appendix, Fig. S6). Therefore, we measured the formation 
of super-shifted p50/DNA band after incubation of the 5'-[32P]-labelled 11 mer and 26 mer duplex 
oligonucleotides with limited amount of the p50-C62S protein (10 nM), APE1 (500 nM) and either 
diamide, a disulfide generating agent, or varying concentration of the reducing agents (Fig. 8 and SI 
Appendix, Fig. S7). Under these limiting conditions, the p50-C62S mutant generated a weak super-
shifted band with 26 mer on the EMSA gel (Fig. 8, lane 3), but not with 11 mer DNA duplex (SI 
Appendix, Fig. S7) (for quantification see SI Appendix Table S5). As expected, incubation of the p50-
C62S mutant with 70 μM diamide, 1 and 5 mM DTT, and 1 mM GSH, did not significantly inhibit or 
stimulate formation of the p50-C62S/DNA complex (Fig. 8, lanes 4, 6-7 and 10, and SI Appendix, Fig. 
S6 and Table S5). On the other hand, addition of APE1 alone stimulated the DNA binding of p50-
C62S mutant (Fig. 8, lane 5 and SI Appendix, Fig. S7 and Table S5), suggesting that APE1 can 
stimulate the transcription factors without affecting the redox state of cysteine residues. 

Noteworthy, GSH and DTT at high 5 mM concentrations, but not at 1 mM, interfered with 
DNA binding of p50-C62S and APE1-mediated stimulation. Addition of 5 mM GSH, but not 1 mM 
GSH, strongly inhibited p50-C62S binding to 26 mer DNA duplex (Fig. 8, lane 11) and 11 mer DNA 
duplex (SI Appendix, Fig. S7), as compared to p50-C62S incubated without reducing agents (Fig. 8, 
lanes 3-4 and SI Appendix, Fig. S7). Furthermore, the presence of 5 mM GSH strongly inhibits the 
APE1-mediated stimulation of DNA binding of p50-C62S (Fig. 8, lane 13 and SI Appendix, Fig. S7 
and Table S5). These results suggest that high concentration of GSH, but not that of DTT, inhibits 
DNA binding of p50-C62S mutant and consequently the APE1-mediated stimulation. We may 
propose that GSH when used at high concentrations induce S-glutathionylation of cysteine residues in 
p50-C62S mutant which inhibits its DNA binding. Addition of 1 or 5 mM DTT alone does not 
significantly influence DNA binding of p50-C62S (Fig. 8, lanes 6-7 and SI Appendix, Fig. S7 and 
Table S5), however, in the presence of APE1, 5 mM DTT strongly stimulates DNA binding of p50-
C62S (Fig. 8, lane 9) as compared to APE1 only (Fig. 8, lane 5). We suggest that an increase in the 
APE1-mediated stimulation of DNA binding of p50-C62S by 5 mM DTT is due to interaction of this 
reducing agent with APE1 and not due to interaction with the p50-C62S protein. 

3.8. Electron microscopy analysis of DNA complexes with the APE1 protein. 
Previously, transmission electron microscopy (TEM) and Atomic Force Microscopy (AFM) 

imaging of protein/DNA complexes showed that APE1 binds to regular DNA duplex as multi-protein 
oligomers [30]. In the present study, the results obtained with EMSA suggest that the APE1 oligomers 
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on DNA could be involved in the stimulation of TFs. To get insight into the mechanism of APE1-
mediated stimulation, we examined the interactions between APE1 and DNA using TEM. In addition 
to wild-type (WT) full-length APE1, we used truncated C-terminal deletion variant APE1-C∆128 
which contains first N-terminal 190 amino acids. It was shown that the APE1-C∆128 protein 
stimulates DNA binding of TFs, but completely lacks DNA repair activities [9]. For TEM imaging, we 
incubated 5 nM of undamaged negatively supercoiled (sc) pUC19 plasmid DNA with 2.5 μM full-
length APE1-WT (1 APE1 per 5 bp) or 5 μM C-terminal deletion variant APE1-C∆128 which 
contains first N-terminal 190 amino acids (1 APE1 molecule per 2.5 bp) in binding buffer (10 mM 
Tris-HCl pH 8, 50 mM NaCl) for 10 min at 4°C. The resulting APE1/DNA complexes were visualized 
using TEM in dark-field mode. The dark field electron images showed that both APE1 proteins 
efficiently bind scDNA molecules (91% of protein/DNA complexes were formed) (Fig. 9, panels B-C). 
We could note that both full-length and truncated APE1 proteins favor DNA strands crossing each 
other, apparently involving (DNA/protein)-(protein/DNA) interactions. Previously. we have shown 
that the presence of APE1-WT on undamaged linear dsDNA increased the intra-molecular folding of 
DNA fragments and can further induce inter-molecular bridging among several linear dsDNA 
molecules [30]. Consistent with these observation here, the APE1-WT and APE1-C∆128 proteins bind 
and bridge negative supercoiled DNA. 

3.9. APE1-WT and APE1-C∆128 are multimerized at areas containing ssDNA-dsDNA junctions 
Since our EMSA data show that APE1 can stably bind single-stranded DNA fragments which might 
adopt secondary structures, we examined the binding of APE1-WT and APE1-C∆128 to the single-
stranded region within linear DNA duplex using TEM imaging. For this, the hybrid DNA molecules 
containing a large 440 nt ssDNA gap between two dsDNA segments referred as 1440gapDNA have 
been constructed. The differential behavior of APE-WT and APE1-C∆128 proteins on the ss and ds 
DNA was analyzed by TEM using 5 nM 1440gapDNA and 500 nM APE-WT and APE1-C∆128 
proteins incubated in the binding buffer (10 mM Tris-HCl pH 8, 50 mM NaCl) for 10 min at 4°C (Fig. 
10). Both the APE1-WT and APE1-C∆128 proteins were accumulated on the ds-ssDNA junction of 
the gapped molecules. The APE1-C∆128/DNA complexes seem to be more stable than that of the 
APE1-WT/DNA. The ds-ssDNA junction mimics a specific DNA structure area comparable to a four-
way Holliday junction or to an abasic site. This result is consistent with the previously published data 
where we have shown that APE1-WT polymerizes along linear DNA fragment to recognize and 
accumulate on AP site [30]. 

3.10. APE1-WT and APE1-C∆128 search and distort the DNA areas containing intrinsic 
curvature and anisotropic flexibility. 
APE1 affinity to DNA structures exhibiting increased flexibility such as ssDNA oligonucleotides and 
ssDNA-dsDNA junctions implies that the APE1-mediated multimerization on DNA depends on the 
presence of anisotropic flexibility in the DNA conformation. The sequence-dependent intrinsic 
curvature of DNA, which is characterized by the presence of A-tracts with the adjacent 5’ or 3’ CA or 
TA dinucleotides and anisotropic flexibility, can promote the stabilization of DNA binding proteins 
which are searching for the particular sites on DNA and in turn these proteins are able to distort the 
curved DNA areas [56-57]. The A-tracts appear to be structurally rigid [58], whereas adjacent CA/TA 
dinucleotides exhibit the anisotropic flexibility due to their well-known low base pair stacking energy 
[59-60]. Thus, such structure (flexible dinucleotide / rigid segment) appears optimal to curve or to 
kink DNA by specific proteins as it was shown previously for the LrpC protein [37] and for the H-NS 
protein which both induce structurally similar DNA distortions [61]. Bacterial DNA binding proteins 
such as LrpC and H-NS are able to oligomerize in a non-specific manner along DNA duplex and be 
stabilized in areas exhibiting increased DNA bendability and distortions. To explore the human AP 
endonuclease behavior on curved DNA, the APE1 protein was incubated with a linear pBR322 C7 
dsDNA fragment which has a region of curvature containing the A tracts (CAAAA and AAAAC) (Fig. 
11A). Five nM of linear C7 dsDNA (Fig. 11B) was mixed with either 500 nM APE1-WT (Fig. 11, 
panels C1-C5) or APE1-C∆128 (Fig. 11, panels D1-D5) and incubated in the binding buffer (10 mM 
Tris-HCl pH 8, 50 mM NaCl) for 10 min at 4°C. The results of TEM imaging revealed the capacity of 
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both APE1-WT and APE1-C∆128 proteins to generate site-specific distortions in the C7 region of 
DNA molecules (Fig. 10C-D). Noteworthy, the APE1-WT and APE1-C∆128 proteins bound to the A 
tract – enriched region induce a kink in 14% of DNA molecules (total molecules analyzed: n = 346 
and n= 286, respectively). 

3.11. Computer modeling of the APE1-DNA interactions. 
To rationalize the findings related to the experimental data from the structural point of view, we first 
attempted to reconstruct the full-length APE1 molecule, since all available structures of human APE1 
have truncations of 36 to 44 amino acid residues from the N-terminus [12, 17, 45, 62-68]. In the 
structures, residues Met37–Lys52 form an extended chain running along one side of the main protein 
globule. We performed elastic network analysis of available APE1 structures, which showed that 
vibrational movements in this N-terminal region are only loosely coupled with the rest of the protein 
(SI Appendix, Fig. S8A). Thus, both the structural data and elastic network analysis indicate that forty 
to fifty residues in the N-terminal region of APE1 likely behave independently of the rest of the 
protein in terms of their folding and movement. 

We then combined ab initio folding and protein–protein docking to obtain the shape of the N-
terminal fragment. To this aim, we have first employed replica-exchange Monte Carlo simulation of 
protein folding to generate models of the Met1–Glu46 fragment from APE1 (APE1–46). Ten best-
scoring models were then subjected to rigid-body protein-protein docking with the APE1 structure 
artificially truncated to start from Asp47 (APE47–318); ten pairs of chains were generated for every 
folding model, resulting in a total of 100 models. When they were ranked based on the distance 
between the C-terminus of the N-terminal fragment and the N-terminus of the protein body, a single 
model stood out with 3.82 Å separating C[Glu46] and N[Asp47] and allowing their re-connection with 
minimal structural changes (SI Appendix, Fig. S9A). Two other docked pairs, coming from the same 
folding model, had the C[Glu46]–N[Asp47] distances of 5.02 Å and 5.69 Å, and were essentially less 
favorable rotations of the folded fragment at the same docking spot (SI Appendix, Fig. S9A). All other 
models produced the C[Glu46]–N[Asp47] distance > 9.3 Å (SI Appendix, Fig. S9B) and thus were 
unsuitable candidates for correct folding and docking. In the best model, the peptide backbone was 
restored, and the structure was energy-minimized to produce the full-length APE1 model, APE1full 
(Fig. 12A). Similarly to what was observed in the truncated protein forms, the vibrational modes in the 
APE1–46 fragment were weakly correlated with the rest of the protein (SI Appendix, Fig. S8B), 
suggesting that it likely functions as an independent structural module. 

To reveal possible reasons for the multimerization of APE1 on DNA observed by TEM, we 
have docked APE1full on itself, restricting the output to asymmetric models with the docking interface 
involving the N-terminal fragment and the DNA-binding groove not obscured. A single model that 
satisfied these criteria also displayed roto-translational symmetry with four monomers docked as rigid 
bodies until clashes started to appear. Energy minimization to relieve these clashes produced a 
tetramer model in which DNA can be wrapped around the protein core, which is extendable by adding 
more APE1 molecules (Fig. 12B). 

Based on the biochemical data, we have proposed that APE1 can bind ends of double-stranded 
DNA. APE1 belongs to the Exonuclease–Endonuclease–Phosphatase structural superfamily, which 
also includes tyrosyl DNA phosphodiesterase 2 (TDP2), an enzyme that specifically processes double-
stranded DNA breaks with covalently trapped topoisomerase II molecules [69]. Superposition of the 
structure of TDP2 bound at an end of double-stranded DNA with that of APE1 (both experimental 
structures and homology models on the TDP2 templates) showed that APE1, with minimal structural 
readjustment, could bind a DNA end in a similar manner (Fig. 12C and SI Appendix, Fig. S10). 

4. DISCUSSION 

The multi-functional human APE1 protein participates in the repair of oxidative DNA damage, 
transcriptional regulation of redox-dependent factors and cellular proliferation. Suppression of APE1 
results in embryonic lethality in mice [70], inhibits human cell proliferation and induces apoptosis [5]. 
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At present, it remains unknown which of the APE1-catalyzed functions are essential for cell viability, 
since the lack of comprehensive understanding of the molecular mechanisms which link the DNA 
repair and non-DNA repair functions of APE1 in human cells. In the present study, we investigated the 
molecular mechanisms of APE1-catalyzed TF-stimulating function and NIR activity, by using several 
different techniques: EMSA, DNA repair assay, electron microscopy and molecular modeling. 

4.1. APE1 binds to ssDNA in an apparently cooperative manner to form stable protein/DNA 
complexes. 

We demonstrated that APE1 can generate super-shifted protein/DNA complexes in the EMSA 
gel with 22-64-mer oligonucleotides (Fig. 1). Analysis of the migration pattern of super-shifted DNA 
fragments points to a cooperative binding of APE1 to DNA, which may be required to generate stable 
APE1/DNA bound complexes. Indeed, APE1 fails to bind very short 11-15-mer ssDNA fragments 
implying that the stable DNA binding of APE1 requires sufficiently long DNA fragments to position 
more than one molecule of protein (Fig. 1). By using oligo (dT) primers we showed that stable binding 
of APE1 to ssDNA does not require the presence of secondary structures (SI Appendix Fig. S1). 
Contrary to ssDNA, APE1 does not generate stable bound complexes with dsDNA, instead we 
observed smeared DNA bands in the EMSA gel (Fig. 2). Based on our previous electron and atomic 
force microscopy imaging of APE1-DNA complexes [30], we may propose that APE1 oligomers on 
dsDNA induce intermolecular bridging among several DNA molecules thus generating small and large 
DNA condensates possibly either via protein–protein interactions across distant APE1-oligomers or 
protein-DNA interactions between APE1 oligomer and free DNA. Therefore, the smearing pattern of 
dsDNA migration in the gel in the presence of APE1 may be due to intermolecular bridging between 
two duplex DNA molecules mediated by APE1 oligomers. Alternatively, the affinity of bound APE1 
mono- and oligomers may be simply not sufficient to stabilize the complex enough to be detected by 
EMSA, which is a non-equilibrium assay where even highly stable complexes may fall apart quickly 
and fail to re-form while moving in an electric field. 

We have also investigated the stoichiometry of APE1 binding to ssDNA by using UV-
crosslinking to 22 and 50 mer oligo (dT) primers. The data showed that APE1 is capable to bind 
ssDNA in apparently cooperative manner to form dimers and higher-order oligomers on sufficiently 
long DNA fragments (Fig. 3). Based on these results, we hypothesize that cooperative DNA binding 
by APE1 may play a role in the NIR and redox functions. 

4.2. APE1-catalyzed repair and TF-stimulating activities depend on DNA duplex structure. 
Here we demonstrated that under reaction conditions used APE1 is unable to cleave the 

dumbbell-shaped DNA duplex (dmbDNA) containing single αdA residue, whereas it cleaves with a 
high efficiency dmbDNA with a synthetic AP site and linear DNA duplex with αdA•T (Fig. 4 and SI 
Appendix Fig. S2). These results indicate that APE1 utilizes different mechanisms of DNA damage 
recognition when acting upon AP site and αdA nucleotide. Interestingly, the bacterial AP 
endonuclease Nfo was not sensitive to DNA structures and was able to cleave with high efficiency 
both duplex and dmbDNA substrates containing AP site and αdA residue implying that Nfo utilizes 
the same mechanism to recognize structurally different DNA lesions. Inclusion of the non-coding 
residue Z opposite to αdA in dmbDNA enables APE1 to cleave this particular DNA substrate. Here, 
we propose that the APE1-catalyzed NIR activity towards αdA•T requires more drastic DNA bending 
than BER on THF•T. It is tempting to speculate that APE1 bends αdA•T DNA similarly to that 
observed in two crystal structures of E. coli Nfo bound to a cleaved synthetic AP site and to a nicked 
duplex DNA which reveal that the bacterial enzyme sharply kinks the DNA helix by ~90° and flips the 
AP site and the dC nucleotide, respectively, and also the opposite base partner out of the DNA base 
stack [71-73]. Intriguingly, APE1 can recognize αdA•Z base pair when present in dmbDNA, 
suggesting that the presence of Z residue may increase the flexibility of dmbDNA enabling APE1 to 
bend the dmbDNA in more pronounced manner and to form catalytically proficient complex with the 
DNA substrate. In the previous study, we have demonstrated that APE1 can bind to dsDNA in a 
cooperative manner and generate oligomers on DNA [30]. Based on this, we hypothesize that the tight 
binding of APE1 to αdA•T DNA duplex under NIR conditions is due to cooperative assembly of 
several enzyme molecules into oligomers on the DNA which enables APE1 to recognize αdA and 
cleave DNA substrate. Thus, in the case of dmbDNA substrate, APE1 fails to bind dmbDNA 
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containing αdA in a cooperative manner and to form stable oligomers, suggesting that APE1 acts on 
these dmbDNA substrates as a monomer and requires additional means to destabilize DNA, such as 
the presence of Z residue, in order to catalyze the cleavage of phosphodiester bond 5' next to the lesion. 

In agreement with above observations, the APE1-mediated AP-1 stimulation on dmbDNA was 
less efficient as compared to linear DNA duplexes (Fig. 5 and SI Appendix, Fig. S4). Taken together, 
these observations suggest that the APE1 protein assembling on DNA, required for NIR and TF-
stimulation, strongly depends on structural properties of the helix. 

4.3. APE1 acts synergistically with reducing agents and stimulates DNA binding of p50-C62S redox 
mutant. 

Previously, it was shown that the reduction of cysteine in TFs requires high concentration of 
APE1, which cannot be replaced with BSA [74] suggesting that the stimulation of DNA binding of 
AP-1 and NF-kB is very specific for APE1. Nevertheless, addition of BSA can enhance the effect of 
DTT on AP-1 implying a possible non-specific crowding effect [3, 9]. To further substantiate a 
possible mechanistic link between DNA repair and TF-stimulating function, we characterized APE1 
and plant AP endonuclease catalyzed stimulation of DNA binding of AP-1 and NF-κB using EMSA 
and high molar concentration of the repair proteins. First, we compared APE1-mediated stimulation of 
DNA binding of the AP-1 heterodimer c-Jun/c-Fos to dmbDNA, intact and nicked DNA duplexes 
each containing a recognition site for AP-1. Results revealed that in the presence of reducing agents 
APE1 stimulates AP-1 binding to dmbDNA two-fold less efficiently as compared to intact and nicked 
DNA duplexes (Fig. 5B), suggesting that APE1-catalyzed stimulation of DNA binding of AP-1 
depends on DNA structures. This result is in agreement with very low APE1 NIR activity on 
dmbDNA substrate described above. Furthermore, we showed that when acting together APE1 and the 
reducing agents stimulate the DNA binding of the oxidized AP-1 and NF-κB p50 subunit in a 
synergistic manner implying that APE1 does not reduce the cysteine residues in TFs, but employs a 
different mechanism (Figs. 5 and 6). Previously, Ando and colleagues proposed that APE1 employs 
redox-chaperone function to induce conformational changes in TFs and facilitate reduction of cysteine 
residues by the reducing agents [15]. However, we showed that the plant AP endonucleases, which are 
far diverged from the human counterpart and lack many conserved cysteine residues, stimulate the 
DNA binding of p50 subunit of NF-κB similarly to human APE1 (Fig. 7). This result together with the 
previous observation of the ARP-mediated stimulation of DNA binding of AP-1 [16] strongly suggests 
that the plant AP endonucleases stimulate mammalian TFs in the redox- and chaperon-independent 
manner. 

To further substantiate the alternative mechanism of APE1-catalyzed stimulation of TFs, we 
characterized the DNA binding of the redox-insensitive p50-C62S mutant. Previously, Ando and 
colleagues demonstrated that APE1 did not stimulate DNA binding of p50-C62S mutant [15]. 
However, the authors used high concentration of the mutant protein (50 nM), under this conditions 
more than 50% of the DNA probe was stably bound to protein in the EMSA gel (SI Appendix Fig. S6). 
Here, to avoid saturation of DNA binding we used limited concentration of the p50-C62S mutant 
protein (10 nM). The EMSA showed that APE1, but not the reducing agents, stimulates the DNA 
binding of p50-C62S (Fig. 8). This result further supports the alternative mechanism in which APE1 
stimulates the DNA binding of transcription factors without affecting the redox state of their 
conserved cysteine residues. In addition, we observed that high concentration of GSH and DTT can 
modulate the APE1-mediated stimulation of p50-C62S (Fig. 8 and SI Appendix Fig. S7). 

4.4. APE1 multimerizes on curved DNA and promotes binding of the transcription factors. 
In our previous work using TEM and AFM imaging, we showed that APE1 can dynamically 

multimerize on linear DNA fragments in apparently sequence-independent manner [30]. In the present 
work, we further investigated APE1 oligomerization on the covalently closed circular plasmid DNA 
(scDNA), gapped linear duplex DNA and duplex DNA fragment containing a region of curvature with 
A-tracts. TEM imaging revealed that both the full-length APE1 and TF-stimulation active truncated 
APE1-C∆128 efficiently oligomerize along scDNA and generate mainly intra-molecular DNA folding 
of the circular molecules which give rise to bridging and small condensates (Fig. 9). Noteworthy, both 
the APE1-WT and APE1-C∆128 proteins preferentially bind and multimerize onto ssDNA in the 
gapped DNA fragment and are stabilized at the ss-dsDNA junctions due to the increased flexibility of 
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these areas in DNA (Fig. 10). As we have shown previously, the presence of AP site in duplex DNA 
also creates anisotropic flexibility, which facilitates the lesion recognition by APE1 after the protein 
oligomerization to search the lesion [30]. In agreement with the above observations, we showed that 
the site-specific oligomerization of APE1 on DNA occurs on intrinsically curved DNA containing the 
C7 region with the A-tracts rich motifs (Fig. 11). The oligomerization of APE1-WT and APE1-C∆128 
on DNA areas with anisotropic flexibility promotes the site-specific distortions of DNA molecules 
offering a possible mechanism by which APE1 may regulate transcription (Fig. 11C-D). 

Protein polymerization along DNA sequences enables mechanical scanning or sensing of the 
structural properties of DNA for the presence of intrinsic curvature or flexibility due to DNA lesions 
(strand breaks, abasic sites, mismatches, thymine dimers, etc). Stable association of the proteins at 
specific DNA sites may be correlated with DNA bending they induce. Such DNA bending also 
induces distortions at the level of adjacent sequences, thus promoting the binding of other proteins, 
such as transcription factors, as it was shown for the p53 protein binding to its DNA cognate which is 
favored by the DNA curvature induced by HMG1B [75]. Generally, the proteins which induce DNA 
bending exhibit better affinity when their recognition sites are located in curved or flexible regions, so 
called DNA bendable regions. Indeed, intrinsically curved DNA regions play important role in 
transcription regulation [76-78]. Our results suggest similar mechanisms since NF-κB and Fos-Jun 
have been described as the DNA bending factors [79-80], even if the DNA bending by Fos-Jun was 
argued [81]. 

Previously, using nuclear cell extracts it was shown that APE1 binds to two negative calcium 
responsive elements (nCaRE-A and nCaRE-B) in the promoters of Ca2+-dependent repressor of the 
parathyroid hormone (PTH) gene [82] and also APE1 itself [83]. Furthermore, using EMSA it has 
been demonstrated that the purified APE1 protein can stably bind to the duplex oligonucleotide 
containing nCaRE-B sequences [28]. Strikingly, sequence analysis of nCaRE reveals the presence of 
A-tracts (dTTTTTG)/(dCAAAAA) flanking the recognition site for nCaRE-binding proteins. It was 
shown that the negative transcriptional regulatory elements such as nCaRE in PTH gene are created 
during retransposition of 7SL RNA to Alu repeat [84]. Alu elements contain the 3' poly-A tail which is 
prerequisite for retro-transposition, and in turn gives rise to the formation of intrinsic DNA curvature 
observed in the promoters containing the nCaRE regulatory sequence. Besides, intrinsically curved 
DNA structures are often found within or next to transcription regulatory regions (TRRs) in eukaryotic 
genomes. Based on our data, we propose that APE1 specifically binds and oligomerizes on curved 
DNA regions and promotes site specific distortion which in turn stimulates binding of various 
transcription factors to their cognate sites. The available crystal structures [12, 64, 66] indicate that 
APE1 binds DNA in the minor groove and widens the major groove; since both AP-1 and NF-kB p50 
bind in the major groove [85-86], APE1 could assist these TFs in a binding-dependent, redox-
independent manner, acting essentially as a molecular matchmaker. It should be noted that in 
oligonucleotide substrates, the collective affinity of bound APE1 oligomers is likely sufficient to 
facilitate TF binding but not sufficient to stabilize the complex enough to be detected by EMSA. In 
long DNA, the oligomers could cooperatively grow to much longer, more stable filaments, allowing 
their microscopic detection. 

4.5. Functionally relevant structural features of APE1 revealed by computer modeling. 
The “redox domain” was first identified in the literature by deletion mapping as a part of 

APE1 that spans the region between amino acid positions 35 and 127 and regulates the sequence-
specific DNA binding of various transcription factors [9, 17]. However, the available crystal structures, 
our APE1full model, and sequence conservation do not support the existence of a structural domain 
there in the strict sense as a distinctly folded and independently evolving protein fragment. Rather, it 
spans a part of the conserved catalytic core and the end of the N-terminal fragment of human APE1. 
Notably, the postulated redox-active C65 residue is not conserved even within vertebrates, which 
mostly contain S/T at this position (SI Appendix, Supplemental File S1), and seems to be a unique 
mammalian feature [17]. Structurally, C65 lies in the β1 strand buried inside the protein globule. 
Interestingly, in the elastic network model, the short stretch I64–W67 shows cross-correlated 
vibrational movements with almost all β-strands that make up the central core of the APE1 structure 
(SI Appendix, Fig. S8). Moreover, in low-frequency modes, the APE1 molecule has C65 at one of 
global hinge centers, which often mark functionally important sites in enzymes [87]. These 
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observations suggest that, despite being buried, C65 is located in a quite dynamic region of the APE1 
globule. 

The structure of the N-terminal fragment (~40 residues) of APE1 is not solved experimentally 
and may be disordered (SI Appendix, Fig. S11). However, even disordered protein regions are often 
satisfactorily described by an ensemble of conformations, some of which can be more stable despite a 
relatively flat energy landscape [88-90]. Thus, we have attempted to generate a plausible structure of 
full APE1 by folding the N-terminal fragment ab initio and docking it to the existing structure of the 
catalytic core (Fig. 12). Although the resulting model is by no means definitive, two observations give 
hope of its resemblance of an actual structure, or at least one of the structures in the conformational 
ensemble. First, there was clearly the best solution (SI Appendix, Fig. S9), which came from the 
highest-scoring folded structure and the bin of ten highest-scoring docked models; two next best 
solutions also came from the same model at nearly the same docking spot. Second, the model 
produced a reliable APE1 oligomerization interface that could explain the TEM observations. 
Additionally, our model is consistent with the observed post-translational modifications of several 
lysine residues in the N-terminal fragment [91]. We hypothesize that the folded state of the N-terminal 
fragment could be more stable in the isolated protein or in APE1 oligomers, and that binding DNA 
could induce partial unfolding of this tail, highly enriched in positively charged Lys and Arg residues, 
which can be engaged in electrostatic interactions with DNA phosphates, effectively serving as an 
accessory DNA-binding site. Several lines of evidence show that the N-terminal fragment of APE1 
participates in DNA binding during NIR activity [23] and in interaction of the protein with RNA and 
nCaRE sequence in certain gene promoters [27-28, 92]. The deletion, mutation, and acetylation of Lys 
residues within the N-terminal fragment lead to increased AP site cleavage activity [27, 91]. More 
speculatively, the intrinsic dynamics of the N-terminal fragment could induce transient unfolding of 
the adjacent core domain, exposing C65 to interactions with the proteins regulated by APE1. 

Earlier, 3′-terminal phosphodiesterase activity of APE1 at double-stranded breaks had been 
reported [93], and we have also observed distinct dependence of APE1 action on the nature of ends of 
double-stranded oligonucleotide substrates. The ability of APE1 to bind the ends of the duplex may be 
due to its structural similarity to TDP2, an enzyme evolved for repair of topoisomerase irreversibly 
stalled at double-strand breaks. In the cell, double-strand breaks are often parts of clustered DNA 
damage, with other base or sugar lesions located nearby. Thus, the affinity of the ends for APE1 could 
provide a fast entry route for removing such lesions and cleaning the ends for the subsequent break 
repair. 

4.6. Possible biological role of APE1-catalyzed stimulation of TFs. 
Here, we demonstrate that APE1 can specifically oligomerize on curved DNA structures and 

exacerbate further the existing helix distortion. Based on the data obtained in present study, we may 
propose that the nucleosome-free transcription regulatory regions (TRRs) containing intrinsically bend 
DNA structures would be prone to APE1-mediated stimulation of DNA binding of certain TFs. 
Similarly, DNA curvature may enhance the removal of oxidized bases in these TRRs via BER 
pathway. Noteworthy, it has been shown that activation of the expression of immune- and stress-
responsive genes, such as THFα and interleukins depends on 8-oxoguanine-DNA glycosylase, OGG1, 
which excises oxidized guanines in promoter regions of NF-κB-regulated genes [94-95]. In our 
previous study and in the present work, we showed that APE1 greatly stimulates OGG1-catalyzed 
excision of 8oxoG residues and DNA binding of NF-κB by the same mechanism [30]. Under oxidative 
stress conditions caused by inflammation or hypoxia, increased level of ROS will oxidize DNA bases 
in the genome in essentially random manner. The APE1-mediated stimulation of oxidized TFs and the 
DNA glycosylases would recruit TFs and in the presence of 8oxoG would introduce single-strand 
breaks, respectively, in the nucleosome-free TRRs containing an intrinsic curvature. The APE1-
promoted DNA strand breaks in TRRs would be recognized by PARP1 which in turn might regulate 
the transcription of the genes under the control of these TRRs. Whereas, APE1-mediated TF-
stimulation may in addition promote interactions between distantly located enhancer/insulator 
elements with their promoters and lead to the formation of new DNA interactions within topologically 
associated domains (TADs). Transcription factors, chromatin organizers and other nuclear proteins 
bind to their recognition sites on DNA to regulate transcription, replication and chromatin structure. 
These lead to genome compaction into chromatin domains which in turn provides a major framework 
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for a coordinated modulation of gene expression and DNA replication. TADs represent one of the 
higher levels of DNA organization; they may also be related to spatial organization of DNA 
replication and gene expression [96]. Here, we hypothesize that APE1 is involved in chromatin 
organization via stimulation of the DNA binding of certain TFs and possibly chromatin organizers 
such as the CCCTC-binding factor (CTCF). Importantly, down-regulation of APE1 strongly inhibits 
human cell proliferation and induces apoptosis [5, 97] suggesting that APE1 could be involved in the 
regulation of essential cellular processes such as DNA transcription and replication possibly via 
chromatin organization. 

Conclusions. 
In this study, we attempted to elucidate the molecular mechanism underlying APE1-catalyzed NIR and 
TF-stimulating activities. We demonstrated that APE1 binds to DNA in transient and cooperative 
manner to generate oligomer-like structures, which in turn induce conformational changes in the helix 
and increase the affinity of transcription factors for cognate DNA sequences. APE1 multimerization 
on DNA can be considered as a substitute for diffusion along the DNA contour to probe the helix for 
the presence of anisotropic flexibility in form of a DNA lesion or intrinsic curvature. Indeed, APE1 
specifically binds to intrinsically curved DNA structures and promotes further helix distortion. We 
suggest that the APE1-mediated site-specific DNA helix distortions within or near TRRs recruits 
various DNA binding factors which in turn stimulate the organization of multiprotein regulatory 
complexes. During evolution the eukaryotic homologues of bacterial AP endonuclease Xth acquired 
the N-terminal non-catalytic redox domain which provided additional biological functions including 
TF-stimulating and NIR activities. 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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 FIGURE LEGENDS 

Figure 1. EMSA analysis of the APE1 binding to single-stranded DNA oligonucleotides of 
varying length. The standard binding reaction mixture (20 μl) contained 2 nM of 5’-[32P]-labelled 
ssDNA oligonucleotide and 500 nM APE1. The mixture was incubated for 30 min at 6°C, after which 
an aliquot was analyzed by EMSA. Lane 1, 11 mer ssDNA; lane 2, as 1, but with APE1; lanes 3, 5, 7, 
9, 11, 13 and 15, 15 mer, 22 mer, 28 mer, 36 mer, 40 mer, 38 mer and 63 mer ssDNA, respectively; 
lanes 4, 6, 8, 10, 12, 14 and 16, as 3, 5, 7, 9, 11, 13 and 15, but with APE1. The positions of migration 
of APE1/DNA complexes and free DNA probes are indicated to the right of the gel. "X" denotes 
contaminating DNA band. For details see Materials and Methods. 

Figure 2. EMSA analysis of the APE1 binding to DNA oligonucleotides with varying structures. 
The standard binding reaction mixture (20 μl) contained 1-100 nM 5’-[32P]-labelled single-stranded 
and duplex oligonucleotides and 500 nM APE1. The mixtures were incubated for 20 min at room T°C, 
after which an aliquot was analyzed by EMSA. Lane 1, control free 1 nM 22 mer ssDNA; lanes 2-8, 1, 
2, 5, 10, 20, 50 and 100 nM 22 mer ssDNA incubated with 500 nM APE1; lane 9, control free 1 nM 
22 mer dsDNA; lanes 10-16, 1, 2, 5, 10, 20, 50 and 100 nM 22 mer dsDNA incubated with 500 nM 
APE1; lane 17, control free 1 nM 50 mer dumbbell-shaped duplex DNA (dmbDNA); lanes 18-23, 1, 5, 
10, 20, 50 and 100 nM 50 mer dmbDNA incubated with 500 nM APE1. Schematic drawings of three 
DNA structures used are shown at the top of the gel. The positions of migration of APE1/DNA 
complexes and free DNA probes are indicated to the right of the gel. "X" denotes contaminating DNA 
band. For details see Materials and Methods. 

Figure 3. UV cross-linking of APE1 to single-stranded DNA. Odd lanes, (dT)22, even lanes, (dT)50. 
Lanes 1 and 2, no UV and no APE1; lanes 3 and 4, no UV, 2 μM APE1; lanes 5 and 6, 30 min UV, 
2 μM APE1; lanes 7 and 8, 30 min UV, 1 μM APE1; lanes 9 and 10, 30 min UV, no APE1. Arrows 
indicate the bands presumably corresponding to 1, 2 and more than 2 molecules of APE1 cross-linked 
to single-stranded oligo-dT. For details see Materials and Methods. 

Figure 4. APE1-catalyzed NIR activity towards dumbbell-shaped DNA sructure. (A) Denaturing 
PAGE analysis of the cleavage products. Briefly, 10 nM 5′-32P-labeled αdA•T and αdA•Z duplex 
oligonucleotides were incubated in the NIR reaction buffer (20 μl) for 0–60 min at 37°C in the 
presence of 5 nM APE1. Lane 1, control 22 mer αdA•T duplex; lanes 2-4, as 1, but APE1 for 5, 10 and 
60 min; lane 5, control 51 mer αdA•T dumbbell oligonucleotide duplex (dmbDNA); lanes 6-8, as 5, 
but APE1 for 5, 10 and 60 min; lane 9, control 51 mer αdA•Z dmbDNA; lanes 10-12, as 9, but APE1 
for 5, 10 and 60 min; lane 13, control 50 mer αdA•T nicked oligonucleotide duplex; lanes 14-16, as 13, 
but APE1 for 5, 10 and 60 min. Schematic drawings of four oligonucleotide DNA duplexes used are 
shown at the top of the gel. Substrate and cleavage product sizes and 3'→5' exonuclease degraded 
fragments are indicated to the right of the gel. (B) Chemical structures of modified DNA bases used in 
the assay. For details, see Materials and Methods. 

Figure 5. APE1-stimulated binding of AP-1 to regular and dumbbell-shaped DNA duplexes. (A) 
EMSA analysis of the products of the binding reaction. 5 nM 5'-[32P]-labelled duplex oligonucleotides, 
51 mer dmbDNA (dumbbell) and 50 mer dsDNA (full duplex) were incubated in the standard EMSA 
buffer (20 μl) containing 500 nM APE1, 250 nM AP-1 and 1 mM of the reducing agents GSH or DTT. 
After incubation for 30 min at room T°C, the products were analyzed by gel shift assay. Lane 1, 
control free 51 mer dmbDNA probe; lane 2, dmbDNA + APE1; lane 3, dmbDNA + AP-1; lane 4, 
dmbDNA + AP-1/APE1; lane 5, dmbDNA + AP-1/GSH; lane 6, dmbDNA + AP-1/GSH/APE1; lane 7, 
dmbDNA + AP-1/DTT; lane 8, dmbDNA + AP-1/DTT/APE1; lanes 9-16, same as 1-8 but with 50 
mer dsDNA probe. Schematic drawings of dmbDNA and dsDNA oligonucleotide probes used are 
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shown at the top of the gel. The positions of migration of AP-1/DNA complex and free DNA probe 
are indicated to the right of the gel. "X" denotes contaminating DNA band. (B) Graphical 
representation of the APE1-mediated stimulation of AP-1 DNA binding to dmbDNA, dsDNA (full 
duplex) and nicked duplex DNA. Asterisks indicate statistically significant, whereas "ns" indicates not 
significant differences between the means. For details see Materials and Methods. 

Figure 6. APE1 together with reducing agents stimulate DNA binding of the NF-κB p50 subunit 
in synergistic manner. (A) EMSA analysis of the products of the binding reaction. 5 nM 5'-[32P]-
labelled 11 and 26 mer oligonucleotide duplexes were incubated in the EMSA buffer for p50 (20 μl) 
containing 500 nM APE1, 100 nM p50 and varying concentration of the reducing agents GSH and 
DTT. After incubation for 30 min at room T°C, the samples were analyzed by EMSA. Lanes 1 and 10, 
control free 11 and 26 mer DNA; lanes 2 and 11, as 1 and 10, but p50; lanes 3 and 12, as 1 and 10, but 
p50 and APE1; lanes 4 and 13, as 1 and 10, but p50 and 1 mM GSH; lanes 5 and 14, as 1 and 10, but 
p50, 1 mM GSH and APE1; lanes 6 and 15, as 1 and 10, but p50 and 0.1 mM DTT; lanes 7 and 16, as 
1 and 10, but p50, 0.1 mM DTT and APE1; lanes 8 and 17, as 1 and 10, but p50 and 1 mM DTT; lanes 
9 and 18, as 1 and 10, but p50, 1 mM DTT and APE1. The positions of migration of p50/DNA 
complex and free DNA probe are indicated to the right of the gel. (B) Graphical representation of the 
APE1-mediated stimulation of p50 DNA binding to 11 and 26 mer oligonucleotide duplexes. Asterisks 
indicate statistically significant, whereas "ns" indicates not significant differences between the means. 
For details see Materials and Methods. 

Figure 7. Plant AP endonucleases stimulate DNA binding of the NF-κB p50 subunit to 26 mer 
DNA duplex. 5 nM 5'-[32P]-labelled 26 mer duplex oligonucleotide was incubated in the EMSA buffer 
for p50 (20 μl) containing 10 nM p50, 500 nM AP endonuclease (APE1, N∆61-APE1, ARP or wARP), 
and 1 mM GSH. After incubation for 30 min at room T°C, the samples were analyzed by EMSA. Lane 
1, control free 26 mer oligonucleotide duplex; lane 2, as 1, but p50; lane 3, as 1, but p50 and GSH; 
lane 4, as 1, but p50 and N∆61-APE1; lane 5, as 1, but p50, GSH and N∆61-APE1; lane 6, as 1, but 
p50 and APE1; lane 7, as 1, but p50, GSH and APE1; lane 8, as 1, but p50 and wARP; lane 9, as 1, but 
p50, GSH and wARP; lane 10, as 1, but p50 and ARP; lane 5, as 1, but p50, GSH and ARP. The 
positions of migration of p50/DNA complex and free DNA probe are indicated to the right of the gel. 
For details see Materials and Methods. 

Figure 8. APE1 stimulates binding of the NF-κB p50-C62S redox insensitive mutant to 26 mer 
DNA duplex. 5 nM of 5'-[32P]-labelled 26 mer duplex oligonucleotide was incubated in the EMSA 
buffer for p50 (20 μl) containing 10 nM p50-C62S, 500 nM APE1, and varying concentrations of GSH 
and DTT. After incubation for 30 min at room T°C, the products of the binding reaction were analyzed 
by EMSA. Lane 1, control free 26 mer duplex DNA; lane 2, as 1, but with APE1; lane 3, as 1, but with 
p50-C62S; lane 4, as 1, but with p50-C62S treated by 70 μM diamide; lane 5, as 1, but with p50-C62S 
and APE1; lanes 6-7, as 3, but with 1 and 5 mM DTT; lanes 8-9, as 6-7, but with APE1; lanes 10-11, 
as 3, but with 1 and 5 mM GSH; lanes 12-13, as 10-11, but with APE1. The positions of migration of 
AP-1/DNA complex and free DNA probe are indicated to the right of the gel. For details see Materials 
and Methods. 

Figure 9. Interactions of the APE1 and APE1-C∆128 proteins with covalently closed circular 
negatively supercoiled DNA. Filtered dark-field electron microscopy images of 5 nM supercoiled 
pUC19 plasmids in binding buffer containing 10 mM Tris-HCl pH 8 and 50 mM NaCl. (A) DNA 
alone. (B) DNA was incubated in the presence of 2,5 μM of APE1-WT or (C) 5 μM APE1-C∆128. 
The full-length APE1 and APE1-C∆128 proteins bind (91% of plasmid DNA) and bridge negatively 
supercoiled DNA. Scale Bar = 200 nm. For details see Materials and Methods.
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Figure 10. Interactions of the APE1 and APE1-C∆128 proteins with gapped DNA fragment. 
Filtered dark-field electron microscopy images of 5 nM 1440 bp gapped DNA fragment 
(1440gapDNA) incubated in binding buffer containing 10mM Tris-HCl pH 8, 50 mM NaCl. (A1) 
1440gapDNA alone. (A2-A5) 1440gapDNA 500 nM of APE1, or (B1-B5) with APE1-C∆128 proteins. 
APE1 and APE1-C∆128 proteins recognize and stably bind to DNA areas which have an anisotropic 
flexibility. For details see Materials and Methods. 

Figure 11. Interactions of the APE1 and APE1-C∆128 proteins with linear plasmid DNA 
fragment containing curvature. Linear pBR322 DNA fragment was incubated with 500 nM APE1 or 
APE1-C∆128 proteins in the binding buffer containing 10 mM Tris-HCl pH 8 and 50 mM NaCl. The 
products of the binding reaction were analyzed by TEM. (A) Schematic representation of the DNA 
fragment containing C7 region with intrinsic curvature using the DNA ReSCue. (B) Filtered dark-field 
electron micrograph of control 5 nM linear pBR322 dsDNA containing C7 curved region. The APE1 
(C1-C4) and APE1-C∆128 (D1-D5) proteins induce kink in DNA when they bind A-tract enriched 
region. Arrows indicate position of APE1 oligomers. The underlined DNA sequences show A/T tracts. 
Scale Bar = 100 nm. For details see Materials and Methods. 

Figure 12. Computer aided three-dimensional reconstruction and modeling of the full-length 
APE1 molecule. (A) Structure of the full-length APE1 model. The modeled and docked APE1–46 
fragment is shown in magenta. Coordinates of the bound DNA are from PDB structure 1DE8 (APE1 
bound to THF-containing 11-mer, [12]. (B) Model of an APE1 tetramer with bound DNA. Four 
APE1full molecules shown as surface representation (salmon, olive, pink, and lavender) with their 
folded APE1–46 fragments shown in brighter colors (red, green, magenta, and blue, respectively). Four 
DNA molecules are shown as sphere models. (C) Superposition of APE1 (cyan, PDB ID 1BIX [45] 
and TDP2 bound at the end of a DNA duplex with one hanging nucleotide (green, PDB ID 5INQ [49]. 
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Appendix A. Supplementary data 

Supporting Information Figure Legends 

SI Appendix, Figure S1. EMSA analysis of the APE1 binding to 22 mer oligo (dT) primer. (A) 
EMSA analysis of the products of the binding reaction. 2 nM 5'-[32P]-labelled 22 mer regular 
oligonucleotide (ssDNA), oligo (dT)22 primer, and 22 mer oligonucleotide duplex (dsDNA) were 
incubated in the EMSA buffer for APE1 binding (20 μl) containing 500 nM APE1, and varying 
amount of poly(dI:dC)•poly(dI:dC) (0-100 ng). After incubation for 30 min at +6°C, the samples were 
analyzed by EMSA. Lanes 1, 4 and 7, control free 22 mer ssDNA, oligo (dT) and dsDNA; lane 8, as 7 
but with APE1; lanes 2, 5 and 9, as 1, 4 and 7, but with APE1 + 50 ng poly(dI:dC)•poly(dI:dC); lanes 
3, 6 and 10, as 1, 4 and 7, but with APE1 + 100 ng poly(dI:dC)•poly(dI:dC). Schematic drawings of 
three DNA substrates used are shown at the top of the gel. The positions of migration of APE1/DNA 
complex and free DNA probe are indicated to the right of the gel. (B) Graphical representation of the 
APE1/DNA complex formation with different DNA substrates. For details see Materials and Methods.

SI Appendix, Figure S2. APE1-catalyzed AP site cleavage activity towards dumbbell-shaped 
DNA sructure. 10 nM 5′-32P-labeled THF•T duplex oligonucleotides were incubated in the BER 
reaction buffer (20 μl) for 0–60 min at 37°C in the presence of 0.1 nM APE1. Lane 1, control 22 mer 
THF•T duplex; lanes 2-8, as 1 but APE1 for 0.5, 1, 5, 10, 15, 30 and 60 min; lane 9, control 51 THF•T 
mer dumbbell oligonucleotide duplex (dmbDNA); lanes 10-16, as 9, but APE1 for 0.5, 1, 5, 10, 15, 30 
and 60 min; lane 17, control 51 mer THF•Z dumbbell oligonucleotide duplex (dmbDNA); lanes 18-24, 
as 17, but APE1 for 0.5, 1, 5, 10, 15, 30 and 60 min. Schematic drawings of three DNA substrates 
used are shown at the top of the gel. Substrate and cleavage product sizes are indicated to the right of 
the gel. For details, see Materials and Methods. 

SI Appendix, Figure S3. E. coli Nfo-catalyzed NIR activity towards dumbbell-shaped DNA 
sructure. 10 nM 5′-32P-labeled αdA•T duplex oligonucleotides were incubated in the Nfo-specific 
reaction buffer (20 μl) for 0–120 min at 37°C in the presence of 1 nM Nfo. Lane 1, control 22 mer 
αdA•T duplex; lanes 2-7, as 1 but Nfo for 1, 5, 10, 30, 60 and 120 min; lane 8, control 51 mer αdA•T 
dumbbell oligonucleotide duplex (dmbDNA); lanes 9-14, as 9, but APE1 for 1, 5, 10, 30, 60 and 120 
min. Schematic drawings of two DNA substrates used are shown at the top of the gel. Substrate and 
cleavage product sizes are indicated to the right of the gel. For details, see Materials and Methods. 

SI Appendix, Figure S4. EMSA analysis of the APE1-stimulated binding of AP-1 to nicked 
oligonucleotide duplex. 5 nM 5'-[32P]-labelled 50 mer nicked DNA duplex was incubated in the 
standard EMSA buffer (20 μl) containing 500 nM APE1, 250 nM AP-1 and 1 mM of the reducing 
agents GSH or DTT. After incubation for 30 min at room T°C, the DNA bound products were 
analyzed by EMSA. Lane 1, control free DNA probe; lane 2, as 1, but with APE1; lane 3, as 1, but 
with oxidized AP-1; lane 4, as 1, but with APE1 and AP-1; lane 5, as 1, but with AP-1 and GSH; lane 
6, as 1, but with AP-1, APE1 and GSH; lane 7, as 1, but with AP-1 and DTT; lane 8, as 1, but with 
AP-1, APE1 and DTT. Schematic drawing of nicked oligonucleotide DNA duplex used is shown at 
the top of the gel. The positions of migration of AP-1/DNA complex and free DNA probe are 
indicated to the right of the gel. For details see Materials and Methods. 

SI Appendix, Figure S5. Arabidopsis and wheat AP endonucleases stimulate DNA binding of 
AP-1. 5 nM 50 mer 5'-[32P]-labelled full duplex oligonucleotide (dsDNA) was incubated in the 
standard EMSA buffer (20 μl) containing 250 nM AP-1, 1 mM GSH and 0.5-2.0 μM A. thaliana ARP 
or T. aestivum wARP. After incubation for 30 min at room T°C, the products of the binding reaction 
were analysed by EMSA. Lane 1, control free 50 mer dsDNA probe; lane 2, as 1, but with AP-1; lane 
3, as 1, but with AP-1 and GSH; lanes 4-6, as 2, but with 0.5, 1.0 and 2.0 μM ARP, respectively; lanes 
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7-9, as 3, but with 0.5, 1.0 and 2.0 μM ARP, respectively; lanes 10-12, as 2, but with 0.5, 1.0 and 2.0 
μM wARP, respectively; lanes 13-15, as 3, but with 0.5, 1.0 and 2.0 μM wARP, respectively; lane 16, 
same as 2; lane 17, as 2, but with 0.5 μM APE1. The positions of migration of AP-1/DNA complex 
and free DNA probe are indicated to the right of the gel. For details see Materials and Methods. 

SI Appendix, Figure S6. Binding of the NF-κB p50-C62S redox insensitive mutant to 11 and 26 
mer DNA duplexes in the presence of APE1 and reducing agents. 5 nM 5'-[32P]-labelled 11 mer 
and 26 mer oligonucleotide duplex was incubated in the EMSA buffer for p50 (20 μl) containing 50 
and 100 nM p50-C62S, 500 nM APE1, and varying concentrations of GSH and DTT. After incubation 
for 30 min at room T°C, the products of the binding reaction were analyzed by EMSA. (A) Binding of 
NF-κB p50-C62S to 11 mer DNA duplex. Lane 1, control free 11 mer duplex DNA; lane 2, as 1, but 
with p50-C62S; lane 3, as 1, but with p50-C62S treated by 70 μM diamide; lane 4, as 2, but with 1 
mM DTT; lane 5, as 2, but with 1 mM GSH; lane 6, as 2, but with APE1; lane 7, as 6, but with 1 mM 
GSH. (B) Binding of NF-κB p50-C62S to 26 mer DNA duplex. Lane 1, control free 26 mer duplex 
DNA; lane 2, as 1, but with 50 nM p50-C62S; lane 3, as 1, but with 50 nM p50-C62S treated by 70 
μM diamide; lane 4, as 2, but with 1 mM DTT; lane 5, as 2, but with 1 mM GSH; lane 6, as 2, but with 
APE1; lane 7, as 6, but with 1 mM GSH. lane 8, as 1, but with 100 nM p50-C62S; lane 9, as 1, but 
with 100 nM p50-C62S treated by 70 μM diamide; lane 10, as 8, but with 1 mM DTT; lane 11, as 8, 
but with 1 mM GSH; lane 12, as 8, but with APE1. The positions of migration of p50-C62S/DNA 
complex and free DNA probe are indicated to the right of the gel. For details see Materials and 
Methods. 

SI Appendix, Figure S7. APE1 stimulates binding of the NF-κB p50-C62S redox insensitive 
mutant to 11 mer DNA duplex. 5 nM 5'-[32P]-labelled 11 mer oligonucleotide duplex was incubated 
in the EMSA buffer for p50 (20 μl) containing 10 nM p50-C62S, 500 nM APE1, and varying 
concentrations of GSH and DTT. After incubation for 30 min at room T°C, the products of the binding 
reaction were analyzed by EMSA. Lane 1, control free 11 mer duplex DNA; lane 2, as 1, but with 
APE1; lane 3, as 1, but with p50-C62S; lane 4, as 1, but with p50-C62S treated by 70 μM diamide; 
lane 5, as 1, but with p50-C62S and APE1; lanes 6-7, as 3, but with 1 and 5 mM DTT; lanes 8-9, as 6-
7, but with APE1; lanes 10-11, as 3, but with 1 and 5 mM GSH; lanes 12-13, as 10-11, but with APE1. 
The positions of migration of p50-C62S/DNA complex and free DNA probe are indicated to the right 
of the gel. For details see Materials and Methods. 

SI Appendix, Figure S8. Matrix of correlations in fluctuation between APE1 residues in (A) 
structure 2O3H [17]; starting at Met37, this is the longest available human APE1 structure) and (B) 
APE1full model. Co-variation was calculated over the first 20 normal modes. Blue to red heat scale is 
for the cross correlation between different residues. The N-terminal APE1–46 fragment as present in the 
structures is boxed. 

SI Appendix, Figure S9. The shapes of the N-terminal fragment of APE1 obtained by ab initio 
folding and protein–protein docking. (A) Three best models after docking the folded APE1–46 
fragment on the APE47–318 structure. APE47–318 and the best model of APE1–46 (C[Glu46]–
N[Asp47] = 3.82 Å) are shown in green, the second-best model (5.02 Å), in cyan, the third (5.69 Å), in 
magenta. (B) Distribution of C[Glu46]–N[Asp47] in 100 docked pairs of APE1–46 model with APE47–

318 structure. 

SI Appendix, Figure S10. Superimposition of the X-ray structures. Structure of APE1 (PDB ID 
1BIX, colored salmon) superimposed over the homology models of the APE1 catalytic domain built 
on TDP2 templates (PDB IDs 5INL, green, 5INO, cyan, 5INP, magenta, 5INQ, yellow [49]. The 
DNA-binding groove is facing the viewer. Note that the most pronounced structural differences 
between the models are around the α9 helix of 1BIX (left) away from the DNA-binding groove. 

SI Appendix, Figure S11. Disorder prediction in the sequence of APE1. The prediction was 
performed by ESpritz bi-directional recursive neural network trained on a DisProt set [98]. The 
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checkered pattern marks the catalytic domain of APE1 (Leu62–Leu316). The dashed line marks the 
position of C65. 

SI Appendix, Supplemental File S1. Alignment of several metazoan APE1 sequences, limited to 
one per taxonomic class. Vertebrate sequences are shown in bold; the position corresponding to C65 
of human APE1 is marked. The alignment was produced by Clustal Omega v1.2.4 [99]. 
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SI Appendix, Figure S1. EMSA analysis of the APE1 binding to 22 mer oligo (dT) primer. (A) 
EMSA analysis of the products of the binding reaction. 2 nM 5'-[32P]-labelled 22 mer regular 
oligonucleotide (ssDNA), oligo (dT)22 primer, and 22 mer oligonucleotide duplex (dsDNA) were 
incubated in the EMSA buffer for APE1 binding (20 l) containing 500 nM APE1, and varying 
amount of poly(dI:dC)•poly(dI:dC) (0-100 ng). After incubation for 30 min at +6°C, the samples were 
analyzed by EMSA. Lanes 1, 4 and 7, control free 22 mer ssDNA, oligo (dT) and dsDNA; lane 8, as 7 
but with APE1; lanes 2, 5 and 9, as 1, 4 and 7, but with APE1 + 50 ng poly(dI:dC)•poly(dI:dC); lanes 
3, 6 and 10, as 1, 4 and 7, but with APE1 + 100 ng poly(dI:dC)•poly(dI:dC). Schematic drawings of 
three DNA substrates used are shown at the top of the gel. The positions of migration of APE1/DNA 
complex and free DNA probe are indicated to the right of the gel. (B) Graphical representation of the 
APE1/DNA complex formation with different DNA substrates. For details see Materials and Methods. 
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SI Appendix, Figure S2. APE1-catalyzed AP site cleavage activity towards dumbbell-shaped 
DNA sructure. 10 nM 5 -32P-labeled THF•T duplex oligonucleotides were incubated in the BER 
reaction buffer (20 l) for 0–60 min at 37°C in the presence of 0.1 nM APE1. Lane 1, control 22 mer 
THF•T duplex; lanes 2-8, as 1 but APE1 for 0.5, 1, 5, 10, 15, 30 and 60 min; lane 9, control 51 THF•T 
mer dumbbell oligonucleotide duplex (dmbDNA); lanes 10-16, as 9, but APE1 for 0.5, 1, 5, 10, 15, 30 
and 60 min; lane 17, control 51 mer THF•Z dumbbell oligonucleotide duplex (dmbDNA); lanes 18-24, 
as 17, but APE1 for 0.5, 1, 5, 10, 15, 30 and 60 min. Schematic drawings of three DNA substrates 
used are shown at the top of the gel. Substrate and cleavage product sizes are indicated to the right of 
the gel. For details, see Materials and Methods.  
 
 
 

 
 

SI Appendix, Figure S3. E. coli Nfo-catalyzed NIR activity towards dumbbell-shaped DNA 
sructure. 10 nM 5 -32P-labeled dA•T duplex oligonucleotides were incubated in the Nfo-specific 
reaction buffer (20 l) for 0–120 min at 37°C in the presence of 1 nM Nfo. Lane 1, control 22 mer 

dA•T duplex; lanes 2-7, as 1 but Nfo for 1, 5, 10, 30, 60 and 120 min; lane 8, control 51 mer dA•T 
dumbbell oligonucleotide duplex (dmbDNA); lanes 9-14, as 9, but APE1 for 1, 5, 10, 30, 60 and 120 
min. Schematic drawings of two DNA substrates used are shown at the top of the gel. Substrate and 
cleavage product sizes are indicated to the right of the gel. For details, see Materials and Methods.  
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SI Appendix, Figure S4. EMSA analysis of the APE1-stimulated binding of AP-1 to nicked 
oligonucleotide duplex. 5 nM 5'-[32P]-labelled 50 mer nicked DNA duplex was incubated in the 
standard EMSA buffer (20 l) containing 500 nM APE1, 250 nM AP-1 and 1 mM of the reducing 
agents GSH or DTT. After incubation for 30 min at room T°C, the DNA bound products were 
analyzed by EMSA. Lane 1, control free DNA probe; lane 2, as 1, but with APE1; lane 3, as 1, but 
with oxidized AP-1; lane 4, as 1, but with APE1 and AP-1; lane 5, as 1, but with AP-1 and GSH; lane 
6, as 1, but with AP-1, APE1 and GSH; lane 7, as 1, but with AP-1 and DTT; lane 8, as 1, but with 
AP-1, APE1 and DTT. Schematic drawing of nicked oligonucleotide DNA duplex used is shown at 
the top of the gel. The positions of migration of AP-1/DNA complex and free DNA probe are 
indicated to the right of the gel. For details see Materials and Methods.   
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SI Appendix, Figure S5. Arabidopsis and wheat AP endonucleases stimulate DNA binding of 
AP-1. 5 nM 50 mer 5'-[32P]-labelled full duplex oligonucleotide (dsDNA) was incubated in the 
standard EMSA buffer (20 l) containing 250 nM AP-1, 1 mM GSH and 0.5-2.0 μM A. thaliana ARP 
or T. aestivum wARP. After incubation for 30 min at room T°C, the products of the binding reaction 
were analysed by EMSA. Lane 1, control free 50 mer dsDNA probe; lane 2, as 1, but with AP-1; lane 
3, as 1, but with AP-1 and GSH; lanes 4-6, as 2, but with 0.5, 1.0 and 2.0 μM ARP, respectively; lanes 
7-9, as 3, but with 0.5, 1.0 and 2.0 μM ARP, respectively; lanes 10-12, as 2, but with 0.5, 1.0 and 2.0 
μM wARP, respectively; lanes 13-15, as 3, but with 0.5, 1.0 and 2.0 μM wARP, respectively; lane 16, 
same as 2; lane 17, as 2, but with 0.5 μM APE1. The positions of migration of AP-1/DNA complex 
and free DNA probe are indicated to the right of the gel. For details see Materials and Methods.  
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SI Appendix, Figure S6. Binding of the NF- B p50-C62S redox insensitive mutant to 11 
and 26 mer DNA duplexes in the presence of APE1 and reducing agents. 5 nM 5'-[32P]-
labelled 11 mer and 26 mer oligonucleotide duplex was incubated in the EMSA buffer for p50 
(20 l) containing 50 and 100 nM p50-C62S, 500 nM APE1, and varying concentrations of 
GSH and DTT. After incubation for 30 min at room T°C, the products of the binding reaction 
were analyzed by EMSA. (A) Binding of the NF- B p50-C62S redox insensitive mutant to 11 
mer DNA duplex. Lane 1, control free 11 mer duplex DNA; lane 2, as 1, but with p50-C62S; 
lane 3, as 1, but with p50-C62S treated by 70 μM diamide; lane 4, as 2, but with 1 mM DTT; 
lane 5, as 2, but with 1 mM GSH; lane 6, as 2, but with APE1; lane 7, as 6, but with 1 mM 
GSH. (B) Binding of the NF- B p50-C62S redox insensitive mutant to 26 mer DNA duplex. 
Lane 1, control free 26 mer duplex DNA; lane 2, as 1, but with 50 nM p50-C62S; lane 3, as 1, 
but with 50 nM p50-C62S treated by 70 μM diamide; lane 4, as 2, but with 1 mM DTT; lane 5, 
as 2, but with 1 mM GSH; lane 6, as 2, but with APE1; lane 7, as 6, but with 1 mM GSH. lane 
8, as 1, but with 100 nM p50-C62S; lane 9, as 1, but with 100 nM p50-C62S treated by 70 μM 
diamide; lane 10, as 8, but with 1 mM DTT; lane 11, as 8, but with 1 mM GSH; lane 12, as 8, 
but with APE1. The positions of migration of p50-C62S/DNA complex and free DNA probe 
are indicated to the right of the gel. For details see Materials and Methods.  
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SI Appendix, Figure S7. APE1 stimulates binding of the NF- B p50-C62S redox insensitive mutant 
to 11 mer DNA duplex. 5 nM 5'-[32P]-labelled 11 mer oligonucleotide duplex was incubated in the 
EMSA buffer for p50 (20 l) containing 10 nM p50-C62S, 500 nM APE1, and varying concentrations 
of GSH and DTT. After incubation for 30 min at room T°C, the products of the binding reaction were 
analyzed by EMSA. Lane 1, control free 11 mer duplex DNA; lane 2, as 1, but with APE1; lane 3, as 1, 
but with p50-C62S; lane 4, as 1, but with p50-C62S treated by 70 μM diamide; lane 5, as 1, but with 
p50-C62S and APE1; lanes 6-7, as 3, but with 1 and 5 mM DTT; lanes 8-9, as 6-7, but with APE1; 
lanes 10-11, as 3, but with 1 and 5 mM GSH; lanes 12-13, as 10-11, but with APE1. The positions of 
migration of p50-C62S/DNA complex and free DNA probe are indicated to the right of the gel. For 
details see Materials and Methods.  
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SI Appendix, Figure S8. Matrix of correlations in fluctuation between APE1 residues in (A) 
structure 2O3H [16]; starting at Met37, this is the longest available human APE1 structure) and (B) 
APE1full model. Co-variation was calculated over the first 20 normal modes. Blue to red heat scale is 
for the cross correlation between different residues. The N-terminal APE1–46 fragment as present in the 
structures is boxed.  
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SI Appendix, Figure S9. The shapes of the N-terminal fragment of APE1 obtained by ab initio 
folding and protein–protein docking. (A) Three best models after docking the folded APE1–46 
fragment on the APE47–318 structure. APE47–318 and the best model of APE1–46 (C[Glu46]–
N[Asp47] = 3.82 Å) are shown in green, the second-best model (5.02 Å), in cyan, the third (5.69 Å), in 
magenta. (B) Distribution of C[Glu46]–N[Asp47] in 100 docked pairs of APE1–46 model with APE47–

318 structure.  
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SI Appendix, Figure S10. Superimposition of the X-ray structures. Structure of APE1 (PDB ID 
1BIX, colored salmon) superimposed over the homology models of the APE1 catalytic domain built 
on TDP2 templates (PDB IDs 5INL, green, 5INO, cyan, 5INP, magenta, 5INQ, yellow [49]. The 
DNA-binding groove is facing the viewer. Note that the most pronounced structural differences 
between the models are around the 9 helix of 1BIX (left) away from the DNA-binding groove.  
 

 
 
SI Appendix, Figure S11. Disorder prediction in the sequence of APE1. The prediction was 
performed by ESpritz bi-directional recursive neural network trained on a DisProt set [92]. The 
checkered pattern marks the catalytic domain of APE1 (Leu62–Leu316). The dashed line marks the 
position of C65.  
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