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Background: DNA glycosylases remove the modified, damaged or mismatched bases from the DNA by hydrolyz-
ing the N-glycosidic bonds. Some enzymes can further catalyze the incision of a resulting abasic (apurinic/
apyrimidinic, AP) site through β- or β,δ-elimination mechanisms. In most cases, the incision reaction of the
AP-site is catalyzed by special enzymes called AP-endonucleases.
Methods: Here, we report the kinetic analysis of the mechanisms of modified DNA transfer from some DNA
glycosylases to the AP endonuclease, APE1. The modified DNA contained the tetrahydrofurane residue (F), the
analogue of the AP-site. DNA glycosylases AAG, OGG1, NEIL1, MBD4cat and UNG from different structural super-
families were used.
Results:We found that all DNA glycosylasesmay utilise direct protein–protein interactions in the transient terna-
ry complex for the transfer of the AP-containing DNA strand to APE1.
Conclusions: We hypothesize a fast “flip-flop” exchange mechanism of damaged and undamaged DNA strands

within this complex for monofunctional DNA glycosylases like MBD4cat, AAG and UNG. Bifunctional DNA
glycosylase NEIL1 creates tightly specific complex with DNA containing F-site thereby efficiently competing
with APE1. Whereas APE1 fast displaces other bifunctional DNA glycosylase OGG1 on F-site thereby induces its
shifts to undamaged DNA regions.
General significance:Kinetic analysis of the transfer of DNA between humanDNA glycosylases and APE1 allows us
to elucidate the critical step in the base excision repair pathway.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Exposure of cellular DNA to reactive oxygen species (ROS), generat-
ed either by normal cell metabolism or by chemical and physical exog-
enous agents, leads to various lesions. A DNA lesion may be mutagenic
and block replication and transcription [1]. Failure to repair DNA can
lead to mutations, genomic instability, premature ageing, mental retar-
dation, or other developmental disorders and cancer [2–8]. Over several
decades, DNA damage and repair mechanisms have been the focus of
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numerous investigations, including structural, biochemical, and genetic
studies on organisms ranging from bacteria to humans [9–15].

One of the major pathways to remove DNA lesions is the base exci-
sion repair (BER). BER pathway is a multi-step process, and can be
reconstituted with a limited number of proteins. It involves a cascade
of enzymes, which typically begins with a damage-specific DNA
glycosylases that interact with DNA to specifically find target damaged
bases ([16] and references therein) and cleave the N-glycosidic bond
of the lesion. This generates an abasic (apurinic/apyrimidinic (AP))
site [17]. The toxic AP-intermediates must be recognized and processed
by AP endonuclease immediately after the action of a DNA glycosylase
[18–21]. Bifunctional DNA glycosylases can also catalyze a β- or β,δ-
elimination reaction (AP-lyase activity) to affect the strand scission
after base removal. Short patch BER requires two additional enzymes
to replace the damaged nucleotide: DNA polymerase β and DNA ligase
III/XRCC1 heterodimer or DNA ligase I [22–25].

Coordination of the enzymatic activities of DNA glycosylases and AP
endonuclease is essential to ensure a complete repair of the damaged
bases. One of the major questions remains unanswered: how the ex-
change of damaged DNA occurs. It was previously suggested that the
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Table 1
DNA substrates used in this study.

F12 5′-d(CTCTC F aPu CTTCC)-3′
3′-d(GAGAGG C GAAGG)-5′

F30-3′ 5′-d(GTCACCACTGCTCATGTGCATA F aPu CATGTG)-3′
3′-d(CAGTGGTGACGAGTACACGTATG C GTACAC)-5′

F30-5′ 5′-d(GTGCATA F aPu CATGTGTGTCACCACTGCTCA)-3′
3′-d(CACGTATG C GTACACACAGTGGTGACGAGT)-5′
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enzymatic steps in BER may involve recognition of a product–enzyme
complex by the next enzyme in the pathway, rather than binding to
an intermediate that is free in solution [26–29]. A “passing-the-baton”
model proposed for BER is consistent with the findings that DNA
glycosylases coordinate with other proteins to process the damaged
DNA substrate. The resulting DNA product is efficiently passed to the
next enzyme, just as a baton is passed from one runner to the next.

Previous studies of the protein–protein interactions between BER
enzymes showed that AP endonuclease enhances the turnover of
many DNA glycosylases. For instance, AP-endonuclease APE1 enhances
uracil DNAglycosylase hUNGactivity, actingmuch like a “snowplow” in
the DNA minor groove, thereby inducing hUNG release [30]. The AP-
sites generated by another DNA glycosylase, human 8-oxoguanine
DNA glycosylase OGG1, can be occupied by APE1, avoiding the re-
association with OGG1 [31,32]. This process shifts the equilibrium to-
wards the free OGG1, making it available to initiate new catalytic cycles.
A recent study on OGG1 suggests that APE1 specifically recognizes an
OGG1/DNA complex, distorts a stretch of DNA 5′ to the OGG1molecule,
and actively displaces this glycosylase from the lesion [33]. Moreover,
stimulation of humanMutYhomolog (MYH)byAPE1 appears to involve
protein–protein interactions [34–36]. In fact, studies in Escherichia coli
showed the influence of the AP endonucleases, Exo III and Endo IV, on
MutY activity, providing evidence for an interaction between the
MutY-product DNA complex and Exo III or Endo IV [37]. APE1 also sig-
nificantly increases the rate of dissociation of thymine DNA glycosylase
TDG from AP-sites, presumably through direct interaction with the
boundDNA glycosylase [38–41]. It was suggested that the initial contact
site for APE1 is the “insertion loop” of TDG, which plays a key role in
substrate recognition and nucleotide flipping, and may also disrupt
the DNA phosphate contacts [42]. These interactions could conceivably
promote dissociation of the product complex. Recently, it was demon-
strated that nonspecific DNA binding coordinated both APE1 and
alkyladenine DNA glycosylase AAG, thereby stimulating AAG turnover
[43,44]. It was shown [43,45] that full-length AAG and an N-terminal
deletionmutant missing the first 79 amino acids have similar base exci-
sion activity and APE1 stimulates the multiple-turnover both forms of
AAG.

Although the detailed molecular mechanism of DNA glycosylase
stimulation by APE1 remains unknown, and additional studies are
needed to fully elucidate the mechanism by which APE1 disrupts the
DNA glycosylase-product complex, we postulate the following basic
ideas. Thefirst idea suggests that APE1 stimulates DNAglycosylase turn-
over by simply depleting the concentration of unbound AP-DNA. The
DNA product containing 5′-nicked AP-site has less inhibitory effect on
DNA glycosylases. The second mechanism requires a direct interaction
between APE1 and the DNA glycosylase/AP-DNA complex, and induces
DNA glycosylase release to facilitate the process of AP-DNA cleavage
by APE1.

For each type of damage, there is typically one enzyme, or a small
group of enzymes, which removes the damaged base to produce an
abasic site. Human DNA glycosylases belong to different structural fam-
ilies, and do not have common interaction surfaces. This raises the obvi-
ous question of how different DNA glycosylases interact with the same
enzyme, APE1, to coordinate the initial stages of BER.

In this study, we focused on the issue of DNA transfer from human
DNA glycosylases [AAG, OGG1, NEIL1, MBD4cat (catalytic domain of
MBD4) and UNG] to AP-endonuclease APE1. We analyzed this process
using oligonucleotide substrates containing tetrahydrofuran AP-site an-
alogue (F-site) placed in different positions of the DNA duplexes. The
tetrahydrofuran residue does not contain an OH-group at C1′-atom. It
is non-cleavable by both monofunctional DNA glycosylases (AAG,
MBD4cat and UNG) and, bifunctional DNA glycosylases (OGG1, NEIL1),
but is recognized and processed by APE1. The direct measurement of
the pre-steady-state binding and the cleavage of the model DNA du-
plexes containing the F-site, in the presence of DNA glycosylases and
APE1, revealed the most probable mechanism of DNA transfer from
one enzyme to another. The data obtained support the idea that the pro-
cess of DNA transfer includes formation of a transient ternary complex
through the rotation of DNA glycosylase and APE1 around DNA double
helix. We suggest that a fast “flip-flop” exchange of damaged and un-
damaged DNA strands occurs in this complex. These results provide
insight into the mechanism of coordination between DNA glycosylase
and AP endonuclease activities.

2. Material and methods

2.1. Reagents

The chemicals used were purchased mainly from Sigma-Aldrich.
T4 polynucleotide kinase was purchased from New England Biolabs
(Beverly, MA). γ[32P]-ATP (~3000 Ci/mmol) was purchased from Ra-
dioisotope (Moscow). Unless indicated otherwise, all experiments
were carried out at 25 °C in a reaction buffer containing 50 mM Tris–
HCl (pH 7.5), 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 5 mM
MgCl2 and 9% glycerol (v/v).

2.2. Oligonucleotides

The oligodeoxyribonucleotides (ODNs) (Table 1) were synthesized
fromcommercially available phosphoramidites (Glen Research, Sterling,
VA), using an ASM-700 synthesizer (BIOSSET, Novosibirsk, Russia), and
purified by HPLC, as described elsewhere [46].

2.3. Enzymes

AAG with the first 73 amino acids deleted from the N-terminus was
used in this study. The AAG proteinwas purified as described previously
[47]. The purification of human 8-oxoguanine DNA glycosylase OGG1
was performed as described [48]. AP endonuclease APE1 and human
DNA glycosylase NEIL1 were expressed and purified in their native
form without tags or other modifications as described previously [49,
50]. The catalytic domain of MBD4cat (residues 426–580) was purified
as described [51].

Wild-type full‐length nuclear form of human uracil DNA glycosylase
UNGwas expressed in Rosetta 2(DE3) E. coli cells. Briefly, cells contain-
ing the UNG encoding vector were grown in 1 l of LB medium at 37 °C.
UNG expression was then induced by the addition of IPTG, and the cells
were grown at 37 °C during 6 h. The cells were then harvested by cen-
trifugation and then resuspended in buffer (20mMHEPES–KOH pH 7.6,
20 mMNaCl, 1 mMDTT) followed by cell lysis using a French press. The
homogenate was centrifuged at 40,000 ×g for 40 min and the
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supernatant was passed through a column packed with 50 ml of Q-
Sepharose Fast Flow resin (Amersham Biosciences, Uppsala, Sweden)
pre-equilibrated in the same buffer. All purification procedureswere car-
ried out at 4 °C. The flow-through fractions containing UNGwere pooled
and loaded onto a 1 ml HiTrap-Heparin™ column (Amersham Biosci-
ences, Uppsala, Sweden). Bound proteins were eluted in a 50–600 mM
NaCl gradient. The purified protein was then dialyzed and concentrated
into 10 mM sodium phosphate pH 8.0, 150 mM NaCl, 1 mM DTT and
50% glycerol and then stored at −20 °C. The concentrations of UNG
stock solutions were determined using the absorbance at 280 nm and
an extinction coefficient of 50,608 M−1 cm−1.

The activity of the various proteinswas tested by using their classical
substrates and was checked just before their use.

2.4. Stopped-flow fluorescence measurements

The pre-steady state kinetics was studied using stopped-flow tech-
nique with fluorescence detection as previously described [52–54],
using an SX20 stopped-flow spectrometer (Applied Photophysics). To
detect 2-aminopurine fluorescence, λex = 310 nm was used, and the
emission was followed at λem ≥ 370 nm (Corion filter LG-370). The
dead time of the instrument was 1.4 ms. Concentrations of APE1 and
F-substrates were 1 μM, and concentrations of DNA glycosylases were
2 μM, in all experiments. Concentrations of reactants reported are
those in the reaction chamber after mixing. Typically, each trace
shown is an average of three or more individual experiments. The ex-
perimental errors were less than 5%.

Data obtained from the fluorescence stopped-flow kinetic assays
were fitted by the following exponential Eq. (1), using Origin software
(Originlab Corp.):

F ¼ F0 þ F1 exp −k1
aPut

� �
þ F2 exp −k2

aPut
� �

ð1Þ

where F is the observed aPu fluorescence intensity, F0 is the background
fluorescence, Fi is the fluorescence parameter and ki

aPu is the observed
rate constant.

2.5. PAGE time-course experiments

Single-turnover APE1 endonuclease assays were performed in the
standard reaction buffer. The reaction solution contained 1.0 μM APE1,
1.0 μM ODN substrate and 2.0 μM DNA glycosylases. The F-substrates
were initially incubated with specific DNA glycosylase (5 min) to form
the complex. The cleavage of the F-substrate was initiated by the addi-
tion of APE1. 2 μl aliquots of the reaction mixture were withdrawn at
time intervals of 7, 12, 17, 22, 30, 60 and 120 s, immediately quenched
with 3 μl of gel-loading dye containing 7 M urea and 50 mM EDTA,
and loaded on a 20% (w/v) polyacrylamide/7M urea gel. The disappear-
ance of the substrate and product formationwere analyzed by autoradi-
ography, and quantified by scanning densitometry using Gel-Pro
Analyzer v4.0 software (Media Cybernetics, Bethesda, MD).

The fraction productwasfitted by the single exponential curve using
Origin software (Originlab Corp.) (Eq. (2)).

product½ � ¼ A� 1− exp −kPAAGt
� �h i

ð2Þ

where A is the amplitude, kPAAG is the rate constant, and t is the reaction
time (s).

Multiple-turnover APE1 endonuclease assays were performed in the
sameway like single-turnover experiments. Typically, theAPE1 concen-
tration of substrate was 0.1 μM, the concentration of substrate was
1.0 μM and the concentration of DNA glycosylase was 2.0 μM. 2 μl ali-
quots of the reaction mixture were withdrawn at 7, 12, 20, 30, 60,
120, 180, 240, 360, 600, 900 and 1200 s, immediately quenched with
3 μl of gel-loading dye containing 7 M urea and 50mMEDTA, and load-
ed on a 20% (w/v) polyacrylamide/7 M urea gel.

3. Results and discussion

3.1. Rationale

To study themechanismof F-site transfer betweenDNAglycosylases
and APE1, three types of model DNA duplexes were designed (Table 1).
The model DNA duplexes contained a single tetrahydrofuran residue F.
The size of the recognition site for all examined DNA glycosylases and
APE1 does not exceed 12 bp [55]. Therefore, short 12 bp and 30 bp
DNA duplexes were used as substrates for DNA glycosylases. The
12 bp duplex, F12, contained the F-residue in the central part, and pro-
vided the binding site for one enzyme only. The 30 bp DNA duplexes,
F30-5′ and F30-3′, each contained the F-residue located 8 bp away
from 5′- or 3′-terminus, respectively, and provided the opportunity for
simultaneous binding of DNA glycosylase and APE1.

Conformational changes inDNAwere recorded using2-aminopurine
(aPu) as a fluorescent marker. 2-Aminopurine label was placed on the
3′-side of the F-site. The aPu fluorescence has high sensitivity to the
microenvironment, and allows monitoring processes, which lead to
conformation changes in the DNA [52,53,56–58].

To determine the possible mechanism of APE1 displacing the DNA
glycosylases bound to DNA containing the F-site, the stopped-flow ki-
netic experiments under single-turnover conditions were performed.
Fig. 1 schematically demonstrates the experimental strategy used for
detecting the aPu fluorescence in F-containing DNA-substrate. First,
the interaction of F-substrates with DNA glycosylases was studied
(Fig. 1A). Here, any changes induced in aPu fluorescence would be
a read-out for binding of the DNA glycosylase to the F-substrate to
form a specific complex. Second, the binding and cleavage of the F-
substrates by APE1 were studied (Fig. 1B). Finally, the F-substrates
were pre-incubated with the DNA glycosylases to form the complex
enzyme–substrate, and then mixed with APE1 (Fig. 1C). Using short
and long asymmetric DNA-substrates, the role of direct protein–protein
interactions, and the effect of 5′- or 3′-flanking undamagedDNA regions
in the process of F-site transfer, between DNA glycosylases and APE1
was elucidated.

3.2. Interaction of DNA glycosylases with DNA containing F-site

3.2.1. OGG1
The binding of human DNA glycosylase OGG1 to the short (12 bp)

and the long (30 bp) F-substrates was essentially completed in 1 s,
based on the maxima locations of the aPu fluorescence traces
(Fig. 2A–C). Interestingly, the characteristic phases of the increase and
the decrease of aPu fluorescence occurred in the different time ranges
for the short and long duplexes, indicating the participation of nonspe-
cific binding while searching for the F-site.

The 12 bp substrate is near to minimal size bound by DNA
glycosylases. Therefore, in the cases of long 30 bp DNA substrates (at
molar ratio DNA:enzyme = 1:1) 2.5 times excess of binding sites is
present. It means that the effect of increased concentration of DNA
should be observed in the cases of long substrates for all DNA
glycosylases. For hOGG1 this effect is more expressed due to higher
total fluorescence changes. Additionally, the long substrates give possi-
bility to enzyme for random non-specific DNA bindingwith subsequent
enzyme sliding to search the F-site. 1D-sliding of OGG1 along DNA has
very high rate [59]. Both of these factors lead to observed acceleration
of initial increase phase.

Increase in the aPu fluorescence intensity reflects a transition of the
2-aminopurine to a more hydrophilic environment, indicating partial
“melting” of the duplex in the primary enzyme–DNA complex [52,60,
61]. This increase is followed by a decrease in aPufluorescence intensity,
independent of the used substrate. The decrease reflects the bending of



Fig. 1. Schematic representation of themechanisms of (A) the interaction of DNA glycosylases with F-substrate, resulting in the formation of the uncleavable complex I; (B) the interaction
of APE1 with F-substrate, resulting in the formation of the catalytically active complex II, and subsequent cleavage of DNA; (C) the interaction of APE1 with DNA glycosylase/F-substrate
uncleavable complex I with subsequent DNA transfer, formation of cleavable complex II, and cleavage of the F-substrate by APE1.
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theDNA chain at theAP-site region, and the transition of the aPu residue
to a more hydrophobic environment of the OGG1 active site. It poten-
tially leads to filling the abasic void in the DNA duplex by Tyr-203,
Arg-154, Arg-204 and Asn-149 amino acid residues of OGG1 [52,60,62].

3.2.2. MBD4cat

Stopped-flow kinetic curves characterizing the MBD4cat interaction
with F-substrates were similar to the results observed for OGG1
(Fig. 2A–C). In all cases, the resulting curves demonstrated two types of
changes in the fluorescence signal: an increase followed by a decrease.
The maxima values on these curves were located at 0.2 s, 0.08 s and
0.06 s for F12, F30-5′ and F30-3′ substrates, respectively. Despite differ-
ent substrate specificities, MBD4cat belongs to the same structural super-
family of DNA glycosylases HhH (helix–hairpin–helix) as OGG1.
Therefore, it is reasonable to propose that the interaction of MBD4cat

with F-substrates results in similar DNA conformational changes as de-
tected for OGG1, including the primary melting and bending of the
DNA chain, followed by filling the abasic void withMBD4cat amino acids.

3.2.3. NEIL1
The processes of NEIL1 binding to the F-substrates were essentially

completedwithin 10 s (Fig. 2). The one-phase change in the aPufluores-
cence intensitywas observed that could be the result of filling the abasic
void in the DNA duplex with the enzymes' amino acids. It is known that
NEIL1 utilises the amino acid residues Met-80, Arg-117 and Phe-119
[63].

3.2.4. AAG
The processes of AAG binding to DNA depend on the used F-

substrates. In the case of AAG interacting with F30-5′ substrate the
tiny increase, probably due to DNA “melting” upon enzyme binding,
was detected up to 6 ms followed by a decrease of aPu fluorescence.
The slight decrease of aPu fluorescence can be explained the fact that
only Tyr-162 is inserted into the abasic void [64,65]. For F12 substrate
the single decrease phase was detected and for F30-3′ substrate no
changes were observed. The difference of fluorescence curves for used
model F-substrates indicates the different importance of 5′- and 3′-
adjacent non-specific regions of DNA in theprocess of F-site recognition.
3.2.5. UNG
The stopped-flow kinetic curves obtained by UNG interaction with

all F-substrates did not display the noticeable aPu fluorescence change
seen for other enzymes (Fig. 2A–C). Of note, UNG utilises the single
amino acid Leu-272 to insert into DNA. Moreover, UNG creates a DNA
kink, ~45° at the abasic site [30], whereas for OGG1 and MBD4cat this
angle is equal to ~70° [66] and ~57° [67], respectively. Therefore, it is
likely that such a low alteration in the DNA conformation does not result
in a significant change of hydrophobicity in the vicinity of aPu residue.

To summarise, the DNA glycosylases used in this study possess dif-
ferent architectures, and belong to four structural superfamilies. OGG1
and MBD4cat belong to the helix–hairpin–helix (HhH) superfamily;
NEIL1 and AAG belong to the H2TH (helix-two turn-helix or Fpg/Nei)
and alkyladenine DNA-glycosylase superfamilies, respectively. UNG is
the member of the UDG superfamily. It is interesting to note that both
enzymes of HhH superfamily, OGG1 and MBD4cat, caused pronounced
changes in aPufluorescence, indicating the formation of similar contacts
in the complex with F-containing DNA. Moreover, these changes were
independent of the difference in substrate specificity and the type of ca-
talysis (monofunctional MBD4cat or bifunctional OGG1). NEIL1 and AAG
also demonstrated the two-phase change of aPu fluorescence signals,
which were more prominent for short 12 bp DNA substrate, F12. The
member of the UDG superfamily, UNG, induced only minor changes in
the aPu fluorescence signal. This minor change indicates a “minor” con-
formational alteration of the abasic DNA during the complex formation,
and probably, a concerted rearrangement of the DNA-structure, which
does not change the polar properties of aPu's surrounding environment.
3.3. Interaction of AP endonuclease APE1 with DNA containing F-site

The aPu fluorescence curves obtained for the interaction of APE1
with F-substrates were characterized with two phases: an initial de-
crease of fluorescence intensity followed by its increase (Fig. 3). It
should be noted that for long substrates, F30-3′ and F30-5′, the first
phase was less pronounced (Fig. 3B and C) in comparison to the short
F12 substrate (Fig. 3A). It was previously shown [58] that DNA cleavage
catalyzed by APE1, is accompanied by concerted structural rearrange-
ments within the enzyme and the DNA molecules inside of the

image of Fig.�1


Fig. 2. The stopped-flow fluorescent traces obtained for the binding of F12- (A), F30-5′-
(B) and F30-3′-substrates (C) by DNA glycosylases. Concentrations of OGG1, MBD4cat,
NEIL1, AAG and UNG were 2.0 μM, DNA concentration was 1.0 μM.

Fig. 3. The stopped-flow fluorescent traces obtained for substrate binding and cleavage of
(A) F12, (B) F30-5′ and (C) F30-3′ by APE1 alone, and in the presence of different DNA
glycosylases. Concentration of APE1 was 1.0 μM, concentrations of OGG1, MBD4cat,
NEIL1, AAG and UNG were 2.0 μM, DNA concentration was 1.0 μM.
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enzyme–substrate complex. The fluorescence kinetic curves were ana-
lyzed using the exponential Eq. (1) (see Experimental Procedures).
The first phase, characterized by the rate constant k1aPu (see Table 2),
most likely corresponds to the initial binding, and adjustment of the
DNA structure for catalysis. The second phase characterized by the
rate constant k2aPu should correspond to the DNA cleavage step and re-
lease of the DNA product from the complex with APE1.

In addition to stopped-flow fluorescence data, a denaturing PAGE
analysis of the accumulation of the reaction products with 32P-labelled
F-substrates in single (Fig. 4) and multiple (Fig. 5) turnovers was per-
formed. This allowed a direct association between the DNA conforma-
tional transitions, represented by aPu fluorescence intensity changes,
and the exact chemical reaction steps. The time courses of product accu-
mulation demonstrated a rapid formation of the incised products. The
results of the chemical quench assay evidently confirmed that the
sharp increase in aPu fluorescence, observed in the stopped-flow traces,
corresponds to the DNA cleavage step and release of the DNA product
from the complex with APE1.
3.4. Interaction of AP endonuclease APE1 with complexes of DNA
glycosylases and DNA containing F-site

To study the interaction of APE1 with the DNA glycosylase–
DNA containing F-site complex, different DNA glycosylases were each
incubated with F-substrates for the formation of enzyme–substrate
complexes, which were then mixed with APE1 (see Experimental
Procedures).

image of Fig.�2
image of Fig.�3


Table 2
The rate constants for F-substrates' cleavage by APE1, in the presence of different DNA glycosylases, obtained using the fluorescence assay.

Substrates F12 F30-3′ F30-5′

Enzymes k1
aPu, s−1 k2

aPu, s−1 k1
aPu, s−1 k2

aPu, s−1 k1
aPu, s−1 k2

aPu, s−1

APE1 + F 2.2 ± 0.04 0.58 ± 0.01 36 ± 1 1.4 ± 0.01 14 ± 1.8 2.2 ± 0.05
APE1 + (F·OGG1) 10.0 ± 0.1 0.4 ± 0.001 3.7 ± 0.1 – 4.4 ± 0.1 –

APE1 + (F·MBD4cat) – 0.06 ± 0.001 15 ± 0.2 0.54 ± 0.04 8.8 ± 0.3 0.46 ± 0.01
APE1 + (F·NEIL1) 1.2 ± 0.02 0.26 ± 0.001 – 0.05 ± 0.001 – 0.07 ± 0.001
APE1 + (F·AAG) – 0.13 ± 0.001 32 ± 1.2 0.82 ± 0.01 28 ± 1 –

APE1 + (F·UNG) 3.9 ± 0.1 0.21 ± 0.001 40 ± 1.6 1.1 ± 0.01 20 ± 2 2.7 ± 0.02

The rate constant k1aPu characterizes the processes of DNA binding and replacement of DNA glycosylases by APE1.
The rate constant k2aPu characterizes the process of dissociation of APE1 and/or DNA glycosylases from the DNA product.

Fig. 4.Cleavage of 32P-labelled F-containing substrates byAPE1: alone (■), and in thepres-
ence of OGG1 (●), MBD4cat (▲), NEIL1 (▼), AAG (►), and UNG (♦). Time courses of accu-
mulation of the cleaved product for F12- (A), F30-5′- (B) and F30-3′-substrates (C).
Concentration of APE1 was 1.0 μM, concentrations of OGG1, MBD4cat, NEIL1, AAG and
UNG were 2.0 μM, DNA concentration was 1.0 μM.

Fig. 5. Cleavage of 32P-labelled F-substrates by APE1 at low concentration: alone (■), and
in the presence of OGG1 (●),MBD4cat (▲), NEIL1 (▼), AAG (►) andUNG (♦). Time courses
of accumulation of the cleaved product for F12- (A), F30-5′- (B) and F30-3′-substrates (C).
Concentration of APE1was 0.1 μM, concentrations ofOGG1,MBD4cat, NEIL1, AAG andUNG
were 2.0 μM, DNA concentration was 1.0 μM.
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3.4.1. OGG1
Following APE1 incubation with OGG1·F-substrate complexes,

significant changes in the aPu fluorescence intensity were observed,
corresponding to the transfer of the F-DNA to APE1, and its incision
(Fig. 3A–C). The aPu fluorescence curve of the APE1 interaction with
the complex OGG1·F12 is characterized with a profile similar to that
of the free F12 substrate. The analysis of fluorescence traces, using
Eq. (1), resulted in rate constants of the first step k1

aPu that were about
five times larger for APE1 interaction with OGG1·F12 complex com-
pared to APE1 interaction with free F12 (see Table 2). This indicates
that OGG1 facilitates APE1 binding to DNA. This can be partially ex-
plained by the fact that the free 12 bpDNAduplex cannot accommodate
both enzymes simultaneously. This leads to the hypothesis that perhaps
a transient ternary complex APE1·OGG1·F12 is formed in which OGG1
firstly dissociates from F-site and then APE1 forms complex with un-
bound F-site. It was found that the rate constant k2aPu characterizing
the release of the DNA product does not depend strongly on the pres-
ence of OGG1.

The stopped-flow kinetic curves obtained from the interaction
of APE1 with OGG1·F30-3′ and OGG1·F30-5′ complexes were charac-
terized with a single decrease of the fluorescent signal. There are two
factors affected on fluorescence intensity. The first, the absence of an in-
creasing phase (characterized by k2

aPu) can be explained by the high af-
finity of both enzymes APE1 andOGG1 for the longDNAduplex reaction
product containing a nick in one of the duplex chains. Indeed, the cleav-
age of the F12-substrate leads to the formation of short ODNs (n = 5
and 6), which cannot form a stable duplex in the aqueous solution at
25 °C [48]. In contrast, the cleavage of the 30 bp F-substrates F30-3′
and F30-5′ creates a nick in one of the duplex chains that can simulta-
neously bind in a nonspecific manner to both APE1 and OGG1. The sec-
ond factor is that the complex formed between OGG1 and the long F30-
3′- and F30-5′-substrates (Fig. 2B and C) resulted in a significant initial
increase of the aPu fluorescence signal, due to the melting DNA chain.
This provided the aPu residues an access to the aqueous polar medium.
Therefore, the disruption of this complex by APE1 causes a significant
decrease in the fluorescence signal, which hides the growth phase at
the APE1 incision of the DNA chain.

The rates of formation of the nicked product were alsomeasured di-
rectly by PAGE. For all used DNA substrates, the rapid burst in the prod-
uct formation kinetic curve was observed in the time range of 10–20 s
(Fig. 4). Since the minimal reaction time point on the autoradiograms
is technically limited by time of manual operations (7 s), the initial
part of the kinetic curvewas insufficiently resolved for the correct calcu-
lation of the observed rate constant of catalysis according to Eq. (2)
(Table 3). Nevertheless, as detected by PAGE (Fig. 4A), the rate of the
F12-substrate cleavage by APE1, in the presence of OGG1, was 3.3
Table 3
The rate constant kPAAG (s−1) for F-substrates' cleavage by APE1 in the presence of differ-
ent DNA glycosylases.

Substrates F12 F30-3′ F30-5′

Enzymes Ratio Substrate:Glycosylase:APE1 = 1:2:1

APE1 + F 0.33 ± 0.03 0.42 ± 0.04 0.38 ± 0.03
APE1 + (F·OGG1) 0.10 ± 0.01 0.33 ± 0.02 0.29 ± 0.03
APE1 + (F·MBD4cat) 0.27 ± 0.03 0.33 ± 0.02 0.33 ± 0.02
APE1 + (F·NEIL1) 0.02 ± 0.001 0.15 ± 0.01 0.11 ± 0.01
APE1 + (F·AAG) 0.22 ± 0.02 0.36 ± 0.04 0.24 ± 0.02
APE1 + (F·UNG) 0.24 ± 0.03 0.39 ± 0.04 0.50 ± 0.05

Ratio Substrate:Glycosylase:APE1 = 1:2:0.1

APE1 + F 0.057 ± 0.005 0.082 ± 0.005 0.069 ± 0.004
APE1 + (F·OGG1) 0.009 ± 0.0005 0.051 ± 0.003 0.03 ± 0.003
APE1 + (F·MBD4cat) 0.033 ± 0.003 0.031 ± 0.003 0.028 ± 0.001
APE1 + (F·NEIL1) 0.002 ± 0.0001 0.030 ± 0.002 0.029 ± 0.003
APE1 + (F·AAG) 0.025 ± 0.002 0.034 ± 0.002 0.026 ± 0.002
APE1 + (F·UNG) 0.038 ± 0.004 0.033 ± 0.001 0.047 ± 0.003

kPAAG (s−1) is calculated using Eq. (2).
times slower than in the absence of OGG1, highlighting the competition
between OGG1 and APE1 for the binding site (Table 3). The rate con-
stants of F30-3′- and F30-5′-substrates' cleavage by APE1 donot depend
on the presence of OGG1 (Fig. 4B and C).

To overcome the technical limitation of the PAGE analysis, the accu-
mulation of the reaction products was measured under a tenfold de-
ficiency of APE1 over the concentration of the DNA substrate or
OGG1·DNA substrate complex (Fig. 5). Under these conditions, APE1
works in themultiple turnover manner that results in the accumulation
of a competition effect of up to 6.3 times for the F12-substrate. The F12-
substrate cleavage by APE1, in the presence of OGG1, was less effective
than the cleavage of F30-3′- and F30-5′-substrates, indicating that un-
damaged 5′- and3′-flankingDNA regions are required for APE1 binding,
and subsequent OGG1 displacement on the F-site.

It was previously shown that during the simultaneous action of
OGG1 and APE1 on a concatemeric DNA, APE1 recognized and bound
the distorted OGG1·DNA complex inducing conformational changes in
the 5′-adjacent region of DNA [33]. This way, APE1 occupies the AP-
site while OGG1 slides away progressively, searching for another dam-
aged base.

Together, the data obtained in this study indicate that APE1 can di-
rectly interact with OGG1·DNA complex through an encounter reaction
forming the transient ternary complex APE1·OGG1·DNA. For the F12-
substrate, it leads to acceleration of the fluorescence decreasing phase,
attributed to the specific complex formation. However, for long F30-
3′- and F30-5′-substrates, the significant decrease of the fluorescence
overlaps the fluorescence signal increase at the substrate cleavage
phase. Moreover, these results indicate the absence of a preference for
the direction of OGG1 moving away along the DNA helix. If the regions
5′- and 3′-flanking the DNA lesion are not occupied, the shift of OGG1
from the F-site by APE1 may proceed in both directions along the DNA
chain. The process of the F-site transfer fromOGG1 to APE1 in the terna-
ry complex, leads to the decrease of the observed rate of the DNA cleav-
age by APE1, detected by PAGE analysis. Interestingly, the F-site transfer
proceeds faster for long F30-3′- and F30-5′-substrates than for short
F12-substrate, indicating participation of non-occupied, undamaged
DNA regions in this process.

3.4.2. MBD4cat

In the case of MBD4cat catalysis, APE1 resulted in a significant delay
of the fluorescence increase phase (Fig. 3) in comparison with the reac-
tion without MBD4cat. This delay was larger for F12-substrate than for
long F30-3′- and F30-5′-substrates. The accumulation of the reaction
products studied by PAGE, in single turnover conditions (Fig. 4), did
not show such a delay, due to a delayed time in probe sampling
(Table 3). However, under a tenfold deficiency of APE1, a twofold reduc-
tion in the rate of the DNA product accumulation was observed (Fig. 5).
It could be assumed that APE1 disrupts the MBD4cat·F12 complex by
forming a transient ternary complex, in which the F-site is transferred
from MBD4cat to APE1. This mechanism is similar to the DNA transfer
mechanism proposed for OGG1. Moreover, as both enzymes MBD4cat

and APE1 mainly make contact with only one DNA strand [51,67–70],
APE1 may bind the DNA strand complementary to the damage contain-
ing strand in the ternary complex MBD4cat·F12·APE1. The exchange of
two enzymes between the DNA strands may be described by a “flip-
flop” mechanism (Fig. 6), representing the simultaneous rotation of
DNA glycosylase and APE1 around DNA double helix. In this case, the
process of F-site transfer should be independent of the presence of un-
damaged flanking regions. “Flip-flop” exchange of the damaged and
normal complementary strands of DNA between MBD4cat and APE1
leads to the re-location of the F-site to the active site of APE1 and its
cleavage. Indeed, our data show that the rate constants (Table 3) of F-
site cleavage by APE1, in the presence of MBD4cat, were approximately
the same for all types of substrates used. The delay of the aPufluorescence
growth also indicates that the ternary complex APE1·MBD4cat·DNA-
product is more stable than the complex APE1·DNA-product. The



Fig. 6. Schematic representation of the proposed “flip-flop” exchangemechanism. PAGE analysis revealed the steps that comprise exchange of damaged and undamaged DNA strands be-
tween DNA glycosylases and APE1, and, the cleavage of the F-site by APE1. The aPu fluorescence analysis additionally illustrates the stability of product complex III, and capacity for non-
specific binding of DNA by DNA glycosylases and APE1.
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presence of 5′- or 3′-flanking undamaged DNA regions increases the rate
constant k2aPu (Table 2), indicating that these regionsmay serve as the site
where MBD4cat is moved by APE1.

3.4.3. AAG
The observed rate constants, kPAAG, obtained by PAGE analysis of the

accumulated reaction products of APE1 action on the free F-containing
substrate, or on its complex with AAG, are presented in Table 3. These
results indicate a slight decrease in the kPAAG values for reactions be-
tween DNA glycosylases and short F12, and long F30-3′ and F30-5′ sub-
strates, in comparison to reactions involving free substrate. This
provides evidence for the quick F-site transfer between AAG and APE1
(also see Figs. 4 and 5). At the same time, the shapes of aPu fluorescence
traces were significantly different for F12-, F30-3′- and F30-5′-sub-
strates (Fig. 3). For instance, APE1 interaction with AAG·F12 complex
(Fig. 3A) demonstrated a weak aPu fluorescence increase, indicating
that AAG slightly “melts” the DNA substrate, and remains tightly
bound to the DNA product. In contrast, the fluorescence trace of APE1
and AAG·F30-3′ interaction was similar to that of APE1 alone
(Fig. 3C). This suggests that the APE1–AAG·F30-3′ complex causes
AAG displacement from the F-site, and shifts it to the undamaged 5′-
flanking region. Meanwhile, the F-site binding and cleavage in the
AAG·F30-5′ complex (Fig. 3B) resulted in a single-step decrease of the
aPu fluorescence, as previously observed for OGG1. The shift of AAG,
from the F-site to the 3′-flanking undamaged region, leads to the transi-
tion of aPu residue to amore hydrophobic environment created byAPE1
bound to DNA. Therefore, even after F-site cleavage by APE1, AAG still
binds to the 3′-flanking region of the DNA duplex, which contains the
aPu residue (Fig. 6).

The significant difference in the aPu fluorescence changes for short
and long substrates highlights the importance of nonspecific DNA re-
gions for AAG and APE1 interactions. A recent study [44] proposed
that APE1 and AAG are able to bind the DNA duplex simultaneously,
as both enzymes predominantly interact with only one of the two
DNA strands [64,65]. APE1 stimulates AAG activity by efficiently
displacing it fromeither the 3′- or 5′-side of the abasic site (41). Further-
more, nonspecific DNA interactionwas identified as the keymechanism
involved in transferring repair intermediates between AAG and APE1
enzymes (41). Importantly, these findings support our hypothesis that
AAG is not released into solution, but remains bound to an adjacent un-
damaged region.

Our data, which shows that AAG and APE1 simultaneously bind one
DNA-site, together with previously published results [44], supports the
hypothesis that the “flip-flop” exchange of damaged and undamaged
strands of DNA may occur in the case of AAG. In reactions involving
the long F30-3′- and F30-5′-substrates, AAG can move from the F-site
to any undamaged region with approximately the same efficiency.
Therefore, the main function of the 5′- and 3′- flanking DNA regions is
to provide the space into which AAG is shifted after the F-site is occu-
pied by APE1.

3.4.4. NEIL1
The presence of NEIL1 led to a significant delay of the cleavage of F-

substrates by APE1, as revealed by both aPu fluorescence (Fig. 3) and
PAGE analysis (Figs. 4 and 5). The data support the suggestion that
NEIL1 competes for F-substrates with APE1, resulting in the decrease
of the observed rate constants of the F-site cleavage k2

aPu and kPAAG,
respectively (Tables 2 and 3). It should be noted that NEIL1 is a bifunc-
tional DNA glycosylase and efficiently catalyzes the cleavage of the na-
tive AP-site in β,δ-elimination reaction. NEIL1 creates a tight specific
complex with the intermediate product containing the F-site, thereby
efficiently competing with APE1.

3.4.5. UNG
Fluorescence kinetic curves, characterizing the interaction of APE1

with UNG·F-DNA complexes, had profiles of a decrease and an increase
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in aPu intensity, similar to free F-substrates (Fig. 3). The observed rate
constants k1

aPu and k2
aPu (Table 2) were in good agreement with the

values obtained for the free substrates, indicating that UNG is easily
extruded by APE1, and does not affect the APE1 binding and cleavage
of the F-site. Moreover, as revealed by data obtained for the long F30-
3′- and F30-5′-substrates, UNG does not stay in the bound state with
DNA, and dissociates from the undamaged 5′- or 3′-flanking DNA re-
gions. The PAGE analysis, of the accumulation of reaction products, re-
vealed a slight delay of the F-site cleavage reaction by APE1 under
single (Fig. 4) and multiple turnover (Fig. 5) conditions for all used
substrates.

Our data clearly demonstrate that APE1 displaces UNG from F-site,
independently of the length of the used substrates. Therefore, APE1 ex-
trudes UNG from F-site by direct protein–protein interactions. The exis-
tence of such interactions was proposed earlier in structural studies,
which revealed that APE1 forms minor groove contacts, and stimulates
the turnover of mitochondrial hUNG by extruding it from the AP-site
[30,69].

As in the cases of MBD4cat and AAG, the data obtained for UNG can
be explained by the formation of the ternary complex, in which, UNG
and APE1 bind to damaged and undamaged DNA strands, respectively.
The fast “flip-flop” exchange (Fig. 6) of the strands between enzymes
leads to the re-location of F-site to the active site of APE1. The similar
traits of aPu fluorescence curves, for short and long DNA substrates, in-
dicate that UNG is dissociated from undamaged nonspecific DNA. The
fast dissociation of enzyme is in agreement with very short (4 bp) esti-
mated mean of sliding length along DNA for UNG [71], for example the
same value for OGG1 is ~400 bp [59].

4. Conclusions

The pre-steady-state kinetic analysis of the interaction between
APE1 and the complex DNA glycosylase·F-DNA provides important in-
sights into the mechanism of DNA transfer from DNA glycosylases to
APE1. The effect of different DNA glycosylases on the APE1-catalyzed
cleavage of the F-containing substrate was studied.

According to our previous kinetic data, the DNA glycosylases [52,60]
and APE1 [58] bind damaged and undamaged DNAwith near diffusion-
limiting rate constants. The association constants of the DNA
glycosylases and APE1 with DNA are also nearly equal. In spite of this
data, the shapes of the aPu fluorescence kinetic curves reveal the role
of the DNA glycosylases in the DNA binding by APE1. These data allow
us to propose that the DNA glycosylases OGG1, MBD4cat, AAG and
UNG are dislodged by APE1 to non-damaged DNA regions through the
“flip-flop” mechanism. The DNA glycosylases OGG1, MBD4cat and AAG
stay bound to non-damaged regions and are able to slide away to search
for a new lesion in the DNA strand. In contrast, UNG quickly dissociates
from damaged DNA after it is cleaved by APE1 as well as from regular
nonspecific DNA regions. The bifunctional NEIL1, on the other hand,
markedly competes with APE1 for binding DNA containing the F-site,
supporting the idea that only NEIL1 recognizes the F-site as its own
substrate.

Our findings support the hypothesis that APE1 might be in contact
with the DNA strand complementary to the lesion, and both enzymes
interact with DNA simultaneously, forming the transient ternary com-
plex. DNA strand exchange, referred in the manuscript as the “flip-
flop”, represents simultaneous rotation of DNA glycosylases OGG1,
MBD4cat, AAG and UNG and APE1 around DNA double helix, which
may quickly proceed in this transient complex, providing the F-site
cleavage by APE1. The characteristic time of this step is estimated as
~1/k1 (see Fig. 6) and it varies in the range 0.025 s (UNG) to 0.12 s
(MBD4cat) according to Table 2 (see data for F30-3′ and F30-5′ sub-
strates). All together, the data obtained in this study support the idea
that in spite of the affiliation of DNA glycosylases to the different struc-
tural superfamilies, and the absence of similar structural elements for
interaction with APE1, these glycosylases may utilise direct protein–
protein interactions, in the transient ternary complex, for the exchange
of the AP-containing DNA strand between two enzymes in the repair
pathway.
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