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Abstract: Endonuclease III (Endo III or Nth) is one of the key enzymes responsible for
initiating the base excision repair of oxidized or reduced pyrimidine bases in DNA. In this
study, a thermodynamic analysis of structural rearrangements of the specific and nonspecific
DNA-duplexes during their interaction with Endo III is performed based on stopped-flow kinetic
data. 1,3-diaza-2-oxophenoxazine (tCO), a fluorescent analog of the natural nucleobase cytosine, is
used to record multistep DNA binding and lesion recognition within a temperature range (5–37 ◦C).
Standard Gibbs energy, enthalpy, and entropy of the specific steps are derived from kinetic data
using Van’t Hoff plots. The data suggest that enthalpy-driven exothermic 5,6-dihydrouracil (DHU)
recognition and desolvation-accompanied entropy-driven adjustment of the enzyme–substrate
complex into a catalytically active state play equally important parts in the overall process. The roles
of catalytically significant amino acids Lys120 and Asp138 in the DNA lesion recognition and catalysis
are identified. Lys120 participates not only in the catalytic steps but also in the processes of local
duplex distortion, whereas substitution Asp138Ala leads to a complete loss of the ability of Endo III
to distort a DNA double chain during enzyme–DNA complex formation.

Keywords: DNA repair; endonuclease III; 5,6-dihydrouracil; stopped-flow enzyme kinetics;
thermodynamics; fluorescence

1. Introduction

Cellular DNA is constantly exposed to various exogenous and endogenous factors, among
them reactive oxygen species, alkylating compounds, and ultraviolet and ionizing irradiation lead to
chemical modification of nucleotides [1–4]. Recognition and excision of nonbulky DNA base lesions
proceeds via the base excision repair pathway (BER), which is initiated by DNA glycosylases [5].

The enzyme endonuclease III (Endo III or Nth) is one of eight DNA glycosylases in prokaryotes [6]
and recognizes a broad range of oxidized or reduced pyrimidines to initiate BER [7–13]. Endo III
is a bifunctional DNA glycosylase and catalyzes both hydrolysis of the N-glycosidic bond and the
β-elimination reaction of the 3′-phosphate group [14–16].

Crystal structures of the free enzyme from Escherichia coli and complexes of Endo III from
Geobacillus stearothermophilus with DNA [17,18] have revealed conformational changes both in the
protein and DNA (Figure 1). Endo III induces gross conformational changes in DNA via double-chain
bending approximately by 55◦ at the site of a lesion and pushing out opposite base from the DNA
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chain. The damaged nucleotide flips out from the helix and gets inserted into the active site of the
enzyme. The process of formation of the enzyme–DNA catalytic complex is accompanied by the
insertion of amino acid residues Gln41 and Leu81 (numbers are given for the E. coli protein) into the
DNA void formed after the damage eversion (Figure 1).

Figure 1. The structures of Endonuclease III (Endo III) from Geobacillus stearothermophilus complexed
with DNA containing an F abasic site analog (PDB ID 1P59). The F nucleotide (black) everted into the
active site of the enzyme. The catalytic Lys120 and Asp138 and void-filling Gln41 and Leu81 amino
acid residues are labeled (numbers are given for the Escherichia coli protein).

The overall mode of interaction of Endo III with DNA is very similar to that known for other
members of the helix-hairpin-helix (HhH) structural superfamily, making it possible to compare the
conformational features of DNA binding and damage recognition with other well-studied members
of this superfamily [16]. Pre-steady-state kinetic analysis of conformational transitions in DNA
during formation of the complex with Endo III [19] has revealed that the initial step of lesion
recognition most likely begins with insertion of the wedge amino acid residue Leu81 into the DNA
helix. Insertion of other amino acids, eversion of the damaged nucleotide into the active site, and final
adjustment of the active site to a catalytically competent state proceed at the subsequent steps of specific
lesion recognition. Moreover, kinetic studies of other members of the HhH superfamily—human
8-oxoguanine-DNA glycosylase hOGG1 [20], adenine-DNA glycosylase MutY [21], and human
methyl-CpG-binding enzyme MBD4 [22]—have revealed that all these enzymes follow a multistep
mechanism of lesion recognition that includes step-by-step involvement of different amino acids,
which, possibly, play similar roles in DNA wedging and destabilization of the damaged region. Recent
studies [23–29] of the DNA lesion search mechanism revealed that some other DNA glycosylases use a
wedge amino acid to sense damaged DNA bases before their eversion into the enzyme’s active site.

A thermodynamic analysis of catalytic-complex formation during interaction of hOGG1 [30] as
well as formamidopyrimidine-DNA glycosylase Fpg [31] with human apurinic/apyrimidinic (AP)
endonuclease APE1 [32] suggests that the DNA substrate binding and recognition is mainly governed
by a positive entropy change due to insertion of the wedge amino acid residues into the duplex,
resulting in the removal of crystalline water molecules from DNA grooves and desolvation of polar
groups at the interacting interfaces; these events are required for formation of direct contacts between
the enzyme and DNA [33].

Formation of the catalytic complex between Endo III and damaged DNA is accompanied by
N-glycosidic bond cleavage and the β-elimination reaction of the 3′-phosphate group. It is assumed
that hydrolysis of the N-glycosidic bond is catalyzed by a water molecule [34–36]. It is worth noting
that the presence of AP-lyase activity in all bifunctional members of the HhH structural family is
due to the Lys residue in the active site of these enzymes. Moreover, it has been shown that the
site-directed insertion of a Lys residue into the active site of monofunctional adenine-DNA glycosylase
MutY converts this enzyme into a bifunctional glycosylase [37]. Designing separation-of-function
mutants has allowed researchers to identify the invariant Asp residue as the catalytic residue [38].
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The kinetic data [24] also support the idea that bifunctional enzymes of the HhH structural family
possess uncoupled catalytic activity [38], where Asp is responsible for hydrolysis of the N-glycosidic
bond, while Lys is a key amino acid for the sugar-phosphate bond cleavage (β-elimination reaction).

The thermodynamic parameters of specific steps obtained in the temperature-dependent assay
proved to be helpful for reliable identification of specific steps in the overall repair process based
on the information that has not been available before in single-temperature studies. Therefore,
in the present work, with the aim to gain a deeper insight into the mechanism of the search for
damage, we performed thermodynamic analysis of the interaction of E. coli Endo III with specific DNA
containing 5,6-dihydrouracil (DHU) and (3-hydroxytetrahydrofuran-2-yl)methyl phosphate (F-site)
and nonspecific undamaged DNA based on the stopped-flow kinetic data. The multistep kinetic
mechanism, the corresponding rate constants of the forward and reverse reactions, and the resultant
equilibrium constants were derived here by means of temporal fluorescence traces of a fluorescent
analog of a natural base, 1,3-diaza-2-oxophenoxazine (tCO), introduced into the DNA substrates,
across very diverse (five orders of magnitude, from milliseconds to a hundred seconds) timescales
and extended temperature ranges. 1,3-Diaza-2-oxophenoxazine, a fluorescent analog of the nucleoside
cytidine, retains its Watson–Crick base-pairing capacity with G, and this property is only moderately
affected by temperature [39], making it a versatile probe for fluorescent measurements of the kinetics
at different temperatures.

To determine the function of catalytic amino acid residues Lys120 and Asp138 of the enzyme
in DNA-binding processes, recognition of damage, and the catalyzed reaction, mutant forms of the
enzyme, K120A and D138A, were constructed.

These experiments allowed us: (i) to observe conformational changes of the substrates in real time
during a lesion search, damaged-base recognition, and catalysis; (ii) to identify the role of catalytically
important amino acids during the enzymatic pathway; and (iii) to calculate thermodynamics of the
fast steps of DNA lesion recognition and processing, and improve our understanding of the molecular
mechanism of lesion recognition by Endo III.

2. Materials and Methods

2.1. Construction of the pET28c-Endo III Expression Vector and Mutagenesis

The PCR amplicon (DNA fragment) that contained the Endo III gene and NdeI and
BamHI restriction sites was prepared from plasmid pNth10 [13,19,40] and specific primers
5′-GGAATTCCATATGAATAAAGCAAAACGCC-3′ and 5′-GCGGATCCTCAGATGTCAACTTTCT
CTTTG-3′. Plasmid pNth10 containing the Endo III gene was kindly provided by M.K. Saparbaev
(Groupe Réparation de l’ADN, Université Paris-Sud XI, Institute Gustave Roussy, France) [40]. The size of
the DNA fragment was 654 bp. The PCR products were separated on 1.0% agarose/TAE gels, excised, and
purified with the QIAquick PCR purification kit (Qiagen, Hilden, Germany). Finally, the gene of Endo III
was cloned into the pET28c expression vector via NdeI and BamHI restriction sites and sequenced.

Mutations Lys120Ala and Asp138Ala within the Endo III coding sequence were generated by
means of a site-directed mutagenesis kit (QuikChange XL, Stratagene La Jolla, CA, USA).

2.2. Protein Expression and Purification

Wild type (WT) Endo III and its mutant forms were purified from E. coli Rosetta 2 cells transformed
with plasmid pET28c-Endo III. Cells of E. coli Rosetta 2 were grown in the Luria–Bertani (LB) medium (1 L)
containing 50 µg/mL kanamycin at 37 ◦C to optical density of 0.6–0.7 at 600 nm. Then, the temperature
was lowered to 20 ◦C, and transcription was induced by addition of isopropyl-β-D-thiogalactopyranoside
to 0.2 mM. After that, the cells were incubated for 16 h and then centrifuged (12,000 rpm, 10 min).
A cell suspension was prepared in 30 mL of buffer I (20 mM HEPES-NaOH, pH 7.8) containing 40 mM
NaCl and a protease inhibitor cocktail (Complete, Mannheim, Germany). The cells were lysed using a
French Pressure Cell Press (Thermo Electron Corporation, Needham Heights, MA, USA). All subsequent
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procedures were conducted at 4 ◦C. The cell lysate was centrifuged (30,000 rpm, 40 min), and the
supernatant was adjusted to 200 mM NaCl and loaded onto column I (Q-Sepharose Fast Flow, Amersham
Biosciences, Uppsala, Sweden) with subsequent washing with buffer solution I (20 mM HEPES-NaOH,
pH 7.8) containing 200 mM NaCl. Fractions containing the protein were collected and loaded onto column
II (HiTrap-Chelating™, Amersham Biosciences) in buffer solution II (20 mM HEPES-NaOH, pH 7.8)
containing 500 mM NaCl and 20 mM imidazole. Chromatography was performed in buffer solution II
and a linear gradient of 20→ 500 mM imidazole. The solution’s absorbance was detected at a wavelength
of 280 nm. The protein purity was determined by gel electrophoresis. Fractions containing the Endo III
protein were dialyzed against a buffer (20 mM HEPES-NaOH, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol,
250 mM NaCl, 50% glycerol) and stored at −20 ◦C.

2.3. Oligodeoxynucleotides

The sequences of oligodeoxyribonucleotides used in this work are listed in Table 1.
The oligodeoxyribonucleotides were synthesized by the standard phosphoramidite method on an
ASM-700 synthesizer (BIOSSET, Novosibirsk, Russia) in the Laboratory of Biomedical Chemistry,
of Institute of Chemical Biology and Fundamental Medicine of Siberian Branch of Russian Academy
of Sciences. Phosphoramidites, including tCO and DHU-containing monomers, were purchased
from Glen Research (Sterling, VA, USA). Duplexes were prepared by annealing the modified and
complementary strand at a 1:1 molar ratio.

Table 1. DNA duplexes used as substrates and ligands of Endo III. DHU: 5,6-dihydrouracil;
F: (3-hydroxytetrahydrofuran-2-yl)methyl phosphate.

Shorthand Sequence

DHU-substrate, X = DHU
F-ligand, X = F-site

G-ligand, X = G

5′-TCTCTCTC X CCTTCCTT-3′

3′-AGAGAGAG(tCO)GGAAGGAA-5′

DNA duplexes contained a centrally placed specific DHU lesion, an uncleavable analog of an
AP-site (3-hydroxytetrahydrofuran-2-yl) methyl phosphate (F-site), or an undamaged nucleotide
(Table 1). The DHU-containing substrate (DHU-substrate) was subject to the full enzymatic cycle,
which includes DNA binding, N-glycosidic-bond cleavage, β-elimination, and a product release.
The undamaged DNA duplex (G-ligand) and the duplex containing an F-site (F-ligand) revealed
conformational changes in DNA during the binding with Endo III uncomplicated by catalytic steps.

2.4. Stopped-Flow Experiments

These experiments were conducted essentially as described previously [41–43]. A SX.18MV
stopped-flow spectrometer (Applied Photophysics, Leatherhead, UK) fitted with a 150 W Xe arc
lamp and 2 mm path length optical cell was employed. The dead time of the instrument was 1.4 ms.
The excitation wavelength was 360 nm for the tCO fluorescent dye. Emission was monitored using
a long-pass wavelength filter at 395 nm (Corion, Franklin, MA, USA). Endo III was placed in one
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instrument’s syringe and rapidly mixed with the substrate in another syringe. The concentration of
substrates in all the experiments was 1.0 µM, and the concentration of Endo III was varied in the
0.5–4.0 µM range. The reported concentrations of reactants are those in the reaction chamber after
mixing. Typically, each trace shown in the figures is the average of four or more fluorescence traces
recorded in individual experiments. In the figures, if necessary for better presentation, the curves were
manually moved apart. This procedure does not affect the results of fitting because the background
fluorescence is fitted separately for each curve. All the experiments were carried out in a buffer
consisting of 50 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM EDTA, 1 mM DTT, and 7% glycerol (v/v) at
different temperatures across the range of 5–37 ◦C.

2.5. Product Analysis

To analyze the products formed by Endo III, the substrates were 5′-32P-labeled with phage T4
polynucleotide kinase and γ-32P-ATP; the reaction was carried out under the conditions described
above. The products were precipitated by adding 10 volumes of 2% LiClO4 in acetone. The precipitates
were washed three times with 100 µL of acetone, dried, dissolved in 4 µL of water and 3 µL of loading
buffer (7 M urea, 0.1% bromophenol blue, and 0.1% xylene cyanol), and analyzed by denaturing
polyacrylamide gel electrophoresis (PAGE) in a 20% gel. The gels were visualized using Agfa CP-BU
X-ray film (Agfa-Geavert, Mortsel, Belgium), and the autoradiograms were scanned and quantified in
the Gel-Pro Analyzer software (Media Cybernetics, Rockville, MD, USA).

2.6. Kinetic Data Analysis

The kinetic parameters were determined by global nonlinear fitting in the DynaFit software
(BioKin, Pullman, WA, USA) [44] as described previously [31,45]. The software performs numerical
integration of a system of ordinary differential equations with subsequent nonlinear least-squares
regression analysis. The kinetic mechanism, all relevant rate constants for the forward and reverse
reactions, and the specific molar responses for all intermediate complexes were fitted.

The data were fit numerically to several kinetic schemes with n reversible steps followed by m
irreversible steps and a reversible product release step. The residuals were examined, and the minimal
kinetic schemes were selected based on the screen test, as done previously [45].

2.7. Thermodynamic Analysis

By means of the measured rate constants, the equilibrium constants Ki (ki/k−i, where i is the step
number) were determined for a DNA substrate and ligand. The standard thermodynamic functions
of the ith equilibrium step were determined using the Van’t Hoff equation, which represents the
relation between the true thermodynamic equilibrium constant (Ki) and standard Gibbs energy (∆Gi

o),
the standard enthalpy (∆Hi

o), and the standard entropy (∆Si
o) of the ith reaction step [46]:

ln(Ki) = −∆Gi
o/RT = −∆Hi

o/RT + ∆Si
o/R (1)

The typical dependence of ln(Ki) on 1/T was linear, as expected for the relatively narrow temperature
range of the study. The Gibbs free energies ∆Go

i at 25 ◦C were calculated from ln(Ki) = −∆Go
i/RT.

The validity of this approach was discussed elsewhere (e.g., [47]).
Analysis of the temperature dependence of the rate constant of chemical reaction Ki enables

determination of standard enthalpy of activation (∆Ho,‡) and standard entropy of activation (∆So,‡)
based on the transition state theory (Eyring equation [46]). For unimolecular reactions, such as the
catalytic step in the reaction mechanism,

ln(k/T) = ln(kB/h) + (∆So,‡/R) − (∆Ho,‡/RT), (2)
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where kB and h are Boltzmann’s and Planck’s constants, respectively, R is the gas constant, T is absolute
temperature in Kelvins, and ki denotes the rate constant of chemical step i.

3. Results

3.1. Rationale

Recently, we presented a kinetic study of conformational changes in DNA during DNA binding,
damage recognition, and catalysis by E. coli Endo III [19]. In the previous study [19], two fluorescent
reporters, 2-aminopurine (aPu) placed 3′ to the damaged nucleotide and tCO placed opposite to
the lesion, were chosen for detection of DNA dynamics. The transient changes in the aPu and
tCO fluorescence during the interaction of Endo III with DNA were examined via the stopped-flow
approach under conditions close to single-turnover, indicating conformational transitions in the DNA
molecules. The data showed that DNA undergoes multiple conformational transformations during the
formation of an enzyme–substrate complex. The initial step of the kinetic mechanism is characterized
by destabilization of the double helix (which can occur due to local melting, bending of the duplex,
or insertion of the Leu81 residue) and by attempts of the enzyme to flip out the damaged nucleotide
from the duplex. It was likely that the second binding step accompanied by the incorporation of the
Gln41 amino acid residue into a double helix and simultaneous adjustment of the active site to achieve
the catalytically competent state.

In contrast to our previous study [19], where 12-nucleotide duplexes as DNA substrates were
studied, the longer DNA (Table 1) allows us to analyze the process across a wide temperature
range (5–37 ◦C) and to determine the thermodynamic parameters (standard Gibbs energy, standard
enthalpy, and standard entropy) for each step of conformational rearrangements associated with
specific recognition of a damaged DNA site and the catalytic reaction. Additionally, single mutants of
Endo III were examined to identify the function of catalytic amino acid residues Lys120 and Asp138
during DNA binding and catalysis. A comparison of fluorescence kinetic data with available structures
for Endo III allowed us to improve the understanding of the mechanism of Endo III interaction with
specific and nonspecific sites.

3.2. Interactions of Endonuclease III with G-Ligand

For nonspecific G-ligand, the set of tCO fluorescence traces obtained at different concentrations
of Endo III and T = 30 ◦C are presented in Figure 2A. Changes in tCO fluorescence intensity during
interaction of Endo III (2 µM) with G-ligand (1 µM) at different temperatures are shown in Figure 2B.
The obtained data indicate that, in the time interval 2 ms to 200 s, the nonspecific binding of G-ligand
by Endo III led to a three-phase change in tCO fluorescence intensity. The rates of all phases increased
with the temperature.

Figure 2. (A) Changes in 1,3-diaza-2-oxophenoxazine (tCO) fluorescence intensity during the interaction
of Endo III with G-ligand (1 µM) at various concentrations of the enzyme at 30 ◦C. Solid curves represent
the curves fitted by means of Scheme 1; (B) Changes in tCO fluorescence intensity during the interaction
of Endo III (2 µM) with G-ligand (1 µM) at different temperatures.
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The first phase represents a decrease in the signal up to time points 10–100 ms. According
to [48], the decrease in tCO fluorescence intensity represents the transfer of this label into a more
polar environment. The second phase when tCO fluorescence intensity is increased proceeds up to
≈3 s (37 ◦C) or ≈200 s (10 ◦C). The third phase with the decrease of tCO fluorescence intensity is
observed only for T = 20–37 ◦C in the time range 5–200 s. Presumably, in the first phase, when enzyme
forms initial contacts with one of the DNA chains, tCO is detached from the complementary chain and
becomes more accessible for polar solution molecules. In the second phase, the enzyme forms specific
contacts with both chains of DNA. As suggested previously [19], for the DNA binding with Endo
III, the side chain of Leu81 of Endo III can be partially inserted into the DNA helix during complex
formation, and the side chain of Gln41 contacts the base opposite to the lesion site. Therefore, due to
these interactions, the tCO environment becomes less polar. During the third phase, tCO fluorescence
intensity decreases again. Probably, the insertion of amino acid residues into the double helix of DNA
promotes the extrusion of nucleobases, including tCO, into the external polar side of the DNA chain.

In the DynaFit software [44], it was determined that the experimental curves obtained for a set of
Endo III concentrations and fixed DNA concentration at each temperature fit best a kinetic mechanism
containing three reversible steps, as shown in Scheme 1. The complexes (E•G)i in Scheme 1 correspond
to different forms of G-ligand complexed with the enzyme detected on fluorescence traces. The forward
and reverse rate constants calculated by fitting of the experimental data to this mechanism are listed
in Table 2. For each temperature, the equilibrium constants of individual steps Ki and association
constant Kass, which represents the total DNA binding ability of enzyme, were calculated from data
given in Table 2.

Scheme 1. E represents Endo III, G denotes G-ligand, (E•G)i are complexes of the enzyme with
G-ligand, and ki and k−i are the individual rate constants.

Table 2. Rate and equilibrium constants corresponding to the interaction of Endo III with G-ligand.

T (◦C)
Constants 5 10 15 20 25 30 37

k1, M−1 s−1 (27 ± 2)×106 (30 ± 4)×106 (45 ± 5)×106 (52 ± 5)×106 (61 ± 4)×106 (65 ± 11)×106 (72 ± 3)×106

k−1, s−1 110 ± 3 131 ± 11 239 ± 11 299 ± 20 360 ± 14 379 ± 36 494 ± 24
K1, M−1 (0.25 ± 0.01)×106 (0.23 ± 0.04)×106 (0.19 ± 0.02)×106 (0.18 ± 0.02)×106 (0.17 ± 0.01)×106 (0.17 ± 0.03)×106 (0.15 ± 0.01)×106

k2, s−1 0.034 ± 0.006 0.15 ± 0.05 0.33 ± 0.01 0.47 ± 0.14 0.58 ± 0.14 0.9 ± 0.3 1.2 ± 0.1
k−2, s−1 0.013 ± 0.003 0.04 ± 0.01 0.078 ± 0.004 0.090 ± 0.030 0.070 ± 0.030 0.120 ± 0.060 0.200 ± 0.050

K2 2.6 ± 0.8 3.5 ± 1.8 4.2 ± 0.2 5.42 ± 2.55 8.5 ± 4.2 7.8 ± 4.5 5.9 ± 1.5
k3, s−-1 N/A N/A N/A 0.004 ± 0.002 0.014 ± 0.004 0.017 ± 0.003 0.029 ± 0.006
k−3, s−1 N/A N/A N/A 0.015 ± 0.003 0.050 ± 0.004 0.054 ± 0.016 0.09 ± 0.04

K3 N/A N/A N/A 0.26 ± 0.12 0.27 ± 0.09 0.3 ± 0.1 0.32 ± 0.15
Kass, M–1 (0.9 ± 0.01)×106 (1.04 ± 0.04)×106 (0.99 ± 0.02)×106 (1.4 ± 0.02)×106 (2.0 ± 0.01)×106 (1.9 ± 0.03)×106 (1.3 ± 0.01)×106

Ki = ki/k−i, Kass =
i=3
∑

i=1

j=i
∏
j=1

Kj

3.3. Interactions of Endonuclease III with F-Ligand

Binding of F-ligand by Endo III induces two-phase changes in tCO fluorescence (Figure 3A).
The phase of a fast fluorescence intensity decrease was completed by 10 ms and followed by the second
decrease phase up to 5–10 s, which was observed only at T = 20–37 ◦C. Therefore, the stopped-flow
data obtained for a set of Endo III concentrations and a fixed DNA concentration at each temperature
(Figure 3B) were fitted to an equilibrium mechanism involving two reversible steps, as shown in
Scheme 2, and the forward and reverse rate constants were calculated. The rate and equilibrium
constants are presented in Table 3.
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Figure 3. (A) Changes in tCO fluorescence intensity during the interaction of Endo III with F-ligand
(1 µM) at various concentrations of the enzyme at 30 ◦C. Solid curves represent the curves fitted by
means of Scheme 2; (B) Changes in tCO fluorescence intensity during the interaction of Endo III (2 µM)
with F-ligand (1 µM) at different temperatures.

Scheme 2. E represents Endo III, F denotes F-ligand, (E•F)i are complexes of the enzyme with F-ligand,
and ki and k−i are the individual rate constants.

Table 3. Rate and equilibrium constants corresponding to the interaction of Endo III with F-ligand.

T (◦C)
Constants 5 10 15 20 25 30 37

k1, M−1 s−1 (86 ± 15)×106 (98 ± 17)×106 (102 ± 20)×106 (106 ± 10)×106 (156 ± 15)×106 (172 ± 6)×106 (192 ± 27)×106

k−1, s−1 122 ± 12 150 ± 18 169 ± 15 214 ± 15 298 ± 50 395 ± 6 528 ± 34
K1, M−1 (0.71 ± 0.14)×106 (0.65 ± 0.14)×106 (0.60 ± 0.13)×106 (0.49 ± 0.06)×106 (0.52 ± 0.1)×106 (0.44 ± 0.017)×106 (0.36 ± 0.06)×106

k2, s−1 N/A N/A N/A 0.005 ± 0.001 0.06 ± 0.01 0.19 ± 0.01 0.23 ± 0.06
k−2, s−1 N/A N/A N/A 0.17 ± 0.04 0.37 ± 0.02 0.804 ± 0.003 0.50 ± 0.02

K2 N/A N/A N/A 0.03 ± 0.01 0.15 ± 0.04 0.24 ± 0.01 0.46 ± 0.1
Kass, M−1 (0.71 ± 0.14)×106 (0.65 ± 0.14)×106 (0.60 ± 0.13)×106 (0.50 ± 0.06)×106 (0.41 ± 0.10)×106 (0.54 ± 0.17)×106 (0.52 ± 0.06)×106

Ki = ki/k−i, Kass =
i=2
∑

i=1

j=i
∏
j=1

Kj.

3.4. Interactions of Endonuclease III with DHU-Substrate

For DHU-substrate, the set of tCO fluorescence traces obtained at different concentrations of
Endo III and T = 30 ◦C, are illustrated in Figure 4A. As shown in Figure 4A, the tCO fluorescence
curve contains at least four phases: two initial phases of an intensity decrease (up to 10 ms and
200 ms, respectively) and two phases of the intensity increase (up to 5 s and 30 s). Figure 4B illustrates
the fluorescence traces obtained for 2 µM Endo III and 1 µM DHU-containing DNA substrate at
different temperatures.

Scheme 3. E represents Endo III, DHU denotes DHU-substrate, (E•DHU)i are the enzyme–substrate
complexes, E•P is the enzyme–product complex, and ki and k−i are the individual rate constants.
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Figure 4. (A) Changes in tCO fluorescence intensity during the interaction of Endo III with
DHU-substrate (1 µM) at various concentrations of the enzyme at 30 ◦C. Solid lines represent the curves
fitted by means of Scheme 3; (B) Changes in tCO fluorescence intensity during the interaction of Endo
III (2 µM) with DHU-substrate (1 µM) at different temperatures.

For each temperature, the set of fluorescence traces obtained at different concentrations of Endo
III (0.5–4.0 µM) was fitted, as described in our previous study [19], to a kinetic mechanism (Scheme 3)
containing two reversible steps, representing the sequential recognition of the damaged site and
formation of the enzyme’s catalytically competent conformation. The rate constants of the elementary
steps estimated based on this kinetic scheme are listed in Table 4.

Table 4. Rate and equilibrium constants corresponding to the interaction of Endo III with DHU-substrate.

T (◦C)
Constants 5 10 15 20 25 30 37

k1, M−1 s−1 (50 ± 7)×106 (63 ± 11)×106 (88 ± 8)×106 (98 ± 16)×106 (116 ± 5)×106 (127 ± 30)×106 (144 ± 7)×106

k−1, s−1 47 ± 6 63 ± 11 88 ± 15 111 ± 17 145 ± 11 166 ± 16 210 ± 35
K1, M−1 (1.1 ± 0.2)×106 (1.0 ± 0.3)×106 (1.0 ± 0.2)×106 (0.9 ± 0.2)×106 (0.8 ± 0.1)×106 (0.8 ± 0.2)×106 (0.7 ± 0.1)×106

k2, s−1 2.1 ± 0.6 2.6 ± 0.4 3.5 ± 0.3 3.8 ± 0.4 3.8 ± 0.4 5.3 ± 1.2 9.5 ± 1.5
k−2, s−1 1.0 ± 0.1 1.3 ± 0.1 2.0 ± 0.4 4.1 ± 0.5 5.5 ± 0.2 7.2 ± 1.3 14.5 ± 1.2

K2 2.2 ± 0.7 1.9 ± 0.4 1.8 ± 0.4 0.9 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 0.65 ± 0.12
k3, s−1 0.027 ± 0.006 0.045 ± 0.007 0.13 ± 0.03 0.27 ± 0.06 0.39 ± 0.04 0.41 ± 0.09 0.8 ± 0.2

KP, M−1 (2.9 ± 1.7)×106 (3.0 ± 2)×106 (1.6 ± 1.4)×106 (1.6 ± 1.4)×106 (0.62 ± 0.5)×106 (0.9 ± 0.4)×106 (0.4 ± 0.1)×106

Kass, M–1 (3.5 ± 0.2)×106 (2.9 ± 0.3)×106 (2.8 ± 0.2)×106 (1.7 ± 0.2)×106 (1.5 ± 0.1)×106 (1.4 ± 0.2)×106 (1.2 ± 0.1)×106

Ki = ki/k-i, Kass =
i=2
∑

i=1

j=i
∏
j=1

Kj.

As follows from the PAGE analysis of the product accumulation presented in Figure 5, the third
phase of tCO fluorescence corresponds to the catalytic step of the process, which includes both the
N-glycosylase and AP-lyase reactions. It was shown previously [19] the AP lyase activity does not
limit the reaction and proceeds with a rate similar to the rate of the N-glycosylase reaction. This is
consistent with the observation of only a single fluorescence change in DHU-substrate cleavage
(Figure 4) and makes it impossible to separate the chemical stages of the process into separate steps of
the kinetic mechanism (Scheme 3). The characteristic times of the DNA product accumulation coincide
with the characteristic times of tCO fluorescence increase in the 1–100 s interval, indicating that the
fluorescence changes in this time interval characterize the chemical steps of the enzymatic reaction.
The third phase shifts to a shorter timescale with an increase in Endo III concentration or temperature
(Figure 4A,B, respectively). Therefore, the first two phases correspond to the binding of the enzyme to
the substrate and formation of a catalytically competent enzyme–substrate complex. In Figure 4A,B,
the fluorescence intensities of the enzyme–DNA complexes (0.002–0.3 s) are lower in comparison
with the free double-stranded DNA (the initial part of the traces, short timescales) and with the final
enzyme–DNA product complex formed after removal of the DHU base and β-elimination of the
3′-phosphate group (the ending of the traces, long timescales).
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Figure 5. (A) Kinetics of accumulation of the DNA product formed in the N-glycosylase and
apurinic/apyrimidinic (AP)-lyase reactions, as detected by the polyacrylamide gel electrophoresis (PAGE)
experiments. To visualize kinetic curves in the initial time region different colors are used. (B) The observed
rate constants for DHU-substrates’ cleavage by Endo III at different temperatures, [Endo III] = 2 µM,
[DHU-substrate] = 1 µM.

Of note, the first decrease phase, which corresponds to nonspecific-complex formation when
the enzyme distorts a DNA chain and the fluorophore environment becomes more polar, has similar
shapes for DHU-substrate and G- and F-ligands. Nevertheless, the association constant of this step
K1 increases in the order G-ligand→ F-ligand→ DHU-substrate (0.17, 0.52, and 0.8 µM−1 at 25◦C)
indicating stabilization of the initial complex for damaged DNA.

The second step of the reduction in tCO fluorescence intensity is associated with recognition of
the DHU base and its eversion from the DNA helix, as was suggested earlier [19]. In this case, tCO

becomes more accessible for polar molecules of water. At this step, a significant difference between
specific DHU-substrate (a tCO fluorescence decrease) and nonspecific G-ligand (a tCO fluorescence
increase) was detected, indicating that the second step is the most important for discrimination between
damaged and undamaged DNA.

The third phase, when the fluorescence signal is increasing in the case of DHU-substrate,
corresponds to transformation of the enzyme–substrate complex into the catalytically active
conformation suitable for subsequent N-glycosylase and AP-lyase reactions. The X-ray data obtained
for Endo III from G. stearothermophilus revealed that, in the complex of Endo III with DHU-substrate,
amino acid residues Leu82 and Gln42 are inserted into the DNA helix (Leu81 and Gln41 in Endo III
from E. coli) and 5,6-dihydrouracil is everted into the active site pocket (Figure 1). These structural
transformations make the tCO environment less polar and cause a gain of the fluorescence signal.
The final fourth phase when the signal reaches a plateau corresponds to reversible dissociation of the
enzyme–product complex.

3.5. Thermodynamic Analysis

From the values of individual rate constants, equilibrium constants Ki (ki/k−i, where i is the step
number) were computed for G- and F-ligands and DHU-substrate. ∆Ho

i and ∆So
i were calculated

using the Van’t Hoff equation: ln(Ki) = ∆So
i/R − ∆Ho

i/RT. It should be noted that the slope of the
plot ln(Ki) vs. 1/RT is equal to the standard enthalpy of the reaction irrespective of the assumption of
temperature independence of standard enthalpy, as follows from the Gibbs–Helmholtz equation [46].
As depicted in Figure 6, the dependences ln(Ki) vs. 1/T are linear, as expected for the relatively
narrow temperature range of the study. The Gibbs free energies ∆Go

i at 25 ◦C (298 K) were calculated
according to ln(Ki) = −∆Go

i/RT (Table 5).
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Figure 6. Van’t Hoff analysis of the temperature dependence of Ki for: (A) G-ligand; (B) F-ligand; and
(C) DHU-substrate; (D) Analysis of the temperature dependence of ln(kcat/T) for DHU-substrate.

Table 5. Thermodynamic parameters of Endo III interactions with DNA.

DNA Step Number ∆H, kcal/mol ∆S, cal/(mol × K) ∆G298, kcal/mol a

G-ligand

1 −2.6 ± 0.3 15.1 ± 1.1 −7.1
2 5.5 ± 1.5 22 ± 5 −1.3
3 2.3 ± 0.5 5.3 ± 1.7 0.7

i=3
∑

i=1
5.2 ± 2.3 42.4 ± 7.8 −7.7

F-ligand
1 −3.5 ± 0.4 14 ± 1 −7.8
2 17.0 ± 0.1 53.3 ± 0.5 1.1

i=2
∑

i=1
13.5 ± 0.5 67.3 ± 1.5 −6.7

DHU-substrate

1 −2.4 ± 0.2 19 ± 1 −8.0
2 −7.5 ± 1.2 −25 ± 4 0.2

i=2
∑

i=1
−9.9 ± 1.4 −6.0 ± 5.0 −7.8

Transition state of catalytic step
3 b 18 ± 2 −1.0 ± 0.1 18.0

Product dissociation step 4 −11 ± 2 9 ± 6 −7.9
a The errors indicated are± 1 standard deviation. ∆∆G◦i298 = RT(∆Ki/Ki)≤ 0.2 kcal/mol. b Apparent thermodynamic
parameters of the transition state calculated as ∆G3

‡ = RT ln(kBT/hk3), where kB and h are Boltzmann and Planck constants,
respectively, R is the gas constant, and T is absolute temperature in Kelvins.

Inspection of the thermodynamic data summarized in Table 5 reveals that formation of the first
complex of Endo III with any DNA is associated with a negative change in enthalpy and a positive
change in entropy, indicating similar nature of the interactions in the initial enzyme–DNA complex.
Nevertheless, these data revealed a clear qualitative difference in the total thermodynamic changes
between the processes of Endo III binding to nonspecific and specific DNA substrates. The total
binding of G- and F-ligands is associated with positive changes in enthalpy and entropy, but the
binding of specific DHU-substrate is fully enthalpy-driven due to the exothermic second binding
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step. Indeed, the second step of DHU-substrate binding reflected adjustment of the enzyme–substrate
complex into the catalytically active state and is characterized by negative changes in both enthalpy
and entropy. The negative ∆H◦2 value indicates stabilization of the complex during formation of new,
energetically favorable bonds among the interacting atoms, whereas a negative ∆S◦2 value points to
compaction and increased rigidity of the complex.

Therefore, discrimination between a nonspecific G base and the specific DHU base occurs at the
second binding step, which manifests the significant difference in the thermodynamic parameters,
indicating the difference in the nature of interactions during this step.

3.6. Mutational Analysis

To identify the role of Lys120 and Asp138 in the hydrolysis of the N-glycosidic bond and
in β-elimination of the 3′-phosphate group, mutant forms Endo III K120A and Endo III D138A
were constructed. Analysis of their catalytic activity via detection of the reaction products by
gel electrophoresis showed that substitution of the catalytic amino acid residues (Lys120Ala and
Asp138Ala) results in a complete loss of both the N-glycosylase and AP-lyase activities. Analysis of
DNA conformational changes induced by the mutant forms revealed that substitution D138A leads to
a complete loss of the ability to distort the DNA double chain, probably due to loss of the ability to
tightly DNA binding (Figure 7A).

Figure 7. Changes in tCO fluorescence intensity during the interaction of Endo III D138A (A) or Endo
III K120A (B) with DHU-substrate (1 µM) at 25 ◦C. Solid curves represent the curves fitted via the
binding steps of Scheme 3.

The decrease in tCO fluorescence during Endo III K120A interaction with DHU-substrate indicates
a similar nature of the DNA-binding steps recorded in initial parts of the kinetic curves for the WT
enzyme (Figure 7B). On the other hand, the shapes of kinetic curves revealed significant deceleration
of the binding process in comparison with the WT enzyme. It was not possible to detect an increase in
fluorescence intensity, which characterizes accumulation of the reaction product and dissociation of
the enzyme–product complex because of the extremely slow rate of this step. Therefore, the kinetic
curves were described by two reversible binding steps of Scheme 3, which allowed us to calculate the
rate and equilibrium constants for the binding of Endo III K120A to DHU-substrate (Table 6).
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Table 6. Rate and equilibrium constants corresponding to the interaction of Endo III K120A
with DHU-substrate.

Constants T (25 ◦C)

k1, M−1 s−1 (8 ± 2) × 106

k−1, s−1 60 ± 15
K1, M−1 (0.13 ± 0.05) × 106

k2, s−1 4.6 ± 1.4
k−2, s−1 12 ± 2

K2 0.4 ± 0.1
Kass, M–1 0.18 × 106

Ki = ki/k−i, Kass =
i=2
∑

i=1

j=i
∏
j=1

Kj.

As shown in Table 6, in the case of Endo III K120A, k1 and k2 are less than those for WT Endo III
(at 25 ◦C) by 14.5- and 2.4-fold, respectively. The association constant of the first binding step obtained
for Endo III K120A is also six-fold lower as compared with the WT enzyme, indicating participation
of Lys120 in the initial binding step. The second step—where the insertion of amino acid residue
Gln41 into the DNA double helix takes place (and the catalytic complex should be formed)—proceeds
with similar forward rate constants in the case of both WT Endo III and K120A mutant. Nonetheless,
the comparison of the equilibrium constants presented in Tables 4 and 6 reveals a decrease in K2 and
in total Kass for Endo III K120A by 1.8- and 8.3-fold.

These results suggest that the conformation of the active site of Endo III K120A is less suitable for
the specific DNA binding, and this process proceeds less effectively than in the case of the WT enzyme.
Moreover, for the K120A mutant form, full adaptation of the DNA helix structure to the catalytically
active form is not possible.

4. Discussion

Crystal structures of free Endo III from E. coli [17,49] and complexes of Endo III from
G. stearothermophilus with damaged DNA [18] revealed a significant distortion of the DNA double
chain at the site of the lesion, with the DNA axis kinked by ≈55◦, the minor groove widely open, and
the damaged nucleotide everted from the helix into the enzyme’s active site pocket.

The fluorescent reporter, tCO, incorporated opposite to the lesion enables recording a two-phase
decrease in its fluorescence during the F-ligand and DHU-substrate binding by Endo III (Figures 3
and 4). On the contrary, binding of G-ligand leads to an initial single-phase decrease with a subsequent
increase phase and second decrease phase (Figure 2).

It has been uncovered earlier that the fluorescence quantum yield of tCO decreases after switching
to a more polar environment [48], when it was still 0.22 ± 0.05 in all possible combinations of
nearest neighbors [50]. According to thermodynamic data (Table 5), the first step is characterized
by similar thermodynamic parameters for all DNA duplexes containing residues G, F, and DHU.
At this step, the moderate enthalpy gain is accompanied by an increase in entropy most probably
due to the DNA melting at the point of contact and conformational changes of the DNA-binding
site. The Gibbs free energy of binding (ca. −7 kcal/mol) is typical for protein–DNA complexes [51].
Formation of the protein–DNA complex restrains translational, rotational, and conformational motions
of the protein and DNA, thereby leading to the entropy loss. The entropy gain is provided by a
release of water molecules from the protein–DNA interface, which has been reported to accompany
molecular complexation in many systems, including protein–DNA complexes. As illustrated in
Figures 2–4, disruption of DNA base pairing proceeds after formation of the initial contacts with
Endo III. Such disturbance of the DNA conformation in both specific and nonspecific complexes
may result from the attempts of the enzyme to flip out the sampled base regardless of whether it
is damaged. Active eversion of undamaged bases from DNA in the process of a lesion search has
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also been demonstrated for hOGG1 [52,53]. Besides, in all available structures of DNA glycosylases
with undamaged DNA [54–57], the wedging residue of the enzyme is already inserted into DNA,
and therefore Leu81 of Endo III may be expected to behave in the same way as shown recently
in single-molecule assays in Refs. [23,58–60]. Therefore, the possible molecular event causing a
tCO fluorescence decrease in the first phase of nonspecific DNA binding may be the insertion of
Leu81 as part of the lesion search, affecting the environment of tCO in fully stacked undamaged and
damaged DNA.

The second phase of interaction with DHU-substrate and F-ligand (Figures 2–4) also leads to a
decrease in the tCO fluorescence signal, which reflects formation of the catalytically competent state.
Nevertheless, thermodynamic parameters of this step are significantly different. The second step for
DHU-substrate has favorable enthalpy but unfavorable entropy. At this step, the damaged nucleotide
is pulled into the enzyme’s active site pocket, and new contacts between amino acids of the active
site and the DHU base as well as between the amino acids Leu81 and Gln41 of Endo III with DNA
in the voids are formed, thereby leading to the energy gain. By contrast, the resulting structure is
more rigid, which explains the entropy loss. In the case of F-ligand, the absence of a damaged base
results in the loss of these specific contacts, thus causing a positive change in enthalpy and entropy at
this step. The consumption of energy (∆H◦) at this step is compensated by the gain of entropy (∆S◦),
presumably due to the dehydration of the DNA grooves. As a result, this step is neutral in terms of
Gibbs energy for both DHU-substrate and F-ligand; this pattern is very important for transformation
of the structure of the enzyme–DNA complex to the catalytically active conformation.

In the case of nonspecific G-ligand during the second phase, the enzyme forms specific contacts
with both chains of DNA. As suggested previously [19], during the DNA binding—except for the
side chain of Leu81 of Endo III (which can be partially inserted into the DNA duplex during complex
formation)—the side chain carbonyl of Gln41 of Endo III contacts the base opposite to the lesion
site. Therefore, due to these interactions, the tCO environment becomes less polar and the tCO

fluorescence intensity increases. In the third phase, tCO fluorescence intensity decreases again.
Probably, the insertion of amino acid residues into the double helix of DNA promotes base pair
opening and extrusion of nucleobases including tCO into the external polar side of the DNA chain.
The third step for G-ligand is energetically neutral in terms of Gibbs energy but proceeds very slowly.
This step likely reflects an attempt of the enzyme to evert any base of nonspecific DNA into the
enzyme’s active site.

The third step of the Endo III interaction with DHU-substrate represents a catalytic N-glycosylase
reaction and a reaction of β-elimination of the 3′-phosphate group. Activation parameters of this
reaction reveal a sufficiently low value of ∆G 6=, explaining the high activity of the enzyme at
low temperatures.

The fourth step for DHU-substrate is the equilibrium between the complex of Endo III with the
product and their free forms in solution.

5. Conclusions

The thermodynamic analyses of catalytic processes performed by functionally and structurally
different DNA-glycosylases Endo III from E. coli, Fpg from E. coli [31], human OGG1 [30] and human
AP-endonuclease APE1 [32] reveal that they employ common energetic features at the main steps
of base lesion recognition. The first step of the DNA-binding process is formation of a nonspecific
complex, resulting in double-helix melting and insertion of wedging amino acid residues (Leu81 for
Endo III, Phe110 for Fpg and Tyr203 for hOGG1), characterized by favorable changes in both enthalpy
and entropy for all enzymes except APE1. Common feature of Endo III, Fpg and APE1 is that some of
the subsequent steps in a multistep mechanism of lesion recognition are favorable in terms of enthalpy
but may be unfavorable on entropy owing to the formation of structurally rigid complexes. Moreover,
at least one step of DNA binding by any enzyme required additional energy consumption, which is



Genes 2018, 9, 190 15 of 18

compensated by an increase in entropy of the system as a result of release of water molecules from the
area of contacts.

Mutational analysis of Endo III reveals that Lys120 takes part both in the processes of nonspecific
binding and subsequent recognition of the damage because substitution Lys120Ala significantly decelerates
conformational changes of the duplex during the complex formation. Moreover, substitution Asp138Ala
causes a complete loss of the ability of Endo III to distort a DNA double chain.

Acknowledgments: This work was supported partially by Russian State funded budget project (No. VI.57.1.2,
0309-2018-0001), and grants from the Russian Foundation for Basic Research (16-04-00037). The part of the work
including analysis of experimental data was supported by the Russian Scientific Foundation (16-14-10038).

Author Contributions: N.A.K. conceived and designed the experiments; O.A.K. conducted the experiments;
O.A.K., L.N.K., N.A.K. and O.S.F. analyzed the data; N.A.K. and O.S.F. contributed reagents, materials, and/or
analytical tools; and O.A.K., N.A.K. and O.S.F. wrote the paper.

Conflicts of Interest: The authors declare that they have no conflict of interest. The founding sponsors had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
and in the decision to publish the results.

References

1. Wallace, S.S. Biological consequences of free radical-damaged DNA bases. Free Radic. Biol. Med. 2002, 33,
1–14. [CrossRef]

2. Marnett, L.J. Oxyradicals and DNA damage. Carcinogenesis 2000, 21, 361–370. [CrossRef] [PubMed]
3. Dizdaroglu, M.; Jaruga, P.; Birincioglu, M.; Rodriguez, H. Free radical-induced damage to DNA: Mechanisms

and measurement. Free Radic. Biol. Med. 2002, 32, 1102–1115. [CrossRef]
4. Boiteux, S.; Guillet, M. Abasic sites in DNA: Repair and biological consequences in Saccharomyces cerevisiae.

DNA Repair 2004, 3, 1–12. [CrossRef] [PubMed]
5. Friedberg, E.C.; Walker, G.C.; Siede, W.; Wood, R.D.; Schultz, R.A.; Ellenberger, T. DNA Repair and Mutagenesis;

ASM Press: Washington, DC, USA, 2006.
6. Gros, L.; Saparbaev, M.K.; Laval, J. Enzymology of the repair of free radicals-induced DNA damage. Oncogene

2002, 21, 8905–8925. [CrossRef] [PubMed]
7. Hatahet, Z.; Kow, Y.W.; Purmal, A.A.; Cunningham, R.P.; Wallace, S.S. New substrates for old enzymes.

5-hydroxy-2′-deoxycytidine and 5-hydroxy-2′-deoxyuridine are substrates for Escherichia coli endonuclease
iii and formamidopyrimidine DNA N-glycosylase, while 5-hydroxy-2′-deoxyuridine is a substrate for uracil
DNA N-glycosylase. J. Biol. Chem. 1994, 269, 18814–18820. [PubMed]

8. Dizdaroglu, M.; Bauche, C.; Rodriguez, H.; Laval, J. Novel substrates of Escherichia coli Nth protein and its
kinetics for excision of modified bases from DNA damaged by free radicals. Biochemistry 2000, 39, 5586–5592.
[CrossRef] [PubMed]

9. Katafuchi, A.; Nakano, T.; Masaoka, A.; Terato, H.; Iwai, S.; Hanaoka, F.; Ide, H. Differential specificity of
human and Escherichia coli endonuclease III and VIII homologues for oxidative base lesions. J. Biol. Chem.
2004, 279, 14464–14471. [CrossRef] [PubMed]

10. Dizdaroglu, M.; Karahalil, B.; Senturker, S.; Buckley, T.J.; Roldan-Arjona, T. Excision of products of oxidative
DNA base damage by human Nth1 protein. Biochemistry 1999, 38, 243–246. [CrossRef] [PubMed]

11. Eide, L.; Luna, L.; Gustad, E.C.; Henderson, P.T.; Essigmann, J.M.; Demple, B.; Seeberg, E. Human
endonuclease III acts preferentially on DNA damage opposite guanine residues in DNA. Biochemistry
2001, 40, 6653–6659. [CrossRef] [PubMed]

12. Asagoshi, K.; Odawara, H.; Nakano, H.; Miyano, T.; Terato, H.; Ohyama, Y.; Seki, S.; Ide, H. Comparison of
substrate specificities of Escherichia coli endonuclease III and its mouse homologue (mNTH1) using defined
oligonucleotide substrates. Biochemistry 2000, 39, 11389–11398. [CrossRef] [PubMed]

13. Dizdaroglu, M.; Laval, J.; Boiteux, S. Substrate specificity of the Escherichia coli endonuclease III: Excision of
thymine- and cytosine-derived lesions in DNA produced by radiation-generated free radicals. Biochemistry
1993, 32, 12105–12111. [CrossRef] [PubMed]

14. Dodson, M.L.; Michaels, M.L.; Lloyd, R.S. Unified catalytic mechanism for DNA glycosylases. J. Biol. Chem.
1994, 269, 32709–32712. [PubMed]

http://dx.doi.org/10.1016/S0891-5849(02)00827-4
http://dx.doi.org/10.1093/carcin/21.3.361
http://www.ncbi.nlm.nih.gov/pubmed/10688856
http://dx.doi.org/10.1016/S0891-5849(02)00826-2
http://dx.doi.org/10.1016/j.dnarep.2003.10.002
http://www.ncbi.nlm.nih.gov/pubmed/14697754
http://dx.doi.org/10.1038/sj.onc.1206005
http://www.ncbi.nlm.nih.gov/pubmed/12483508
http://www.ncbi.nlm.nih.gov/pubmed/8034633
http://dx.doi.org/10.1021/bi9927787
http://www.ncbi.nlm.nih.gov/pubmed/10820032
http://dx.doi.org/10.1074/jbc.M400393200
http://www.ncbi.nlm.nih.gov/pubmed/14734554
http://dx.doi.org/10.1021/bi9819071
http://www.ncbi.nlm.nih.gov/pubmed/9890904
http://dx.doi.org/10.1021/bi0028901
http://www.ncbi.nlm.nih.gov/pubmed/11380260
http://dx.doi.org/10.1021/bi000422l
http://www.ncbi.nlm.nih.gov/pubmed/10985784
http://dx.doi.org/10.1021/bi00096a022
http://www.ncbi.nlm.nih.gov/pubmed/8218289
http://www.ncbi.nlm.nih.gov/pubmed/7806489


Genes 2018, 9, 190 16 of 18

15. Nash, H.M.; Lu, R.; Lane, W.S.; Verdine, G.L. The critical active-site amine of the human 8-oxoguanine DNA
glycosylase, hOGG1: Direct identification, ablation and chemical reconstitution. Chem. Biol. 1997, 4, 693–702.
[CrossRef]

16. Denver, D.R.; Swenson, S.L.; Lynch, M. An evolutionary analysis of the helix-hairpin-helix superfamily of
DNA repair glycosylases. Mol. Biol. Evol. 2003, 20, 1603–1611. [CrossRef] [PubMed]

17. Thayer, M.M.; Ahern, H.; Xing, D.; Cunningham, R.P.; Tainer, J.A. Novel DNA binding motifs in the DNA
repair enzyme endonuclease III crystal structure. EMBO J. 1995, 14, 4108–4120. [PubMed]

18. Fromme, J.C.; Verdine, G.L. Structure of a trapped endonuclease III-DNA covalent intermediate. EMBO J.
2003, 22, 3461–3471. [CrossRef] [PubMed]

19. Kuznetsov, N.A.; Kladova, O.A.; Kuznetsova, A.A.; Ishchenko, A.A.; Saparbaev, M.K.; Zharkov, D.O.;
Fedorova, O.S. Conformational dynamics of DNA repair by Escherichia coli endonuclease III. J. Biol. Chem.
2015, 290, 14338–14349. [CrossRef] [PubMed]

20. Lukina, M.V.; Kuznetsova, A.A.; Kuznetsov, N.A.; Fedorova, O.S. The kinetic analysis of recognition of the
damaged nucleotides by mutant forms of the 8-oxoguanine DNA glycosylase hOGG1. Russ. J. Bioorg. Chem.
2017, 43, 1–12. [CrossRef]

21. Tyugashev, T.E.; Kuznetsova, A.A.; Kuznetsov, N.A.; Fedorova, O.S. Interaction features of adenine DNA
glycosylase Muty from E. coli with DNA substrates. Russ. J. Bioorg. Chem. 2017, 43, 13–22. [CrossRef]

22. Yakovlev, D.A.; Kuznetsova, A.A.; Fedorova, O.S.; Kuznetsov, N.A. Search for modified DNA sites with the
human methyl-CpG-binding enzyme MBD4. Acta Nat. 2017, 9, 88–98.

23. Nelson, S.R.; Dunn, A.R.; Kathe, S.D.; Warshaw, D.M.; Wallace, S.S. Two glycosylase families diffusively scan
DNA using a wedge residue to probe for and identify oxidatively damaged bases. Proc. Natl. Acad. Sci. USA
2014, 111, E2091–E2099. [CrossRef] [PubMed]

24. Kuznetsova, A.A.; Kuznetsov, N.A.; Ishchenko, A.A.; Saparbaev, M.K.; Fedorova, O.S. Step-by-step mechanism of
DNA damage recognition by human 8-oxoguanine DNA glycosylase. Biochim. Biophys. Acta 2014, 1840, 387–395.
[CrossRef] [PubMed]

25. Kuznetsov, N.A.; Bergonzo, C.; Campbell, A.J.; Li, H.; Mechetin, G.V.; de los Santos, C.; Grollman, A.P.;
Fedorova, O.S.; Zharkov, D.O.; Simmerling, C. Active destabilization of base pairs by a DNA glycosylase
wedge initiates damage recognition. Nucleic Acids Res. 2015, 43, 272–281. [CrossRef] [PubMed]

26. Lee, A.J.; Wallace, S.S. Visualizing the search for radiation-damaged DNA bases in real time. Radiat. Phys. Chem.
2016, 128, 126–133. [CrossRef] [PubMed]

27. Kuznetsova, A.A.; Iakovlev, D.A.; Misovets, I.V.; Ishchenko, A.A.; Saparbaev, M.K.; Kuznetsov, N.A.;
Fedorova, O.S. Pre-steady-state kinetic analysis of damage recognition by human single-strand selective
monofunctional uracil-DNA glycosylase SMUG1. Mol. Biosyst. 2017, 13, 2638–2649. [CrossRef] [PubMed]

28. Lee, A.J.; Wallace, S.S. Hide and seek: How do DNA glycosylases locate oxidatively damaged DNA bases
amidst a sea of undamaged bases? Free Radic. Biol. Med. 2017, 107, 170–178. [CrossRef] [PubMed]

29. Kladova, O.A.; Kuznetsova, A.A.; Fedorova, O.S.; Kuznetsov, N.A. Mutational and kinetic analysis of lesion
recognition by Escherichia coli endonuclease VIII. Genes 2017, 8, 140. [CrossRef] [PubMed]

30. Kuznetsov, N.A.; Kuznetsova, A.A.; Vorobjev, Y.N.; Krasnoperov, L.N.; Fedorova, O.S. Thermodynamics
of the DNA damage repair steps of human 8-oxoguanine DNA glycosylase. PLoS ONE 2014, 9, e98495.
[CrossRef] [PubMed]

31. Kuznetsov, N.A.; Vorobjev, Y.N.; Krasnoperov, L.N.; Fedorova, O.S. Thermodynamics of the multi-stage
DNA lesion recognition and repair by formamidopyrimidine-DNA glycosylase using pyrrolocytosine
fluorescence—Stopped-flow pre-steady-state kinetics. Nucleic Acids Res. 2012, 40, 7384–7392. [CrossRef]
[PubMed]

32. Miroshnikova, A.D.; Kuznetsova, A.A.; Kuznetsov, N.A.; Fedorova, O.S. Thermodynamics of damaged DNA
binding and catalysis by human AP endonuclease 1. Acta Nat. 2016, 8, 103–110.

33. Kuznetsov, N.A.; Fedorova, O.S. Thermodynamic analysis of fast stages of specific lesion recognition by
DNA repair enzymes. Biochemistry 2016, 81, 1136–1152. [CrossRef] [PubMed]

34. Wright, P.M.; Yu, J.; Cillo, J.; Lu, A.-L. The active site of the Escherichia coli muty DNA adenine glycosylase.
J. Biol. Chem. 1999, 274, 29011–29018. [CrossRef] [PubMed]

35. Manuel, R.C.; Hitomi, K.; Arvai, A.S.; House, P.G.; Kurtz, A.J.; Dodson, M.L.; McCullough, A.K.; Tainer, J.A.;
Lloyd, R.S. Reaction intermediates in the catalytic mechanism of Escherichia coli Muty DNA glycosylase.
J. Biol. Chem. 2004, 279, 46930–46939. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1074-5521(97)90225-8
http://dx.doi.org/10.1093/molbev/msg177
http://www.ncbi.nlm.nih.gov/pubmed/12832627
http://www.ncbi.nlm.nih.gov/pubmed/7664751
http://dx.doi.org/10.1093/emboj/cdg311
http://www.ncbi.nlm.nih.gov/pubmed/12840008
http://dx.doi.org/10.1074/jbc.M114.621128
http://www.ncbi.nlm.nih.gov/pubmed/25869130
http://dx.doi.org/10.1134/S1068162017010058
http://dx.doi.org/10.1134/S1068162017010101
http://dx.doi.org/10.1073/pnas.1400386111
http://www.ncbi.nlm.nih.gov/pubmed/24799677
http://dx.doi.org/10.1016/j.bbagen.2013.09.035
http://www.ncbi.nlm.nih.gov/pubmed/24096108
http://dx.doi.org/10.1093/nar/gku1300
http://www.ncbi.nlm.nih.gov/pubmed/25520195
http://dx.doi.org/10.1016/j.radphyschem.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27818579
http://dx.doi.org/10.1039/C7MB00457E
http://www.ncbi.nlm.nih.gov/pubmed/29051947
http://dx.doi.org/10.1016/j.freeradbiomed.2016.11.024
http://www.ncbi.nlm.nih.gov/pubmed/27865982
http://dx.doi.org/10.3390/genes8050140
http://www.ncbi.nlm.nih.gov/pubmed/28505099
http://dx.doi.org/10.1371/journal.pone.0098495
http://www.ncbi.nlm.nih.gov/pubmed/24911585
http://dx.doi.org/10.1093/nar/gks423
http://www.ncbi.nlm.nih.gov/pubmed/22584623
http://dx.doi.org/10.1134/S0006297916100114
http://www.ncbi.nlm.nih.gov/pubmed/27908238
http://dx.doi.org/10.1074/jbc.274.41.29011
http://www.ncbi.nlm.nih.gov/pubmed/10506150
http://dx.doi.org/10.1074/jbc.M403944200
http://www.ncbi.nlm.nih.gov/pubmed/15326180


Genes 2018, 9, 190 17 of 18

36. Zharkov, D.O.; Grollman, A.P. Muty DNA glycosylase: Base release and intermediate complex formation.
Biochemistry 1998, 37, 12384–12394. [CrossRef] [PubMed]

37. Williams, S.D.; David, S.S. A single engineered point mutation in the adenine glycosylase Muty confers
bifunctional glycosylase/AP lyase activity. Biochemistry 2000, 39, 10098–10109. [CrossRef] [PubMed]

38. Dalhus, B.; Forsbring, M.; Helle, I.H.; Vik, E.S.; Forstrom, R.J.; Backe, P.H.; Alseth, I.; Bjoras, M.
Separation-of-function mutants unravel the dual-reaction mode of human 8-oxoguanine DNA glycosylase.
Structure 2011, 19, 117–127. [CrossRef] [PubMed]

39. Stengel, G.; Purse, B.W.; Wilhelmsson, L.M.; Urban, M.; Kuchta, R.D. Ambivalent incorporation of the
fluorescent cytosine analogues TC and TCO by human DNA polymerase alpha and Klenow fragment.
Biochemistry 2009, 48, 7547–7555. [CrossRef] [PubMed]

40. Asahara, H.; Wistort, P.M.; Bank, J.F.; Bakerian, R.H.; Cunningham, R.P. Purification and characterization
of Escherichia coli endonuclease III from the cloned nth gene. Biochemistry 1989, 28, 4444–4449. [CrossRef]
[PubMed]

41. Kuznetsov, N.A.; Koval, V.V.; Zharkov, D.O.; Vorobiev, Y.N.; Nevinsky, G.A.; Douglas, K.T.; Fedorova, O.S.
Kinetic basis of lesion specificity and opposite-base specificity of Escherichia coli formamidopyrimidine-DNA
glycosylase. Biochemistry 2007, 46, 424–435. [CrossRef] [PubMed]

42. Kuznetsov, N.A.; Zharkov, D.O.; Koval, V.V.; Buckle, M.; Fedorova, O.S. Reversible chemical step and
rate-limiting enzyme regeneration in the reaction catalyzed by formamidopyrimidine-DNA glycosylase.
Biochemistry 2009, 48, 11335–11343. [CrossRef] [PubMed]

43. Koval, V.V.; Kuznetsov, N.A.; Ishchenko, A.A.; Saparbaev, M.K.; Fedorova, O.S. Real-time studies of
conformational dynamics of the repair enzyme E. coli formamidopyrimidine-DNA glycosylase and its
DNA complexes during catalytic cycle. Mutat. Res. 2010, 685, 3–10. [CrossRef] [PubMed]

44. Kuzmic, P. Program DYNAFIT for the analysis of enzyme kinetic data: Application to HIV proteinase.
Anal. Biochem. 1996, 237, 260–273. [CrossRef] [PubMed]

45. Kuznetsov, N.A.; Koval, V.V.; Zharkov, D.O.; Fedorova, O.S. Conformational dynamics of the interaction of
Escherichia coli endonuclease VIII with DNA substrates. DNA Repair 2012, 11, 884–891. [CrossRef] [PubMed]

46. Atkins, P.; Paula, J. Atkins' Physical Chemistry, 8th ed.; Oxford University Press: Oxford, UK, 2006.
47. Ragone, R.; Colonna, G.; Ambrosone, L. Reliability of the van’t Hoff plots. J. Phys. Chem. 1995, 99, 13050.

[CrossRef]
48. Rodgers, B.J.; Elsharif, N.A.; Vashisht, N.; Mingus, M.M.; Mulvahill, M.A.; Stengel, G.; Kuchta, R.D.;

Purse, B.W. Functionalized tricyclic cytosine analogues provide nucleoside fluorophores with improved
photophysical properties and a range of solvent sensitivities. Chemistry 2014, 20, 2010–2015. [CrossRef]
[PubMed]

49. Kuo, C.F.; McRee, D.E.; Fisher, C.L.; O’Handley, S.F.; Cunningham, R.P.; Tainer, J.A. Atomic structure of the
DNA repair [4Fe-4S] enzyme endonuclease III. Science 1992, 258, 434–440. [CrossRef] [PubMed]

50. Sandin, P.; Borjesson, K.; Li, H.; Martensson, J.; Brown, T.; Wilhelmsson, L.M.; Albinsson, B. Characterization
and use of an unprecedentedly bright and structurally non-perturbing fluorescent DNA base analogue.
Nucleic Acids Res. 2008, 36, 157–167. [CrossRef] [PubMed]

51. Privalov, P.L.; Dragan, A.I.; Crane-Robinson, C.; Breslauer, K.J.; Remeta, D.P.; Minetti, C.A. What drives
proteins into the major or minor grooves of DNA? J. Mol. Biol. 2007, 365, 1–9. [CrossRef] [PubMed]

52. Banerjee, A.; Yang, W.; Karplus, M.; Verdine, G.L. Structure of a repair enzyme interrogating undamaged
DNA elucidates recognition of damaged DNA. Nature 2005, 434, 612–618. [CrossRef] [PubMed]

53. Crenshaw, C.M.; Nam, K.; Oo, K.; Kutchukian, P.S.; Bowman, B.R.; Karplus, M.; Verdine, G.L. Enforced
presentation of an extrahelical guanine to the lesion recognition pocket of human 8-oxoguanine glycosylase,
hOGG1. J. Biol. Chem. 2012, 287, 24916–24928. [CrossRef] [PubMed]

54. Banerjee, A.; Santos, W.L.; Verdine, G.L. Structure of a DNA glycosylase searching for lesions. Science 2006,
311, 1153–1157. [CrossRef] [PubMed]

55. Qi, Y.; Spong, M.C.; Nam, K.; Banerjee, A.; Jiralerspong, S.; Karplus, M.; Verdine, G.L. Encounter and
extrusion of an intrahelical lesion by a DNA repair enzyme. Nature 2009, 462, 762–766. [CrossRef] [PubMed]

56. Qi, Y.; Nam, K.; Spong, M.C.; Banerjee, A.; Sung, R.J.; Zhang, M.; Karplus, M.; Verdine, G.L. Strandwise
translocation of a DNA glycosylase on undamaged DNA. Proc. Natl. Acad. Sci. USA 2012, 109, 1086–1091.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi981066y
http://www.ncbi.nlm.nih.gov/pubmed/9730810
http://dx.doi.org/10.1021/bi0004652
http://www.ncbi.nlm.nih.gov/pubmed/10955998
http://dx.doi.org/10.1016/j.str.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/21220122
http://dx.doi.org/10.1021/bi9006995
http://www.ncbi.nlm.nih.gov/pubmed/19580325
http://dx.doi.org/10.1021/bi00436a048
http://www.ncbi.nlm.nih.gov/pubmed/2669955
http://dx.doi.org/10.1021/bi060787r
http://www.ncbi.nlm.nih.gov/pubmed/17209553
http://dx.doi.org/10.1021/bi901100b
http://www.ncbi.nlm.nih.gov/pubmed/19835417
http://dx.doi.org/10.1016/j.mrfmmm.2009.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19751748
http://dx.doi.org/10.1006/abio.1996.0238
http://www.ncbi.nlm.nih.gov/pubmed/8660575
http://dx.doi.org/10.1016/j.dnarep.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23000248
http://dx.doi.org/10.1021/j100034a054
http://dx.doi.org/10.1002/chem.201303410
http://www.ncbi.nlm.nih.gov/pubmed/24311229
http://dx.doi.org/10.1126/science.1411536
http://www.ncbi.nlm.nih.gov/pubmed/1411536
http://dx.doi.org/10.1093/nar/gkm1006
http://www.ncbi.nlm.nih.gov/pubmed/18003656
http://dx.doi.org/10.1016/j.jmb.2006.09.059
http://www.ncbi.nlm.nih.gov/pubmed/17055530
http://dx.doi.org/10.1038/nature03458
http://www.ncbi.nlm.nih.gov/pubmed/15800616
http://dx.doi.org/10.1074/jbc.M111.316497
http://www.ncbi.nlm.nih.gov/pubmed/22511791
http://dx.doi.org/10.1126/science.1120288
http://www.ncbi.nlm.nih.gov/pubmed/16497933
http://dx.doi.org/10.1038/nature08561
http://www.ncbi.nlm.nih.gov/pubmed/20010681
http://dx.doi.org/10.1073/pnas.1111237108
http://www.ncbi.nlm.nih.gov/pubmed/22219368


Genes 2018, 9, 190 18 of 18

57. Fromme, J.C.; Verdine, G.L. DNA lesion recognition by the bacterial repair enzyme Mutm. J. Biol. Chem. 2003, 278,
51543–51548. [CrossRef] [PubMed]

58. Blainey, P.C.; van Oijen, A.M.; Banerjee, A.; Verdine, G.L.; Xie, X.S. A base-excision DNA-repair protein finds
intrahelical lesion bases by fast sliding in contact with DNA. Proc. Natl. Acad. Sci. USA 2006, 103, 5752–5757.
[CrossRef] [PubMed]

59. Blainey, P.C.; Luo, G.; Kou, S.C.; Mangel, W.F.; Verdine, G.L.; Bagchi, B.; Xie, X.S. Nonspecifically bound
proteins spin while diffusing along DNA. Nat. Struct. Mol. Biol. 2009, 16, 1224–1229. [CrossRef] [PubMed]

60. Dunn, A.R.; Kad, N.M.; Nelson, S.R.; Warshaw, D.M.; Wallace, S.S. Single Qdot-labeled glycosylase molecules
use a wedge amino acid to probe for lesions while scanning along DNA. Nucleic Acids Res. 2011, 39, 7487–7498.
[CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M307768200
http://www.ncbi.nlm.nih.gov/pubmed/14525999
http://dx.doi.org/10.1073/pnas.0509723103
http://www.ncbi.nlm.nih.gov/pubmed/16585517
http://dx.doi.org/10.1038/nsmb.1716
http://www.ncbi.nlm.nih.gov/pubmed/19898474
http://dx.doi.org/10.1093/nar/gkr459
http://www.ncbi.nlm.nih.gov/pubmed/21666255
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Construction of the pET28c-Endo III Expression Vector and Mutagenesis 
	Protein Expression and Purification 
	Oligodeoxynucleotides 
	Stopped-Flow Experiments 
	Product Analysis 
	Kinetic Data Analysis 
	Thermodynamic Analysis 

	Results 
	Rationale 
	Interactions of Endonuclease III with G-Ligand 
	Interactions of Endonuclease III with F-Ligand 
	Interactions of Endonuclease III with DHU-Substrate 
	Thermodynamic Analysis 
	Mutational Analysis 

	Discussion 
	Conclusions 
	References

