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A B S T R A C T

The base excision repair (BER) pathway involves sequential action of DNA glycosylases and apurinic/apyrimi-
dinic (AP) endonucleases to incise damaged DNA and prepare DNA termini for incorporation of a correct nu-
cleotide by DNA polymerases. It has been suggested that the enzymatic steps in BER include recognition of a
product–enzyme complex by the next enzyme in the pathway, resulting in the “passing-the-baton” model of
transfer of DNA intermediates between enzymes. To verify this model, in this work, we aimed to create a suitable
experimental system. We prepared APE1 site-specifically labeled with a fluorescent reporter that is sensitive to
stages of APE1–DNA binding, of formation of the catalytic complex, and of subsequent dissociation of the en-
zyme–product complex. Interactions of the labeled APE1 with various model DNA substrates (containing an aba-
sic site) of varied lengths revealed that the enzyme remains mostly in complex with the DNA product. By means
of the fluorescently labeled APE1 in combination with a stopped-flow fluorescence assay, it was found that Polβ
stimulates both i) APE1 binding to an abasic-site–containing DNA duplex with the formation of a catalytically
competent complex and ii) the dissociation of APE1 from its product. These findings confirm DNA-mediated co-
ordination of APE1 and Polβ activities and suggest that Polβ is the key trigger of the DNA transfer between the en-
zymes participating in initial steps of BER.

1. Introduction

Genomic DNA in the live cell constantly undergoes various molecu-
lar lesions due to endogenous and exogenous factors [1]. The most com-
mon type of DNA damage is a single-base lesion that involves the loss of
a base through spontaneous hydrolysis [2], base oxidation [3–6], or
alkylation [7–10] during physiological metabolism or modification by
endogenous DNA-damaging agents. These types of DNA lesion are mu-
tagenic and therefore are repaired in live cells. These lesions can arise
both in single-stranded and in double-stranded DNA [11]. In the single-
stranded DNA context, they can be repaired by homologous recombina-
tion [12,13] and template switching [14–16] mechanisms. By contrast,

in double-stranded DNA, the single-base lesions are processed mainly
by BER [17–21].

BER is a multistep process initiated by spontaneous or DNA glycosy-
lase–initiated base loss. In the last case, DNA glycosylase recognizes
and removes a damaged base, thereby generating an apurinic/apyrimi-
dinic (AP) site [22,23]. Subsequently, the damaged DNA strand is in-
cised by apurinic/apyrimidinic endonuclease 1 (APE1) on the 5′ side of
the AP site to generate 3′-hydroxyl and 5′-deoxyribose phosphate (dRP)
groups at the ends [24–27]. Then, DNA polymerase β (Polβ) adds a sin-
gle nucleotide to the 3′-hydroxyl and removes the dRP group by means
of intrinsic dRP lyase activity [28–32]. Alternatively, Polβ can insert
2–12 nucleotides thus creating a multinucleotide 5′-flap that is conse-

Abbreviations: αA, the α-anomer of 2′-deoxyadenosine; AP site, apurinic/apyrimidinic site; BER, base excision repair; DHU, 5,6-dihydrouridine; F, (2R,3S)− 2-
(hydroxymethyl)− 3-hydroxytetrahydrofuran; FRET, Förster resonance energy transfer; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
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quently cleaved off by flap endonuclease 1 (FEN1) [33,34]. The first
subpathway including only single-nucleotide replacement is referred to
as short-patch BER. Another subpathway including ≥ 2-nucleotide re-
placement and involving FEN1 for cleaving off the flap is called long-
patch BER. At the final step of the BER pathway, the integrity of the
DNA backbone is restored by a DNA ligase. Aside from the aforemen-
tioned repair enzymes, accessory proteins such as X-ray repair cross-
complimenting protein 1 (XRCC1) [35–40], proliferating cell nuclear
antigen (PCNA) [41,42], and poly(ADP-ribose) polymerase 1 (PARP1)
[43] are believed to participate in the coordination of BER processes.

According to the “passing-the-baton” model of BER, DNA intermedi-
ates in BER are processed and then passed from one enzyme to another
in a coordinated fashion [44–46]. Step-by-step coordination of BER
events is thought to be facilitated by multiple protein–protein interac-
tions comprising BER enzymes and accessory proteins [43,47–51].
Therefore, investigating not only protein–DNA but also protein–protein
interactions is required for a complete understanding of the BER mech-
anism.

APE1 is one of BER enzymes that recognizes and incises a DNA
strand containing an AP site [52,53]. Although the interaction of APE1
with DNA has been studied quite extensively, the interactions of this en-
zyme with other BER proteins and its participation in the coordination
of BER processes are still debated. The last 2 decades saw a number of
studies in this field: it has been found that APE1 stimulates catalytic ac-
tivity of many human DNA repair glycosylases, including uracil DNA
glycosylase (UNG) [54,55], thymine DNA glycosylase (TDG) [56–58],
alkyladenine DNA glycosylase (AAG) [59,60], methyl-CpG-binding do-
main 4 (MBD4) [51], adenine DNA glycosylase MutY and MYH
[61–64], and oxoguanine DNA glycosylase (OGG1) [51,65–68]. This ef-
fect has been explained: APE1 passively (not forming specific pro-
tein–protein interactions) and/or actively (forming specific interactions
with glycosylase) displaces glycosylase from its complex with the prod-
uct thereby raising the product-release rate of DNA glycosylase. This
mechanism is still unclear and was discussed and clarified in recent and
latest articles [68,69]. Besides, APE1 is reported to stimulate the dRP
lyase activity of Polβ [70,71]. In turn, APE1 endonuclease activity is en-
hanced by some DNA glycosylases [50], Polβ [50,72], and XRCC1 [37,
50,72]. The mutual enhancement of each other’s enzymatic activities
by APE1 and aforementioned proteins can materialize due to either di-
rect [73,74] or DNA-mediated [51] protein–protein interactions. In-
deed, it has been demonstrated that APE1 and DNA form ternary com-
plexes with Polβ [70,75] and OGG1 [69]. The above data indicate that
APE1 interacts with many other BER proteins, and further investigation
is necessary to understand how exactly these proteins modulate each
other’s enzymatic activities to coordinate all BER processes.

A powerful tool for research into protein–protein interactions is a
fluorescence-based approach, when a protein is labeled by a relatively
small-molecule fluorescent dye. Such a fluorescently labeled protein
can form natural contacts with DNA and other proteins, and the local
environment of the fluorophore can thus change, leading either to alter-
ations in own fluorescence intensity or to the formation of a Förster res-
onance energy transfer (FRET) pair with a quencher located in the part-
ner molecule. Such an approach has been used to analyze direct pro-
tein–protein contacts in BER under equilibrium conditions [73] and re-
vealed new features of APE1–OGG1 interactions in a recent work [69].
Thus, protein–protein and protein–DNA interactions can be monitored
in real time by the measurement of the fluorescent signal via the
stopped-flow technique under pre–steady-state conditions. Therefore,
the aim of the present study was to create an experimental system based
on fluorescently labeled APE1 that would allow us to analyze the pro-
tein–protein and protein–DNA interactions in BER. It turned out that
the obtained labeled APE1 variants change fluorescence intensity when
associating with DNA substrates containing an AP site thus enabling us
to monitor kinetics of the enzyme–DNA interaction. It was revealed that
Polβ specifically affects the interaction of APE1 with its substrate and

its product. The mechanisms of these protein–protein interactions in
BER are discussed at the end of the paper.

2. Materials and methods

2.1. Protein expression and purification

The wild type (WT) APE1 enzyme was expressed and purified as de-
scribed previously [76]. Mutations C138S/C296S, C138S/C310S, and
C296S/C310S were introduced into the pET11a-APE1 plasmid using a
site-directed mutagenesis kit (QuikChange XL, Stratagene). For the ex-
pression of double mutants C138S/C296S, C138S/C310S, and C296S/
C310S, 1 L of Escherichia coli strain Rosetta II(DE3) culture (Invitrogen,
France) (in 2xYT broth) carrying the pET11a-APE1 construct was
grown at 100 μg/mL ampicillin and 25 μg/mL chloramphenicol and
37 °C until absorbance at 600 nm (A600) reached 0.6–0.7. APE1 expres-
sion was induced overnight with 0.5 mM isopropyl-β-D-
thiogalactopyranoside at 25 °C. Purification of the mutant proteins was
performed as described earlier [77,78].

Human DNA polymerase β (Polβ) was expressed in Rosetta 2 (DE3)
E. coli cells. The cells carrying a pET28c expression vector were grown
in 1 L of the Luria–Bertani (LB) medium supplemented with 50 μg/mL
kanamycin at 37 °C to an optical density of 0.6 at 600 nm. Then, the
temperature was lowered to 20 °С, and transcription was induced by
the addition of 0.2 mM IPTG. After that, the cells were incubated for
16 h. The cells were harvested by centrifugation (5000 × g, 10 min)
and then resuspended in a buffer (20 mM HEPES-KOH pH 7.8, 40 mM
NaCl) followed by cell lysis by means of a French press. All the purifica-
tion procedures were carried out at 4 °C. Each homogenate was cen-
trifuged at 40,000 × g for 40 min, and the supernatant was passed
through a column packed with 30 mL of the Q-Sepharose resin (Amer-
sham Biosciences) pre-equilibrated in a buffer (20 mM HEPES-KOH pH
7.8, 200 mM NaCl). The flow-through fractions containing the Polβ pro-
tein were pooled, supplemented with 20 mM imidazole, and loaded on
a 1 mL HiTrap-Chelating™ column (Amersham Biosciences). Bound
proteins were eluted with a linear 20 → 500 mM gradient of imidazole.

The proteins’ concentrations were measured by means of A280; their
stock solutions were stored at − 20 °C in 50 % glycerol.

2.2. Oligodeoxynucleotides

The sequences of the DNA and RNA substrates employed in this
work are presented in Table 1. Oligodeoxynucleotides were synthesized
by standard phosphoramidite methods on an ASM-800 synthesizer
(BIOSSET Ltd., Novosibirsk, Russia) using phosphoramidites purchased
from either Glen Research or ChemGenes. The synthetic oligodeoxynu-
cleotides were purified by high-performance liquid chromatography on
an Agilent 1200 chromatograph (USA) and a Zorbax SB-C18 column
(5 µm), 4.6 × 150 mm, via a linear gradient of acetonitrile (0 → 50 %)
in the presence of 20 mM triethylammonium acetate (pH 7.0) for
30 min at a flow rate of 2 mL/min. Fractions containing oligodeoxynu-
cleotides were dried in vacuum, dissolved in water, and precipitated
with 2 % LiClO4 in acetone. After washing with pure acetone and dry-
ing, the oligodeoxynucleotide precipitates were dissolved in water and
stored at − 20 °C until experiments. Concentrations of the
oligodeoxynucleotides were determined through the use of A260. Homo-
geneity of the purified oligodeoxynucleotides was evaluated by poly-
acrylamide gel electrophoresis in a denaturing 20 % gel. The
oligodeoxynucleotides were visualized with the Stains-All dye (Sigma,
USA). All DNA duplexes were prepared by annealing of modified and
complementary strands at the 1:1 molar ratio in an aqueous solution.
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Table 1
Sequences of oligodeoxynucleotides.a

Name Sequence

F/G-13 5'-TCTCTCFCCTTCC-3'
3'-AGAGAGGGGAAGG-5'

DHU/G-13 5'-TCTCTC(DHU)CCTTCC-3'
3'-AGAGAG G GGAAGG-5'

αA/T-13 5'-TCTCTC(αA)CCTTCC-3'
3'-AGAGAG T GGAAGG-5'

F/G-17 5'-GCTCAFGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC-5'

F/G-3'BHQ-17 5'-GCTCAFGTACAGAGCTG-3'
3'- BHQ1-CGAGTGCATGTCTCGAC-5'

F/G-5'BHQ-17 5'-GCTCAFGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC-BHQ1-5'

C/G-3'BHQ-17 5'-GCTCACGTACAGAGCTG-3'
3'- BHQ1-CGAGTGCATGTCTCGAC-5'

C/G-5'BHQ-17 5'-GCTCACGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC-BHQ1-5'

U/G-17 5'-GCTCAUGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC-5'

DHU/G-17 5'-TCTCTCTC(DHU)CCTTCCTT-3'
3'-AGAGAGAG G GGAAGGAA-5'

FAM-F/G-17 5'-FAM-GCTCAFGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC − 5'

FRET-F/G-17 5'-FAM-GCTCAFGTACAGAGCTG-3'
3'-CGAGTGCATGTCTCGAC-BHQ1-5'

F/G-28 5'-GTGTCACCACTGCTCAFGTACAGAGCTG-3'
3'-CACAGTGGTGACGAGTGCATGTCTCGAC-5'

FAM-F/G-28 5'-FAM-GTGTCACCACTGCTCAFGTACAGAGCTG-3'
3'-CACAGTGGTGACGAGTGCATGTCTCGAC-5'

a FAM is 6-carboxyfluorescein, BHQ1 is black hole quencher, FRET is Förster
resonance energy transfer, F is (2 R,3 S)− 2-(hydroxymethyl)− 3-
hydroxytetrahydrofuran [a reduced analog of an AP (abasic) site], DHU is 5,6-
dihydrouridine, and αA is the α-anomer of 2′-deoxyadenosine.

2.3. Protein labeling

Fluorescent labeling of APE1 was implemented by incubation of a
protein (50 µM) with a fivefold molar excess of Alexa Fluor™ 488 C5
maleimide (Thermo Fisher Scientific) for 3 h at 4 °C in labeling buffer
(50 mM HEPES/KOH pH 7.4, 25 mM NaCl). The unincorporated free
dye was then removed using a 3 kDa Amicon centrifugal filter (Merck,
Germany). Final concentrations of the protein and incorporated label
were determined by measurement of A280 and A491 with the help of cor-
responding extinction coefficients for APE1 and Alexa Fluor 488. The
labeled proteins were subjected to SDS-PAGE analysis, and the gels
were visualized by fluorescence analysis to monitor the dye label and
by Coomassie Blue staining to monitor the protein. The number of dye
molecules attached to an APE1 molecule was determined by matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry. Based on these data and on literature data about sites of
APE1 modification [69,79], the labeling sites were chosen for our cases.

2.4. Polyacrylamide gel electrophoresis analysis of DNA cleavage by labeled
proteins

To verify the AP endonuclease activity of labeled APE1, polyacry-
lamide gel electrophoresis analysis of cleavage was performed using a
substrate called FAM-F/G-17 (Table 1). To start a reaction between the
enzyme and substrate, their solutions were mixed at 25 °C in reaction
buffer, which was composed of 50 mM Tris-HCl pH 7.5, 50 mM KCl,
6 mM MgCl2 1 mM EDTA, and 7 % of glycerol (v/v), with final protein
and DNA concentrations of 0.05 and 1 µM, respectively. After 20 s from
its start, the reaction was quenched by means of a gel loading dye con-
taining 8 M urea and 25 mM EDTA. The obtained samples were then
loaded on a 20 % (w/v) polyacrylamide/7 M urea gel. The gels were vi-
sualized using an E-Box CX.5 TS gel-documenting system (Vilber Lour-

man, France) and quantified in the Gel-Pro Analyzer software (Media
Cybernetics, Rockville, MD).

2.5. Mass-spectrometric analysis

These experiments were conducted at the multiaccess center Mass-
Spectrometric Investigations (SB RAS, Novosibirsk, Russia) on a
MALDI-TOF/TOF Ultraflex III mass spectrometer (Bruker Daltonics,
Germany). Proteins were identified by this mass-spectrometric analysis.
Each sample was precipitated with 9 volumes of cold acetone (−20 °C),
and the pellet was dissolved and incubated in 10 µL of 8 M urea/0.4 M
AmB buffer at 60 °C for 1 h. After cooling of the samples to room tem-
perature, 50 µL of 40 mM AmB buffer containing sequencing-grade
modified trypsin (1 µg trypsin per 50 µg protein) was added to the mix-
ture to attain 2 M urea concentration. The digestion reactions were al-
lowed to proceed for 16 h at 37 °C. Peptides were desalted using C18
ZipTips (Millipore), mixed (at 0.5 µL of the sample per 0.5 µL of the ma-
trix) with 2,5-dihydroxybenzoic acid dissolved in a 70 % acetonitrile/
0.1 % trifluoroacetic acid mixture, and spotted onto a standard MTP
ground steel plate (Bruker Daltonics). The mass spectra of the tryptic
protein digests were recorded in reflective positive ion mode in the m/z
range of 350–4700. The spectra were next analyzed in the FlexAnalysis
software (v3.0, build 96, Bruker Daltonics), and peptide masses were
entered into local MASCOT server 2.2.04 for the identification of pep-
tides.

2.6. Stopped-flow fluorescence assays

Stopped-flow measurements with fluorescence detection were car-
ried out mostly as described previously [80–82] by means of a model
SX.20 stopped-flow spectrometer (Applied Photophysics Ltd., UK). Flu-
orescence of Alexa Fluor 488 was excited at λex = 495 nm and moni-
tored at λem > 530 nm (with Schott filter OG-530). Typically, each
trace shown is the average of four or more individual experiments. Usu-
ally, the experiments were conducted at 25 °C in reaction buffer con-
sisting of 50 mM Tris-HCl pH 7.5, 50 mM KCl, 1.0 mM EDTA, 6.0 mM
MgCl2, and 7 % of glycerol (v/v). Nonetheless, when we investigated
only protein–DNA binding without DNA cleavage, we used the binding
buffer that did not contain MgCl2 but contained 10 mM EDTA to pre-
vent AP endonuclease activity of APE1. Such experimental cases with-
out Mg2+ are marked specially. All reported concentrations represent
the final concentration of components after mixing.

The stopped-flow curves were fitted to the double-exponential equa-
tion

(1)

where is the observed fluorescence, is the background fluores-
cence, and are fluorescence parameters, and and are the ob-
served rate constants of the first and the second stages, respectively.

2.7. A microscale thermophoresis (MST) assay

Binding of the APE1 enzyme–substrate complex to Polβ was deter-
mined via the MST approach on a Monolith NT.115 instrument (Nan-
oTemper Technologies, Germany). In all titration experiments, the con-
centrations of labeled APE1 C138S/C296S and F/G-28 (i.e., [APE1] and
[F/G-28]) were 0.5 µM, and concentrations of Polβ were varied from
0.02 to 30.00 μM. The reaction mixtures were incubated at 25 °C in
binding buffer consisting of 50 mM Tris-HCl pH 7.5, 50 mM KCl, and
10 mM EDTA.

To fit the MST data, we used the model in which one molecule of the
APE1–DNA complex binds to one molecule of Polβ to form a ternary
complex:

3



CO
RR

EC
TE

D
PR

OO
F

A.S. Bakman et al. DNA Repair xxx (xxxx) 103450

The dissociation constants were calculated with the help of the fol-
lowing equation derived from the above model:

where is the dissociation constant, is the total Polβ con-
centration, is the total APE1 concentration, is the signal of
APE1–F/G-28 without added Polβ, and is the signal at the maximal
Polβ concentration.

2.8. An electrophoretic mobility shift assay

Binding reactions were prepared at room temperature in the follow-
ing reaction buffer: 50 mM Tris-HCl pH 7.5, 50 mM KCl, 6 mM MgCl2,
1.0 mM DTT, 1.0 mM EDTA, and 7 % of glycerol. Concentration of fluo-
rescently labeled DNA FAM-F/G-28 (Table 1) was 40 nM in all the sam-
ples. Concentration of APE1 was 80 nM if it was added, and Polβ con-
centration was varied from 0 to 1000 nM. Reaction mixtures were incu-
bated for 5 min before loading onto a 10 % native gel (acrylamide:bis-
acrylamide, 37.5:1.0) at 4 °C. The gel was equilibrated and subjected to
an electrophoretic pre-run at 4 °C for at least 30 min before the samples
were loaded. After that, the gel was subjected to electrophoresis at
150 V for 90 min in 0.5 TBE and scanned on a VersaDoc gel imaging
system.

3. Results and discussion

3.1. Alexa Fluor 488 labeling of APE1

Recently, three Cys residues of APE1 (Cys138, Cys296, and Cys310)
were found to be labeled by an iodoacetamide-based chemical modifi-
cation agent [79]. Accordingly, we prepared three APE1 double mu-
tants—C138S/C296S, C138S/C310S, and C296S/C310S—expecting
that each mutant enzyme would be labeled only at one site. In this
work, we utilized Alexa Fluor 488 C5 maleimide to label the WT and
aforementioned double mutants of APE1. After labeling followed by the
removal of the unincorporated reagent, optical spectra were recorded
to estimate the ratios of the protein to the attached fluorophore
(Supplementary Fig. S1). It was proved that the concentration of Alexa
Fluor 488 is higher than the protein concentration for all the samples
(Supplementary Table S1). To verify that the unincorporated label is
completely removed from the samples, SDS-PAGE with visualization by
fluorescence and Coomassie Blue staining was performed
(Supplementary Fig. S2). It was demonstrated that Alexa Fluor 488 is
attached to the proteins, and that the samples are devoid of the free la-
bel. After that, MALDI mass spectra revealed that WT and C296S/
C310S APE1 are mainly doubly labeled, whereas C138S/C296S APE1 is
mainly labeled at the single site (Supplementary Figs. S3–S6), indicat-
ing that the label was attached to Cys138 and to some other residue.
These findings are in agreement with electronic absorption spectra
showing labeling efficiency of ~2 for WT and C296S/C310S but 1.4 and
1.3 for C138S/C310S and C138S/C296S, respectively (Supplementary
Table S1).

In the latest work [69], it was shown that the Cys99 residue also can
be labeled by a maleimide-based reagent. Therefore, to determine the
labeling sites in APE1, MALDI mass spectra were obtained for trypsin
digestion products of labeled and unlabeled APE1 (Supplementary Fig.
S7). It was determined that in the case of a labeled protein, in the

MALDI mass spectra, there is a peak at m/z 2831.8 corresponding to the
peptide “amino acid residues 86–103” conjugated with the Alexa Fluor
488 label, thus confirming the attachment of the dye to the Cys99
residue.

Therefore, these results suggested that in our case, APE1 mostly gets
labeled on residues Cys138 and Cys99 or only on Cys99 in the cases of
mutants C138S/C310S and C138S/C296S. Indeed, the elimination of
Cys138 substantially reduced the labeling efficiency of APE1, whereas
the elimination of residues Cys296 and Cys310 did not have any notice-
able effect on labeling efficiency in comparison with WT APE1. For sub-
sequent experiments, we prepared C138S/C296S APE1 labeled mainly
at the Cys99 residue and WT and C296S/C310S APE1 that are labeled
mainly at Cys99 and Cys138. Polyacrylamide gel electrophoresis analy-
sis of the AP endonuclease activity revealed that free double mutants as
well as Alexa Fluor 488–labeled APE1 enzymes retain the activity of
WT APE1 (Supplementary Fig. S8).

All the four sites of labeling of APE1 on Cys are illustrated in Fig. 1,
which depicts the structure of DNA-bound APE1. The analysis of APE1
structure suggested that Cys99 and Cys138 are the most sterically ac-
cessible for the testing of our hypothesis about labeling sites. It was ob-
vious that Cys99 and Cys310 are close to the DNA-binding site, whereas
Cys138 and Cys296 are located at a distance on the other side of the
protein molecule. Taking into account these findings, changes in Alexa
Fluor 488 fluorescence intensity during APE1 interaction with DNA
were analyzed as a function of the distance between the Cys99 residue
and BHQ1 quencher labels attached to DNA.

Fig. 1. Crystal structure of APE1 bound to AP site–containing DNA (PDB code:
1DE8) with four Cys residues known to be labeled according to the literature.
The fluorescent label is schematically pictured in the green color. The BHQ1
quencher residue attached at the 3′ or 5′ end of the model DNA duplexes is
shown too. The damaged nucleotide is highlighted in black. The estimated dis-
tance between the Cys99 residue and 3'BHQ1 is 13 Å, which is shown in the fig-
ure. Estimation of this and other distances between fluorophores on Cys
residues and fluorescence quenchers on DNA is shown in Supplementary Fig. S9
and Supplementary Table S2. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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3.2. The stopped-flow assay of the interaction of labeled APE1 with 17-nt
duplex oligodeoxynucleotides

When labeled C138S/C296S APE1 was mixed with an undamaged
intact DNA duplex containing the BHQ1 quencher at the 3′ or 5′ end of
the duplex (Table 1, C/G-3'BHQ-17 and C/G-5'BHQ-17), there was a
barely noticeable decrease in Alexa Fluor 488 fluorescence intensity in
the initial part of kinetic curves (Fig. 2 A). On the contrary, when the la-
beled C138S/C296S APE1 was mixed with one of F-site–containing 17-
nt duplex oligodeoxynucleotides (Table 1), two-phase fluorescence
curves were registered, supporting the notion that a specific en-
zyme–substrate interaction was reflected by Alexa Fluor 488 fluores-
cence.

Unexpectedly, the interaction of APE1 with unlabeled duplex F/G-
17 also caused the growth of fluorescence intensity of the dye. This ef-
fect can be explained by the assumption that specific binding of DNA in
the active site of the enzyme induces the replacement of the dye residue
on the enzyme surface and an alteration of the fluorophore’s local envi-
ronment, resulting in an increase of the fluorescence intensity. In fact,
in the crystal structure of the enzyme–substrate complex (Fig. 2), the
site of fluorophore attachment (Cys99) is very close to the DNA sugar-
phosphate backbone (the distance is ~7 Å). Hence, it seems possible
that specific binding of DNA by labeled APE1 causes an alteration in the
fluorophore’s local environment. Of note, when APE1 interacted with
F/G-5'BHQ-17, the first phase was fluorescence growth as in the case of
unlabeled DNA; by contrast, a fluorescence decrease was seen when
APE1 interacted with F/G-3'BHQ-17, suggesting that the BHQ1 that is
attached at the 3′ end can efficiently quench Alexa Fluor 488 at the
early step of the interaction. The second phase was a decrease in the flu-
orescence for all three types of model DNA duplexes containing an AP
site. The curves were fitted to double-exponential Eq. 1, and observed
rate constants for both phases were determined (Table 2).

Pre–steady-state kinetics of the interaction of APE1 with F-
site–containing DNA have been previously studied via monitoring of in-
trinsic Trp fluorescence of the protein [76,83,84] and of FAM fluores-
cence in the substrate called FRET-F/G-17 (Table 1) [85]. Therefore,
the obtained Alexa Fluor 488 fluorescence curves could be interpreted
by their comparison with previously described Trp and FAM fluores-
cence curves for the same process (Fig. 2B, Table 2). The comparison re-
vealed that the first phase of Alexa Fluor 488 fluorescence curves corre-
sponds to the first phase of the Trp and FAM fluorescence traces; this
phase was attributed to the enzyme–DNA binding and to the formation
of a catalytically competent complex, in accordance with our previous
findings [83,84,86,87]. These results indicate good agreement among
intramolecular conformational changes of the enzyme (own Trp
residues of enzyme), intramolecular changes of the DNA duplex (FRET
detection of the FAM/BHQ1 pair in model DNA), and the intermolecu-
lar association detected by the fluorophore and quencher attached to
the enzyme and DNA, respectively.

The second phase of the Alexa Fluor 488 fluorescence traces (a de-
crease in all cases between time points “0.02 s” and “5 s”) matches fluo-
rescence growth in the Trp and FAM curves (Fig. 2B), which was previ-
ously ascribed to DNA cleavage and product release steps [78,84–87]. It
is worth noting that the stopped-flow fluorescence approach cannot
monitor the cleavage of the DNA phosphodiester bond directly. Using
this approach, we can monitor only some conformational rearrange-
ments after the cleavage step. Consequently, here we cannot kinetically
separate DNA cleavage and some product release steps; thus, we believe
that the second phase of the fluorescence traces corresponds to both of
these steps together. This phenomenon could cause the discrepancy be-
tween the DNA cleavage rate constants obtained by us and those deter-
mined by the rapid quench flow technique [88,89]. Indeed, this tech-
nique allows to find the “real” rate of hydrolysis if the rate of the
quenching reaction is faster than the rate of APE1’s cleavage reaction.

Fig. 2. (A) Changes in Alexa Fluor 488 fluorescence during the interaction of labeled C138S/C296S APE1 with one of F-site–containing 17-nt duplex oligodeoxynu-
cleotides or intact 17-nt duplex oligodeoxynucleotides. Experimental data and results of the double-exponential fitting (Eq. 1) are presented as jagged and smooth
traces, respectively. (B) Alexa Fluor 488 fluorescence traces of labeled C138S/C296S APE1 interacting with a 17-nt F-site–containing duplex oligodeoxynucleotide
(F/G-17, F/G-3'BHQ-17, or F/G-5'BHQ-17; Table 1) in comparison with FRET-signal traces of the substrate called FRET-F/G-17 interacting with unlabeled APE1
[85] and Trp fluorescence traces of unlabeled APE1 interacting with F/G-17 [76,83,84]. (C) Schematics of the DNA substrates.
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Table 2
The observed rate constants of the interaction of APE1 with each F-site–
containing oligodeoxynucleotide, as calculated from the Alexa Fluor 488,
FAM, and Trp fluorescence traces.
Fluorophore Substrate k1, s-1 k2, s-1

Alexa Fluor 488 in the protein F/G-3'BHQ-
17

246 ± 1 1.64 ± 0.04

F/G-5'BHQ-
17

262 ± 3 1.66 ± 0.01

F/G-17 127 ± 1 1.84 ± 0.02

FAM/BHQ1 FRET pair in
oligodeoxynucleotide

FRET-F/G-17 500 ± 80 4.08 ± 0.01

Trp residues in protein F/G-17 407 ± 3 3.92 ± 0.02

Therefore, the discrepancy between the two methods can be attributed
to these features of reaction step detection by each method. It is worth
noting that the DNA cleavage assay performed previously by our group
[86] yielded data consistent with stopped-flow cleavage rates derived
in the present study.

In the experiments with F/G-17 and F/G-5'BHQ-17, fluorescence in-
tensity of Alexa Fluor 488 tended to return to the initial level, possibly
indicating dissociation from the product. By contrast, in the case of F/
G-3'BHQ-17, the second decrease in Alexa Fluor 488 fluorescence inten-
sity was unexpected because the product release should return the en-
zyme to its DNA-free state and abrogate the quenching effect of BHQ1.
Therefore, we concluded that the dissociation of the enzyme–product
complex consists of several stages. The proposed stages of the full enzy-
matic cycle of the APE1–DNA interaction monitored via the Alexa Fluor
488 fluorescence changes are outlined in Fig. 3. The product dissocia-
tion is started by an initial fast release of a short 5-nt oligodeoxynu-
cleotide from the 5′ end of the F-site–containing DNA strand. On the
other hand, the complex of APE1 with the other part of the DNA prod-
uct, which contains the BHQ1 quencher, is quite stable (Fig. 3A). This
partial dissociation can alter the local environment of the fluorophore
attached to Cys99. Indeed, the Cys99 residue is positioned in the part of
DNA duplexes that is affected by such partial dissociation (Fig. 1). Ap-

parently, further dissociation of the enzyme–product complex proceeds
only to a small extent. Perhaps the small amplitude of fluorescence
growth from second 3 to second 30 in the F/G-3'BHQ-17 curve can be
attributed to this step (Fig. 3B).

It is known that APE1 can recognize and cleave also DNA duplexes
containing 5,6-dihydro-2′-deoxyuridine (DHU) [90] or 2′-deoxyuridine
(U) [91]. Consequently, we recorded stopped-flow fluorescence curves
for the interaction of labeled C138S/C296S APE1 with substrates U/G-
17 and DHU/G-17 (Supplementary Fig. S10A). The results indicated
that the initial phase that matched the formation of the enzyme–DNA
complex was not detectable for DNA substrates containing damaged
bases. This observation suggested that the mechanism and efficiency of
recognition of such damaged nucleotides differ from those of a sub-
strate containing an F-site, as reported earlier [92]. Despite these obser-
vations, in DHU/G-17’s curve, a fluorescence decrease phase from sec-
ond 5 to second 200 was documented here, which could be attributed to
the DNA cleavage.

We also recorded fluorescence traces of the interaction of labeled
WT APE1 or of labeled APE1 mutants with 17-nt F-site–containing du-
plex oligodeoxynucleotides (Supplementary Fig. S10B and S10C). It
was demonstrated that all the fluorescence curves obtained using all the
versions of labeled APE1 are almost identical, with a difference mainly
in amplitudes of the changes. The similarity of the fluorescence traces
obtained with the different labeled APE1 proteins suggested that only
the Cys99-attached label, which is present in all the tested proteins, un-
dergoes considerable changes in fluorescence during the enzyme–DNA
interaction.

3.3. The interaction of labeled APE1 with F-site–containing duplex
oligodeoxynucleotides of different lengths

Stopped-flow fluorescence traces were recorded for the interaction
of labeled C138S/C296S APE1 with F-site–containing 13-nt (F/G-13)
and 28-nt (F/G-28) DNA duplexes. The resultant Alexa Fluor 488 fluo-
rescence curves have an initial phase of fluorescence growth and a sub-
sequent fluorescence decrease phase, just as the curve for F/G-17 does
(Fig. 4 A). Therefore, we successfully detected the enzyme–substrate

Fig. 3. Schematic representation of individual steps of the interaction of APE1 with F/G-17 or F/G-5'BHQ-17 (A) or F/G-3'BHQ-17 (B) as monitored via Alexa Fluor
488 fluorescence intensity changes.
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Fig. 4. (A) Alexa Fluor 488 fluorescence traces of the interaction of labeled C138S/C296S APE1 with the 13-nt (F/G-13), 17-nt (F/G-17), or 28-nt (F/G-28) duplex
oligodeoxynucleotide containing an F-site. The smooth green curve is the double-exponential fit (Eq. 1) of the corresponding experimental curve. (B) Alexa Fluor 488
fluorescence traces of the interaction of labeled D210N APE1 with F/G-28, and fluorescence traces of the interaction of labeled C138S/C296S APE1 with F/G-28 in
the presence of MgCl2 (Mg2+) or without Mg2+ (with EDTA). (C) Schematics of the DNA substrates. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

complex formation and product release after DNA cleavage for the DNA
substrates of different length. In the case of the 13-nt duplex, however,
the fluorescence changes had very small amplitude, making this DNA
substrate a poor model for studying the enzyme–DNA interactions. In
the case of the 28-nt duplex oligodeoxynucleotide, the fluorescence
curve was similar to that of F/G-17. On the other hand, it was evident
that in contrast to the F/G-17 fluorescence curve, in the F/G-28 curve,
the final fluorescence level is much higher than the level of initial fluo-
rescence (at ~1 ms). Such small amplitude for the phase of the fluores-
cence decrease indicated that the enzyme–product complex dissociates
poorly in the case of F/G-28, and most of APE1 molecules remain in
complex with the cleaved DNA after the reaction, in good agreement
with earlier reports [83,93–95]. In addition, for F/G-28, we do not ex-
pect the decomposition of the nicked DNA duplex as in the case of F/G-
17 (Fig. 3) because the 11-nt and 16-nt oligodeoxynucleotides obtained
after F/G-28 cleavage are quite stable in the duplex state, in contrast to
the 5-nt oligodeoxynucleotide obtained after the cleavage of F/G-17.
The double exponential fit (Eq. 1) of the fluorescence trace of the inter-
action between APE1 and F/G-28 (Fig. 4 A) yielded the rate constants
k1 = 224 ± 1 s−1 and k2 = 1.60 ± 0.01 s−1 for initial growth and the
subsequent decrease of fluorescence, respectively. The proposed stages

of the interaction between APE1 and F/G-28 as monitored via the Alexa
Fluor 488 fluorescence changes are schematically displayed in Fig. 5.

We also registered stopped-flow fluorescence curves of the interac-
tion of the labeled APE1 with 13-nt duplexes containing either DHU
(DHU/G-13) or αA (αA/T-13) (Supplementary Fig. S11). There were no
appreciable fluorescence changes on the curves obtained for these sub-
strates, meaning that the binding of short 13-nt substrates of nucleotide
incision repair also considerably differs from the binding of an F-
site–containing duplex oligodeoxynucleotide.

3.4. Effects of Mg2+ and of the D210A mutation on the interaction of APE1
with F-site–containing duplexes

It is known that the absence of Mg2+ [85]—just as substitution
D210N [87]—inactivates APE1. Therefore, in order to study only the
binding of APE1 to F-site–containing duplex oligodeoxynucleotides
(without the cleavage reaction), we prepared reaction buffer containing
10 mM EDTA to eliminate Mg2+ from the bulk solution, and we labeled
catalytically inactive mutant D210N APE1 with Alexa Fluor 488. The
fluorescence traces observed in these settings are presented in Fig. 4B.
Both on the curves for apo-APE1 (without Mg2+) and on the curves of

Fig. 5. Schematic representation of individual steps of the interaction of APE1 with F/G-28 as monitored by means of changes in Alexa Fluor 488 fluorescence inten-
sity.
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catalytically inactive D210N APE1, we detected the DNA-binding step,
which enhanced fluorescence intensity.

Readers can see that the fluorescence trace for D210N+F/G-28
(Mg2+) has some differences from that for APE1 +F/G-28 (EDTA) (Fig.
4B). Firstly, the trace for D210N+F/G-28 (Mg2+) has two clearly sepa-
rated phases of fluorescence growth. Indeed, it has been shown previ-
ously by our group that APE1 binding to its substrate proceeds in two
steps, but we could not register these two steps separately under all ex-
perimental conditions [86,87,96]. Often, when one of these steps is
much faster than the other one, we can monitor only the slower step. It
has been reported previously that Mg2+ ions affect the second step of
the enzyme-substrate binding [85]. This finding can explain the differ-
ence between these fluorescence traces. Moreover, the trace for
D210N+F/G-28 (Mg2+) has larger amplitude and longer time to reach
the plateau. The difference in the amplitude is explained by a difference
in binding affinity for a DNA substrate between WT APE1 and the
D210N mutant, as demonstrated by our group [87] and others [88].
Furthermore, we have previously shown that the binding rate constant
for D210N APE1 is less than the one for WT APE1 [87] thereby explain-
ing the difference in plateau-reaching time between our fluorescence
curves.

3.5. The interaction of labeled APE1 with Polβ

Previously, a strong binding of FAM-labeled APE1 to Polβ with a
half-maximal effective concentration of 84 ± 7 nM has been reported
[73]. By contrast, in another work, a direct interaction between APE1
and Polβ in the absence of DNA could not be detected by an analytical
ultracentrifugation assay [97]. To visualize direct binding of APE1 to
Polβ, we attempted to monitor changes of Alexa Fluor 488–labeled
APE1 during its interaction with unlabeled Polβ in real time by the
stopped-flow fluorescence assay (Supplementary Fig. S12). It was re-
vealed that Alexa Fluor 488 fluorescence intensity does not change in
the course of direct APE1–Polβ protein–protein interaction. It is possi-
ble that the position of labeled Cys99 is close to the DNA-binding site
and quite distant from the surface that interacts with Polβ. Indeed, as
reported in a recent study [50], potential contacts between APE1 and
Polβ are far away from Cys99.

Therefore, we examined a DNA-mediated interaction between APE1
and Polβ using substrate F/G-28 because this duplex is large enough to
accommodate both enzyme molecules. First, we mixed labeled C138S/
C296S APE1 with F/G-28 in binding buffer (EDTA, without Mg2+) to
prevent DNA cleavage by APE1. After that, the resultant APE1–DNA
complex was rapidly mixed with Polβ (in the same binding buffer) by
the stopped-flow apparatus with continuous Alexa Fluor 488 fluores-
cence monitoring. The obtained fluorescence curve indicated the
growth of fluorescence up to time point 0.1 s (Fig. 6 A). A similar curve
was obtained for labeled D210N APE1 in the reaction buffer containing
Mg2+. At the same time, the control curve (when the APE1–DNA com-
plex was mixed with the buffer) did not show any meaningful changes
in fluorescence. Thus, the Cys99-labeled enzyme allows us to monitor
the specific DNA-mediated interaction between APE1 and Polβ.

Because it was determined that the growth of Alexa Fluor 488 fluo-
rescence in the stopped-flow curves corresponds to the binding of APE1
to an F-site–containing oligodeoxynucleotide and formation of a cat-
alytically competent complex, we can propose that Polβ stimulates
these steps of APE1 enzyme–substrate interaction. Such stimulation
may be mediated by the assembly of the ternary complex:
APE1–DNA–Polβ. Indeed, such a complex of DNA containing an un-
cleaved AP site, of APE1, and of Polβ has been detected by an elec-
trophoretic mobility shift assay [70]. Additionally, we performed the
MST assay, which revealed the binding between the APE1–F/G-28 com-
plex (in EDTA buffer) and Polβ with estimated dissociation constant Kd
= 2.5 ± 0.8 µM (Fig. 6B).

Next, we assessed the interaction between Polβ and the complex of
APE1 with the cleaved DNA product. For this purpose, labeled C138S/
C296S APE1 was mixed with F/G-28 in reaction buffer containing
Mg2+ and incubated for 5 min to generate the cleaved DNA product. As
demonstrated above, after this reaction, labeled APE1 remains in the
complex with cleaved DNA. Then, the resultant enzyme–product com-
plex of labeled APE1 was rapidly mixed with Polβ by the stopped-flow
apparatus. The fluorescence curve showed a dramatic fluorescence de-
crease until second 1 (Fig. 6 C). Although the control curve without
Polβ also contains some decrease in fluorescence intensity, its ampli-
tude is much less than that of the curve with Polβ. Because the labeled
APE1 in the complex with cleaved F/G-28 manifested greater fluores-
cence intensity than DNA-free labeled APE1 did (as illustrated in Fig.
4 A), the decrease in fluorescence intensity can be explained by the dis-
sociation of APE1 from the DNA product. For instance, in the control
curve, we noticed small partial dissociation of APE1 from its product as
a consequence of dilution after stopped-flow mixing with the buffer. To
strengthen this conclusion, we also performed an electrophoretic mobil-
ity shift assay where we added Polβ at different concentrations to F/G-
28 and catalytically active APE1 (Supplementary Fig. S13). This assay
revealed that the increase in Polβ concentration leads to the enhance-
ment of the band corresponding to the Polβ–DNA complex. Despite we
did not see Polβ-dependent decrease in the amount of APE1-DNA com-
plex in the gel in the electrophoretic mobility shift assay, the disappear-
ance of the band corresponding to APE1’s enzyme–product complex at
the highest concentration of Polβ (1 µM) was observed.

The Polβ-induced APE1 dissociation from its product is consistent
with the passing-the-baton model of BER, according to which, Polβ
should recognize the complex of APE1 with cleaved DNA and displace
APE1 from it. Possibility of the recognition of the complex of APE1 with
cleaved DNA by Polβ has been revealed by electrophoretic mobility
shift assay–based detection of the ternary complex of APE1, cleaved
DNA, and Polβ [75].

Thus, our data revealed that Polβ affects the APE1–DNA interaction
in two ways. Firstly, Polβ stimulates the binding of APE1 to its substrate
thereby promoting the assembly of a catalytically competent complex.
Secondly, Polβ stimulates the release of the cleaved DNA product from
its complex with APE1. Both effects lead to the stimulation of APE1’s
general AP endonuclease activity by Polβ, as reported previously [50].

A number of studies have been conducted to understand functions of
APE1’s N-terminal domain during interactions with DNA, RNA, and
some proteins [37,72,98–101]. APE1’s N-terminal domain has been
shown to be critical for the interaction of APE1 with nucleophosmin
(NPM1) [98,99], XRCC1 [37], and some DNA glycosylases [100]. Nev-
ertheless, the involvement of the N-terminal extension of APE1 in the
interaction with other canonical BER proteins remains unexplored
[72]. It has been demonstrated that the absence of APE1’s first 33
amino acid residues significantly enhances the rate of AP endonuclease
reaction [99]. Based on this finding, it was stated that the N-terminal
domain precludes APE1 from fast dissociation from the AP endonucle-
ase product. On the other hand, this notion contradicts findings of an-
other study, which did not show such enhancement of the AP endonu-
clease reaction rate when APE1’s N-terminal domain is absent [100].
Thus, the role of the N-terminal domain of APE1 in the regulation of
BER should be studied further.

To clarify the role of APE1’s N-terminal domain in the interaction
with Polβ, we isolated and fluorescently labeled the APE1 mutant lack-
ing the first 34 N-terminal residues and having the D210N amino acid
substitution (Δ34-D210N-APE1). The experiments on AP DNA sub-
strate–mediated interaction with Polβ did not reveal significant change
in the strength of this interaction compared to full-length D210N APE1
(Supplementary Fig. S14A). This result is consistent with a study indi-
cating that APE1’s N-terminal domain only slightly affects both the di-
rect and the DNA-mediated interactions with Polβ [72].
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Fig. 6. (A) The interaction of the APE1–F/G-28 complex with Polβ. The cleavage of substrate F/G-28 was prevented by means of EDTA-containing binding buffer
without Mg2+ ions (black curve) or by means of the labeled inactive D210N APE1 mutant (red curve). (B) The MST assay of the binding of Polβ to the APE1–F/G-28
enzyme–substrate complex. (C) The Alexa Fluor 488 fluorescence trace of the interaction of the enzyme–product complex with Polβ. (D) Schematics of the DNA du-
plex molecules and their complexes with APE1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this ar-
ticle.)

We also used fluorescently labeled Δ34-D210N-APE1 to monitor its
binding to cleaved F/G-28 DNA (Supplementary Fig. S14B). Our data
suggest that the NΔ34 deletion leads to some decrease in the strength of
the enzyme–product association. This result is consistent with previ-
ously hypothesized facilitation of enzyme–product dissociation by the
NΔ33 deletion in APE1 [99].

4. Conclusion

In this work, we prepared WT and mutant APE1 proteins labeled
with the Alexa Fluor 488 fluorophore. It was found that the Alexa Fluor
488 label gets attached mainly to a single residue on the protein’s sur-
face, namely Cys99. This label in APE1 was shown to change its fluores-
cence intensity during the interaction between APE1 and an F-
site–containing oligodeoxynucleotide. The changes in Alexa Fluor 488
fluorescence intensity can be assigned to stages of the enzyme–DNA in-
teraction. A comparison of intramolecular conformational changes of
the enzyme (own Trp residues of the enzyme), intramolecular changes
of the DNA duplex (FRET detection of the FAM/BHQ1 pair in model
DNA), and Alexa Fluor 488 fluorescence behavior suggests that the first
phase of Alexa Fluor 488 fluorescence change corresponds to the en-
zyme–DNA binding and to the formation of a catalytically competent

complex. The second phase of the Alexa Fluor 488 fluorescence traces
was ascribed to DNA cleavage and product release steps.

Interaction of labeled APE1 with a 13-nt, 17-nt, or 28-nt model F-
site–containing substrate was examined by Alexa Fluor 488 fluores-
cence monitoring. The results suggest that after APE1 cleaves
oligodeoxynucleotide F/G-17, the generated short 5-nt oligonucleotide
dissociates immediately from the enzyme–product complex, but the
other parts of the product of the endonucleolytic reaction remain
mostly bound to the APE1. By contrast, F/G-28 cleaved by APE1 disso-
ciates from the enzyme poorly and remains mainly in the complex with
APE1.

Using fluorescently labeled APE1 in combination with a stopped-
flow fluorescence assay, we detected specific DNA-mediated interac-
tions between APE1 and Polβ. Polβ was found to stimulate both i) the
binding of APE1 to an F-site–containing duplex oligodeoxynucleotide
with the formation of the catalytically competent complex and ii) the
dissociation of APE1 from its product. These findings confirm that the
passing-the-baton model [44] is applicable to the coordination of BER
processes by Polβ via APE1 and explain the previously documented
[50] stimulation of APE1 by Polβ.
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