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Abstract—Human apurinic/apyrimidinic endonuclease 1 (APE1) participates in the DNA repair system. It
is believed that the main biological function of APE1 is Mg2+-dependent hydrolysis of AP-sites in DNA. On
the base of structural data, kinetic studies, and mutation analysis, the key stages of APE1 interaction with
damaged DNA were established. It has been shown recently that APE1 can act as an endoribonuclease that
catalyzes mRNA hydrolysis at certain pyrimidine–purine sites and thus controls the level of certain tran-
scripts. In addition, the presence of Mg2+ ions was shown to be not required for the endoribonuclease activity
of APE1, in contrast to the AP-endonuclease activity. This indicates differences in mechanisms of APE1
catalysis on RNA and DNA substrates, but the reasons for these differences remain unclear. Here, the anal-
ysis of endoribonuclease hydrolysis of model RNA substrates with wild type APE1 enzyme and its mutant
forms Y171F, R177F, R181A, D210N, N212A, T268D, M270A, and D308A, was performed. It was shown
that mutation of Asn212, Asp210, and Tyr171 residues leads to the decrease of AP-endonuclease activity while
endoribonuclease activity is retained. Also, T268D and M270A APE1 mutants lose specificity to pyrimidine–
purine sequences. R177F and R181A did not show a significant decrease in enzyme activity, whereas D308A
demonstrated a decrease of endoribonuclease activity.
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INTRODUCTION

Human apurinic/apyrimidinic endonuclease APE1
is one of the enzymes involved in DNA base excision
repair. The main biological function of APE1 is
hydrolysis of the phosphodiester bond on the 5'-side
of apurinic/apyrimidinic sites (AP sites) resulting in
the 5'-deoxyribose phosphate and 3'-OH groups at the
ends of the chain breaking, which is necessary for the poly-
merase to incorporate an intact nucleotide. This is the AP
endonuclease activity of APE1. However, in 2004, Gros et
al. [1] found that the enzyme can recognize damaged
nucleosides as substrates as well as AP sites, for example,
the damaged nucleosides 5,6-dihydrouridine and α-ano-
mer of adenosine (nucleotide incision repair, NIR). APE1
also possesses 3'-phosphodiesterase, 3'-phosphatase [2],
and 3'-5'-exonuclease [3, 4] activities. Along with the
repair activity, APE1 acts as a redox factor [5].

APE1 has been shown to cause degradation of the
RNA strand in DNA–RNA duplexes (RNase H-like
activity) [6], and can hydrolyze RNA containing an
AP site [7], as well as structured undamaged mRNAs,
for example, c-Myc mRNA, mainly at the UA, UG,
and CA sites [8, 9]. The ability to hydrolyze RNA was
also shown with respect to microRNA, CD44 mRNA,
and RNA components of the SARS coronavirus [10].
Barnes et al. [8] suggested that endoribonuclease
hydrolysis of mRNA may be one of the functions of
the APE1 cytoplasmic enzyme in the cell and found
that, unlike the AP endonuclease activity, the
endoribonuclease activity of APE1 does not require a
metal ion. From this, it was concluded that APE1 uti-
lizes different catalysis mechanisms for DNA and
RNA substrates. Despite the intensive study of the func-
tional features of the APE1 enzyme, it is still not known
how the enzyme recognizes damaged 2′-deoxyribonu-
cleotides and intact ribonucleotides that significantly
differ in nature and structure.

According to X-ray structural data [11], the active
site of the enzyme is formed by the amino acid resi-
dues Asp308, His309, Glu96, Asp210, Asp70, Tyr171,

Abbreviations: aPu, 2-aminopurine; BHQ1 (Black Hole
Quencher-1), fluorescence quencher; F, 2-hydroxymethyl-3-
hydroxytetrahydrofuran; FAM, 6-carboxyfluorescein; CPy, pyrro-
locytosine; NIR, nucleotide incision repair. 
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Asn212, and Asn174. In the complex of APE1 with
DNA, the residues Arg73, Ala74, and Lys78 interact
with three sequential phosphates on the DNA strand
opposite to the AP site. The amino acid residues
Tyr128 and Gly127 act as a wedge and expand the
minor groove of the duplex. The residues Met270 and
Arg177 stabilize the non-helical position of the AP
site. In this case, Met270 displaces the base opposite
to the AP site, inserting into the minor groove of
DNA, and Arg177 is inserted from the side of the
major groove of DNA and forms a hydrogen bond with
the phosphate group located on the 3'-side of the AP
site. Coordination of the phosphate group located on
the 5'-side of the AP site by the residues Asn174,
Asn212, and His309 leads to the enzyme–substrate
complex into a catalytically competent state. Asp70,
Glu96, and Asp308 are involved in metal ion binding
in the active site of APE1. Site-directed mutagenesis
demonstrated [12] that the Asp219Ala substitution
reduces both the DNA-binding and AP endonuclease
activities of the enzyme, and substitution of residues
Asp90, Glu96, and Asp308 with Ala led to a decrease
in endonuclease activity while maintaining the DNA-
binding activity. The residues Arg73, Ala74, and Lys78
are in contact with the phosphate groups of the comple-
mentary chain on the 5'-side of the AP site. The residues
Tyr128 and Gly127 are positioned in the minor groove of
DNA, which leads to its expansion by about 2 Å. The cat-
alytic reaction begins with a nucleophilic attack by the
oxygen atom of the water molecule coordinated directly
or indirectly through the Mg2+ ion by the Asp210 residue
[11, 13, 14]. Alternative mechanisms of catalysis have also
been proposed [15]; according to which, the Tyr171 resi-
due in the phenolate form interacts with the phosphate
group being hydrolyzed or the His309 residue acts as a
nucleophilic base.

Miroshnikova et al. demonstrated [14] that upon
interaction of APE1 with a DNA substrate containing
an F site, the nature of the divalent metal ion affects
both DNA binding and catalytic hydrolysis of the
5'-phosphodiester bond. Thus, Cu2+ ions completely
inhibit DNA binding, probably due to the strong inter-
action of Cu2+ with the deoxyribose phosphate back-
bone of DNA. Ca2+ ions also inhibit the AP endonu-
clease activity of the enzyme, probably due to the
incorrect location of the metal ion in the active site of
the enzyme due to its larger ionic radius than Mg2+.
Other ions reduce the enzymatic activity of APE1 in
the following order: Mg2+ < Mn2+ < Ni2+ < Zn2+. In
addition, metal ions were found to affect both the abil-
ity of the enzyme to bind DNA and its structure [14].

Comparison of the AP endonuclease and
endoribonuclease activities of APE1 reveals several
differences. For the realization of the AP endonucle-
ase activity of APE1 with DNA substrates, Mg2+ ions
are required, while the presence of Ca2+ ions in the
reaction mixture inhibits the enzyme. In the case of
RNA substrates, APE1 works both in the absence of
divalent metal ions and in the presence of calcium
ions. In addition, Kim et al. showed [16] that upon
hydrolysis of the phosphodiester bond in RNA sub-
strates 3'-  is formed as the final product of the
reaction in contrast of DNA substrates hydrolysis
resulting in 3'-OH group as the final product. Conse-
quently, the mechanism of the hydrolysis reaction
realized by APE1 on different types of substrates is dif-
ferent.

In the same work [16], the activity of various
mutant forms of APE1 was studied, namely H309N,
E96A [9], N68A, D70A, Y171F, D210N, F266A,
D283N, D308A, and H309S. Comparative analysis of
the activity of these mutant forms of APE1 with
respect to model RNA and DNA substrates showed
that most of the listed residues that are critical for
hydrolysis of the AP site in DNA are also important for
RNA hydrolysis, with the exception of the Asp283 res-
idue, substitution of which led to the loss of only the
AP endonuclease, but not endoribonuclease, activity.

However, it has not been established how APE1
recognizes undamaged ribonucleotides, how import-
ant the spatial structure of the substrate is, or which
specific amino acid residues of the APE1 active site
are involved in the recognition of the RNA substrate
and catalytic hydrolysis of the phosphodiester bond.

We carried out a comparative analysis of the
endoribonuclease hydrolysis of model RNA substrates
by the wild-type APE1 enzyme and its mutant forms
containing substitutions of the amino acid residues of
the active site: Y171F, R177F, R181A, D210N,
N212A, T268D, M270A, and D308A. For the first
time, data were obtained on the binding of the mutant
forms of APE1 to a model RNA substrate, as well as on
the conformational transformations of the enzyme
and RNA during the formation of the enzyme–sub-
strate complex. These data allowed us to detail the role
of the analyzed amino acid residues in the realization
of the AP endonuclease, 3ꞌ -5ꞌ  exonuclease, and
endoribonuclease activity of APE1.

EXPERIMENTAL
Reagents. We used the following reagents manufac-

tured by Sigma-Aldrich, USA: acrylamide, N,N'-methy-
lenebisacrylamide, 2-amino-2-(hydroxymethyl)-1,3-pro-
panediol (Tris), tetramethylethylenediamine (TEMED),
urea, boric acid, dithiothreitol (DTT), ethylenedi-
aminetetraacetic acid (EDTA) and its sodium salt,
Coomassie Brilliant Blue G-250, ammonium persul-
fate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), sodium dodecyl sulfate (SDS), mag-
nesium chloride, potassium chloride, and glycerol. All
solutions were prepared in double distilled water.

DNA and RNA substrates. Oligodeoxyribonucleo-
tides were synthesized on an ASM-800 (Biosset, Rus-
sia) automatic DNA/RNA synthesizer using commer-
cial amidophosphites of 2'-deoxyribonucleosides and

−2
4PO
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Table 1. Model DNA and RNA substrates used

F represents 2-hydroxymethyl-3-hydroxytetrahydrofurane; FAM represents 6-carboxyfluorescein; BHQ1 represent a f luorescence
quencher; and aPu represents 2-aminopurine; CPy, pyrrolocytosine.

Substrate Sequenceа, 5'→3' Structure

F/G
FAM-d(GCTCAFGTACAGAGCTG)/
BHQ1-d(CAGCTCTGTACGTGAGC)

HP1 FAM-r(AUAUAAGAUCAUUAUAU)-BHQ1'

HP2 FAM-r(AUAUAACAUCAUUAUAU)-BHQ1

HP1Trp r(AUAUAAGAUCAUUAUAU)

HP1C-aPu r(AUAUAAGAUC)-d(aPu)-r(UUAUAU)

aPu

aPuHP1aPu-CA r(AUAUAAGA)-d(aPu)-r(CAUUAUAU)

HP1CPy-CA r(AUAUAAGA)-d(CPy)-r(CAUUAUAU) CPy

CPy

HP1CA-CPy r(AUAUAGGAUCA)-d(CPy)-r(UAUAU)

5'FAM

5'FAM

3'BHQ1

5'BHQ1

5'FAM
3'BHQ1

5'
3'

5'
3'

5'
3'

5'
3'

5'
3'
CPG carriers (Glen Research, USA) (Table 1). The
synthesized oligonucleotides were purified by HPLC
on a PRP-X500 (Hamilton, Great Britain) ion-
exchange column, 12–30 μm, 3.9 × 300 mm, and sub-
sequent reversed-phase chromatography was carried
out on a Bondapak C18 (Waters, Ireland) column,
15–20 μm, 3.9 × 300 mm.

Oligoribonucleotides were prepared by the solid-
phase phosphoramidite method using the corre-
sponding 2'-O-tert-butyldimethylsilyl (2'-O-TBDMS)
ribonucleotide phosphoramidites (ChemGenes,
United States). Fluorescein phosphoramidite (Glen
Research) was used to incorporate f luorescein at the
5'-end. To obtain oligonucleotides containing the f lu-
orescence quencher BHQ1 (Black Hole Quencher-1)
at the 3'-end, the corresponding modified polymer
carrier 3'-BHQ-1 CPG (Glen Research) was used.
Unblocking of oligoribonucleotides was performed
under standard conditions. Unblocked oligoribonu-
cleotides were isolated by preparative electrophoresis
in 15% polyacrylamide gel (0.4 mm thick) under dena-
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021
turing conditions (acrylamide : N,N'-methylenebis-
acrylamide (30 : 1), 8 M urea, 50 mM Tris-H3BO3,
pH 8.3, 0.1 mM EDTA) at a voltage of 50 W/cm. The
gel bands containing the product were excised and the
oligoribonucleotides were eluted from the gel. Gel
pieces were placed in a 2-mL test tube, 1–1.5 mL of
0.3 M LiClO4 was added, and the mixture was kept on
a thermomixer (Thermomixer Compact; Eppendorf,
Germany) for 16 h at 25°С under shaking. Desalting of
oligonucleotides was carried out on a C18 column
(Waters, USA). The purity of oligonucleotides was
checked using denaturing PAGE in a 15% gel followed
by staining with Stains-all dye (Sigma-Aldrich).

The optical absorption of oligonucleotide solutions
was measured on a NanoDrop 1000 (Thermo Fisher
Scientific, United States) spectrophotometer. To cal-
culate the concentration of oligonucleotides the molar
absorption coefficient of oligoribonucleotides or their
conjugates at 260 nm was used. The molar absorption
coefficients of f luorescently labeled derivatives of oli-
goribonucleotides were considered equal to the sum of
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the molar absorption coefficients of oligonucleotides and
the molar absorption coefficients of fluorescein and the
quencher attached to the oligomer (20900 M–1 cm–1 for
FAM and 8000 M–1 cm–1 for BHQ1).

Sequences of model DNA and RNA substrates are
presented in Table 1.

Wild-type APE1 enzyme and its mutant forms.
Wild-type APE1 enzyme was purified from the Esche-
richia coli Rosetta 2 cell line transformed with the
pET11a plasmid carrying the human AP endonuclease
gene according to the following procedure. The E. coli
Rosetta 2 cell culture (1 L) was grown in LB medium
containing 50 μg/mL ampicillin at 37°C until the opti-
cal density at 600 nm reached 0.6–0.7 then shifted to
20°С and induced overnight with 0.2 mM isopropyl-
β-D-thiogalactopyranoside . The cells were harvested
by centrifugation (10 min at 4000 g) and resuspended
in 30 mL of buffer solution (RB1) containing 20 mM
HEPES-NaOH, pH 7.8, and 40 mM NaCl. A French
press was used to disrupt the cells. All subsequent pro-
cedures were carried out at 4°C. The cell extract was
centrifuged (40 min at 40000 g), then the supernatant
was applied to a column I (30 mL, Q-Sepharose Fast
Flow; Amersham Biosciences, Sweden) and washed
with RB1. Fractions containing the APE1 protein were
collected and applied to a column II (HiTrap-Heparin™;
Amersham Biosciences). Chromatography was per-
formed in RB1 buffer solution with a linear gradient of
40 → 600 mM NaCl; the optical absorption of the solu-
tion was recorded at a wavelength of 280 nm. The purity
of the APE1 protein was determined by SDS-PAGE.
Fractions containing the APE1 protein were dialyzed
in a buffer containing 20 mM HEPES-NaOH, pH 7.5,
1 mM EDTA, 1 mM DTT, 250 mM NaCl, 50% glyc-
erol, and stored at –20°C. The enzyme concentration
was calculated from the value of the optical absorption
of the protein at 280 nm and the coefficient of molar
extinction (ε) of 56818 M–1 cm–1.

Mutant forms of APE1 containing the substitutions
Y171F, R177F, R181A, D210N, N212A, T268D,
M270A, and D308A were purified in the same way,
except that the E. coli cells were transformed with
expression vectors carrying the corresponding nucleo-
tide substitutions, as described previously [17]. Mutant
forms of APE1 containing the substitutions Y171F,
R177F, and R181A were obtained for the first time and
the corresponding mutations were introduced into the
enzyme gene by site-directed mutagenesis (Quik-
Change XL; Stratagene, United States).

Hydrolysis of model DNA and RNA substrates.
Analysis of the cleavage of the model DNA and RNA
substrates was carried out according to the following
procedure. To 10 μL of the substrate solution, 10 μL of
the enzyme in RB2 buffer solution (50 mM Tris-HCl
(pH 7.5), 50 mM KCl, 1 mM EDTA, 1 mM DTT, 9%
glycerol at 25°C) was added. In the case of DNA sub-
strate, 2 μM substrate and 0.05 μM enzyme were used,
while for RNA substrates, 2 μM substrate and 4 μM
enzyme were added. To determine the effect of metal
ions on the efficiency of hydrolysis of DNA and RNA
substrates, 5 mM MgCl2 or CaCl2 were also added to
the reaction mixture. After 30 s for the DNA substrate
and after 1 h for the RNA substrates, the reaction was
stopped by adding 20 μL of a solution containing 9 M
urea and 25 mM EDTA. PAGE was carried out in 20%
gel under denaturing conditions (7 M urea) in a Pro-
tean II xi vertical temperature-controlled chamber
(Bio-Rad Laboratories, Inc.) at a voltage of 200–300 V
and a temperature of 55°C. For visualization, the E-Box
CX.5 TS gel documenting system (Vilber Lourman,
France) was used.

Partial hydrolysis of HP1 and HP2 RNA substrates
with RNase A was performed according to the follow-
ing procedure. The reaction mixture (20 μL) contain-
ing 3.0 μM substrate and 3.0 nM RNase A (Sigma-
Aldrich) in RB3 buffer solution (50 mM Tris-HCl
(pH 8.5), 50 mM NaCl, 1 mM EDTA, 1 mM DTT,
9% glycerol) was incubated for 5 min at 25°C, and
20 μL of a solution containing 9 M urea and 25 mM
EDTA was added, then the mixture was incubated for
5 min at 96°C.

Evaluation of the relative activity of APE1 mutant
forms. The degree of substrate hydrolysis was deter-
mined using the Gel-Pro Analyzer 4.0 software pack-
age (Media Cybernetics, United States). The degree of
hydrolysis was calculated as the ratio of the peak area
of the hydrolysis product to the sum of the peak areas
of the product and the uncleavaged oligoribonucleo-
tide. The estimated error in determining the degree of
modification, in general, did not exceed 20%. The
activity of the mutant forms was determined relative to
the activity of the wild-type enzyme, which was taken
as equal to 1.

Microscopic thermophoresis (MT). The binding
constants of the substrates with the APE1 enzyme
were determined on a Monolith NT.115 device
(NanoTemper Technologies, Germany) using standard
capillaries (MonolithTM NT.115 Standard Treated
Capillaries). Each point on the titration curves was
obtained by measuring the f luorescence intensity of
individual solutions (10 μL) containing an oligonucle-
otide ligand (1 μM) and an enzyme (0.05–18 μM) in
RB2 buffer solution at 25°C. To calculate the values of
the dissociation constants, the experimental data were
fitted using the DynaFit software (BioKin, USA) [18]
using the one-step binding model.

Stopped flow kinetics studies. A model SX.20
stopped-flow spectrometer (Applied Photophysics,
UK) was used for registration of f luorescence intensity
changes. The dead time of the instrument was 1 ms.
All experiments were carried out at 25°C in RB2 buffer
solution. The excitation wavelength was 310 nm for the
aPu and 344 nm for CPy f luorescent dyes, f luores-
cence emission was detected at λ > 370 nm using an
LG-370 light filter. Trp f luorescence was excited at
290 nm, f luorescence emission from enzyme Trp res-
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021
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Fig. 1. The structure of the complex of the AP endonuclease APE1 with the F/G-substrate (PDBID 1DE8). Catalytic residues
(Tyr171, Asp210, Asn212, and Asp308) are shown in red; residues that are inserted in the double helix after the target nucleotide
is everted into the active site (Arg177 and Met270), in green; residues located in the substrate-binding site (Thr268 and Arg181),
in blue; and the extra-helical position of the damaged nucleotide is highlighted in black.
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Tyr171
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Asn212 Asn212
Asp308

Asp308

F-site

F-site
Arg181 Arg181

Thr268

Thr268
Arg177

Arg177

Met270

Met270
idues was observed through a WG-320 light filter. The
efficiency of f luorescence resonance energy transfer
(FRET) within the FAM/BHQ1 pair was recorded
with FAM excited at 494 nm and fluorescence emis-
sion at λ > 530 nm using an OG-515 light filter
(Schott, Germany).

The concentration of APE1 in all experiments with
Trp f luorescence detection was 2 μM, and concentra-
tion of RNA substrate was varied in the range of 0.5–
4.0 μM. The concentration of substrates containing
aPu and CPy was 1 μM, and concentrations of APE1 in
this case was 2 μM. Concentrations of reactants reported
are those in the reaction chamber after mixing.

Typically, each kinetic curve shown is the average
over at least four individual experiments.

The rate constant was calculated by fitting the
kinetic curves according to equation (1):

(1)

where f(t) is the observed f luorescence intensity at
time t; f0 is the background signal level; f1 is the maxi-
mum amplitude of the f luorescence intensity change
at t → ∞; kobs is the observed rate constant. Under
conditions of quasi-equilibrium and an excess of the

−= + − obs
0 1f f f 1( ) ( ),k tt e
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substrate concentration with respect to the enzyme,
kobs is described by equation (2):

(2)

where [S] is the concentration of the substrate, and k1
and k‒1 are the rate constants of the formation and
decay of the enzyme–substrate complex.

RESULTS AND DISCUSSION

Selection of Amino Acid Residues of the APE1 Active Site 
to Study the Endoribonuclease Activity

In order to identify the key amino acid residues of
the enzyme active site responsible for the endoribonu-
clease activity of APE1, we studied the cleavage of
model RNA substrates in the presence of wild-type
APE1 and its mutant forms Y171F, R177F, R181A,
D210N, N212A, T268D, M270A, and D308A. The
amino acid residues selected for study (Fig. 1) can be
divided into three groups: those involved in the cata-
lytic reaction (Tyr171, Asp210, Asn212, and Asp308);
those inserted in the double helix after the target
nucleotide has been everted into the active site (Arg177
and Met270); and those located in the substrate-bind-
ing site (Thr268 and Arg181).

−= +obs 1 1[ ]S ,k k k
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It should be noted that the participation of these
residues in binding to DNA substrates containing a
damaged nucleotide, the recognition of the F site, and
the catalytic reaction has been previously established
in several studies based on X-ray structure analysis and
site-directed mutagenesis data. To sum up, Asp308 is
involved in coordination of the Mg2+ ion in the active
site, and its replacement with Ala leads to a decrease in
the AP endonuclease activity [19]. Asn212 forms a
hydrogen bond with the hydrolyzed phosphate group
and also participates in the coordination of the water
molecule and stabilization of the transition state. Its
replacement with Ala results in a complete loss of
endonuclease activity towards the AP site [19]. Asp210
coordinates the water molecule involved in the hydro-
lysis of the phosphodiester bond. Its replacement with
Asn also leads to a complete loss of catalytic activity
[20]. The Tyr171 residue either participates in the nuc-
leophilic attack of the phosphate group in the pheno-
late form or stabilizes the transition state due to the
formation of a hydrogen bond with the phosphate
group [21, 22].

Met270 is thought to stabilize the non-helical posi-
tion of the F site; at the same time, its replacement
with Ala does not lead to a change in the enzyme activ-
ity [11]. Arg177 is involved in specific binding of DNA
containing the AP site [11].

Thr268 is located in the DNA-binding site. Its
replacement with Asp leads to a significant decrease in
the activity with respect to NIR substrates [23]. Arg181
is located in the DNA-binding site and is involved in
DNA binding.

RNA Substrate Design

According to the literature [8, 10], the main sites of
RNA cleavage by APE1 are the dinucleotide
sequences CA, UA, and UG in single-stranded or
weakly paired regions. Also, RNA cleavage has been
observed at UC, CU, AC, and AU sites [10].

It can be assumed that both the pyrimidine–purine
sequence and substrate structure are important for the
formation of the catalytic complex, which can have a
significant effect on the recognition of the target site.
Indeed, in the works of Lee’s group [8, 10], RNA
cleavage was detected in single-stranded regions near
the stems of hairpin structures, which may indicate a
significant contribution of the RNA secondary struc-
ture to its recognition as a substrate of APE1.

We have previously analyzed the interaction of the
APE1 with model RNA substrates of various struc-
tures [24]. We showed that the formation of a catalyti-
cally competent enzyme–substrate complex
depends both on the conformational strain of the
loop in the hairpin-shaped RNA-substrate and on
the context and location of the phosphodiester
bond to be hydrolyzed. Based on these data, we used
two model RNA substrates, each 17 nucleotides
long, which are short hairpin structures with a stem
length of 6 bp and loop size of 5 nucleotides. The HP1 sub-
strate, FAM-r(AUAUAAGAAUCAUUAUAU)-BHQ1,
contained one CA dinucleotide sequence in a loop,
and the HP2 substrate, FAM-r(AUAUAACAU-
CAUUAUAU)-BHQ1, had two CA dinucleotide
sequences (Table 1).

To analyze the kinetics of enzyme–substrate inter-
action, both HP1Trp substrate with no f luorescent
labels and the following substrates containing f luores-
cent labels were used: HP1, HP1C-aPu, HP1aPu-CA,
HP1CPy-CA, and HP1CA-CPy. The HP1aPu-CA oligonu-
cleotide contained a 2-aminopurine residue on the
3'-side of the CA pair, while HP1C-aPu contained a
2-aminopurine residue immediately after cytosine.
The HP1CPy-CA and HP1CA-CPy substrates contained a
pyrollocytosine residue on the 3'- and 5'-side of the
CA pair, respectively.

The Influence of Amino Acid Residue Substitutions on 
the Interaction of APE1 with DNA Containing F-Site

To evaluate the activity of mutant forms of APE1,
an F/G substrate containing a 3-hydroxy-2-
hydroxymethyltetrahydrofuran residue (F-site) was
used. The replacement of the catalytically significant
amino acid residues Tyr171, Asp210, and Asn212, as
well as Thr268 located in the DNA-binding site, leads
to a significant decrease of the AP endonuclease activ-
ity (Fig. 2). At the same time, the replacement of
Arg177 and Met270, which are inserted into DNA
during the formation of a catalytically competent com-
plex, as well as Arg181, which forms contact with the
deoxyribose phosphate backbone in the DNA-binding
site, insignificantly affects the efficiency of F-site hydro-
lysis. However, the replacement of Asp308, which is
involved in the coordination of the Mg2+ ion in the
active site, leads to a decrease in the activity by about
20% compared to the wild-type enzyme.

Hydrolysis of RNA Substrates

The influence of Mg2+ ions on substrate binding
and hydrolysis of the phosphodiester bond in DNA are
actively discussed [25–32]. Moreover, two catalytic
mechanisms of APE1 action, involving either one or
two Mg2+ cations, have already been proposed [11, 19].
At the same time, according to [10, 24], APE1 cleaves
RNA in the absence of divalent metal ions. Based on
this data, we analyzed the interaction of wild-type
APE1 and its mutant with model RNA substrates both
in the absence of divalent metal ions (Fig. 3) and in the
presence of Ca2+ (Fig. 4) and Mg2+ (Fig. 5) ions.

As shown in Fig. 3, in the absence of divalent metal
ions in the case of both RNA substrates, HP1 and
HP2, the reaction products accumulated; in this case,
the cleavage occurred mainly at the CA sequence
located in the loop. The presence of endoribonuclease
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021
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Fig. 2. Hydrolysis of the F/G-substrate by wild-type (WT) APE1 and its mutant forms. (a) Analysis of the reaction products by
PAGE. (b) Relative activity of the F/G substrate hydrolysis by the wild-type enzyme and its mutant forms ([enzyme] = 0.05 μM,
[F/G] = 2.0 μM, T = 25°C, t = 30 s).
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reaction products in the case of mutant forms of the
enzyme lacking AP endonuclease activity indicates the
hydrolysis of the phosphodiester bond in RNA by a
catalytic mechanism that differs from that at the AP
sites of DNA.

Accumulation of endoribonuclease reaction prod-
ucts was also observed in the presence of Ca2+ ions
(Fig. 4). As shown earlier [14], when APE1 interacts
with a DNA substrate containing F-site, the presence
of Ca2+ ions led to inhibition of the AP endonuclease
reaction [33].

During the interaction of APE1 with RNA sub-
strates in a buffer solution containing 5 mM MgCl2,
which is required for the AP endonuclease activity, the
products of both the endoribonuclease and 3'-5' exo-
nuclease reactions were accumulated (cleavage of the
quencher BHQ1 from the 3'-end) (Fig. 5). Presum-
ably, the hydrolysis of the internucleotide phosphate
group in the RNA substrate can proceed without the
participation of the Mg2+ ion, while the hydrolysis of
the 3'-terminal residue of BHQ1 proceeds according
to the mechanism typical for DNA hydrolysis sub-
strates. This conclusion is also supported by the
absence of products of 3'-5'-exonuclease degradation
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021
of RNA substrates under the action of mutant forms
that lack AP endonuclease activity (D210N, N212A,
T268D, Y171F).

We calculated the relative activity of all APE1
mutant forms regarding to RNA substrates HP1 and
HP2 in the presence of EDTA and divalent metal ions
Mg2+ and Ca2+ (Fig. 6).

It is interesting to note that the substitutions
D210N and N212A, which lead to the disappearance
of AP endonuclease activity, did not block the
endoribonuclease activity of APE1. Both residues,
Asn212 and Asp210, coordinate the water molecule in
the active site, which acts as a nucleophile in the cata-
lytic hydrolysis of DNA. Thus, it can be assumed that
RNA cleavage depends on the presence of Asn212 or
Asp210 to a much lesser extent than in the case of
DNA substrate, which means that the alternative cat-
alytic mechanism is involved in the hydrolysis of RNA
substrates by APE1. Also, the replacement of another
key catalytic residue, which is necessary for the effec-
tive realization of the AP endonuclease activity, Tyr171
did not lead to a decrease in the efficiency of hydroly-
sis of RNA substrates.



218 KUZNETSOVA et al.

Fig. 3. Hydrolysis of (a) HP1 and (b) HP2 by wild-type (WT) APE1 and its mutant forms in the presence of 1 mM EDTA.
[APE1] = 2.0 μM, [RNA] = 1.0 μM, Т = 25°C, t = 1 h.
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The T268D substitution has a significant effect (an
approximately 5-fold decrease in activity compared to
WT, Fig. 2b) on AP endonuclease activity. Indeed, the
T268D substitution can disrupt the interactions of
APE1 with DNA through electrostatic repulsion in the
DNA-binding site, since the Thr268 residue is located
in a loop that is inserted into the minor groove near the
AP site. In this case, the Thr268 side group is located
between the side chain of Met270, which is inserted
into the DNA in place of the F-site, and the phosphate
group of the DNA substrate. Therefore, aspartate at
position 268 can prevent substrate binding through
steric interactions with the Met270 side chain. It is
interesting to note that substitutions T268D and
M270A in APE1 lead to a loss of specificity of the
enzyme for the pyrimidine–purine sequence in RNA
substrate compared to the wild-type enzyme (Figs. 3–5).
This loss of specificity for the RNA substrate context
indicates that the effect of the T268D substitution
cannot be due to electrostatic repulsion alone. Pre-
sumably, the effect of this substitution, on the one
hand, is associated with the interaction of Thr268 with
the side chain of Met270, which is inserted into the
void formed after the target nucleotide is everted into
the active site of the enzyme. On the other hand, the
M270A substitution should theoretically reduce any
steric hindrance in the binding of APE1 to both DNA
and RNA substrates and, therefore, the activity of the
M270A mutant form is practically indistinguishable
from that of the wild-type enzyme.

Indeed, substitution of Met270 did not reduce the
ability of APE1 to cleave AP sites, from which we can
conclude that this residue is not involved in the pro-
cess of nucleotide eversion into the active site of the
enzyme. Thus, the function of Met270 is most likely to
stabilize the state in which the hydrolyzed nucleotide
is everted and located in the active site. The loss of
specificity for the CA sequence also indicates that
Met270 plays an important role in target nucleotide
recognition. As for the replacement of the Arg177 res-
idue, which is inserted into the major groove, and the
Arg181 residue located in the DNA-binding site, they
had almost no affect either the AP endonuclease or
endoribonuclease activity.

The AP endonuclease activity of the D308A APE1
mutant was similar to that of the wild-type enzyme but
decreased upon hydrolysis of RNA substrates. The
coordination of the Mg2+ ion with the Asp308 residue
can be important for stabilizing network contacts in
the catalytic site during DNA cleavage. In addition,
the Asp308 residue stabilizes the position of the
His309 residue, which forms contact with the phos-
phate group of the hydrolyzed nucleotide, thereby
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021
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Fig. 5. Hydrolysis of the RNA substrates HP1 (a) and HP2 (b) by wild-type (WT) APE1 and its mutants in the presence of 5 mM
MgCl2. [APE1] = 2.0 μM, [RNA] = 1.0 μM, Т = 25°C, t = 1 h.
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Fig. 4. Hydrolysis of the RNA substrates HP1 (a) and HP2 (b) by wild-type (WT) APE1 and its mutants in the presence of 5 mM
CaCl2. [APE1] = 2.0 μM, [RNA] = 1.0 μM, Т = 25°C, t = 1 h.

0

(a)

W
T

D
21

0N

D
30

8A

N
21

2A

T
26

8D

Y1
71

F

M
27

0A

R
17

7F

R
N

as
e 

A

R
18

1A

Substrate

Endonuclease 
product

5'
FA

M
3'

B
H

Q
1

(b)

0 W
T

D
21

0N

D
30

8A

N
21

2A

T
26

8D

Y1
71

F

M
27

0A

R
17

7F

R
N

as
e 

A

R
18

1A

Substrate

Endonuclease 
product

5'
FA

M
3'

B
H

Q
1



220 KUZNETSOVA et al.

Fig. 6. Relative activity of wild-type and mutant APE1 in the hydrolysis of the HP1 (a, c, e) and HP2 (b, d, f) substrates in the
presence of 1.0 mM EDTA (a, b), 5.0 mM CaCl2 (c, d), and 5.0 mM MgCl2 (e, f).
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contributing to the achievement of the catalytically
competent state of the enzyme.

Binding of RNA Substrates
Using microscopic thermophoresis (MT), the

binding of wild-type APE1 and its mutant forms to the
HP2 substrate was studied (Fig. 7a). The dissociation
constants (Kd) of enzyme–substrate complexes were
calculated from the titration curves (Fig. 7b). It was
shown that complex formation of APE1 with HP2 was
characterized by close values of the dissociation con-
stants. Thus, none of the analyzed mutations led to
serious decline of enzyme–substrate interactions.
Moreover, the lowest Kd value (0.6 ± 0.1 μM) was
obtained for D210N APE1, which is in good agree-
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021



MUTATIONAL AND KINETIC ANALYSIS OF APE1 ENDORIBONUCLEASE ACTIVITY 221

Fig. 7. Determination of the dissociation constants (Kd) of enzyme–substrate complexes by microscopic thermophoresis using
HP2 as a substrate. (a) Titration curves of the HP2 substrate under the effect of the wild-type (WT) and mutant APE1 forms.
(b) Comparative analysis of the dissociation constants of the APE1–HP2 complexes.
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ment with the literature on the stronger binding of this
mutant to model DNA substrates as than the wild-
type enzyme [17, 20, 30, 34]. At the same time, the
D210N APE1 exhibited increased activity with respect
to both studied RNA substrates both in the absence
and in the presence of divalent metal ions. In addition,
the two least active mutant forms of APE1, D308A and
N212A, also bound the RNA substrate more effi-
ciently than the wild-type enzyme. Thus, the differ-
ences in the activity of mutant APE1 forms are most
likely associated with the influence of the studied
amino acid residues on the formation of a catalytically
competent state, and not on the stage of the enzyme–
substrate complex formation.

Analysis of the Kinetics of the Interaction of Wild-Type 
APE1 with the HP1 RNA Substrate

In our earlier studies [33, 35], the kinetic analysis
of the binding and hydrolysis of AP site by APE1 under
pre-steady state conditions has been performed. In the
present work the changes in f luorescence intensity of
Trp residues of APE1 during endoribonuclease reac-
tion were registered at times less than 0.5 s, which most
likely correspond to the formation of an enzyme–sub-
strate complex (Fig. 8a). Notably, the slow hydrolysis
reaction of the RNA substrate cannot be detected by
this method due to the destruction of Trp residues
upon prolonged irradiation at the wavelength of f luo-
rescence excitation (photobleaching).

To calculate the observed rate constants, kobs, the
kinetic curves were approximated by equation (1).
Considering that at the initial stage of the interaction
of APE1 with substrates, an enzyme–substrate com-
plex is formed, and this reaction is reversible, to calcu-
late kobs, we used equation (2), which is valid under the
MOLECULAR BIOLOGY  Vol. 55  No. 2  2021
condition of an excess of one of the reaction compo-
nents. Although this was not always feasible in our
experiments, the dependence of kobs on the substrate
concentration was linear (Fig. 8b), which corre-
sponded to a one-stage binding mechanism and
allowed calculate of the rate constants of the formation
and decomposition of the enzyme–substrate complex
(APE1 ⋅ HP1) using equation (2), where k1 = 5.4 ±
0.7 μM‒1 s‒1, k‒1 = 23.6 ± 1.9 s‒1. In this case, the Kd
value is 4.7 ± 1.1 μM. This value is slightly higher than
the value measured by the thermophoresis method
(see Fig. 7b), however, given the fundamental differ-
ence in the methods and reaction conditions used to
obtain the Kd values, such a discrepancy can be con-
sidered satisfactory.

We used model RNA substrates containing the f lu-
orescent bases 2-aminopurine (aPu) and pyrrolocyto-
sine (CPy) in different positions of the hairpin (Table 1,
Fig. 8c). The f luorescence intensity of aPu and CPy

depends on the hydrophilicity of the environment
[36–39]; therefore, observing the change in their f lu-
orescence intensity, one can estimate the magnitude of
conformational transformations of the RNA substrate.

Based on these results, we can proposed that the
aPu residue is insensitive to the processes occurring
during the complex formation of enzyme with an RNA
substrate, while for CPy an increase in the f luorescence
intensity was recorded in the initial region of the
kinetic curves (up to 10 s), which can reflect the pro-
cess of the enzyme–substrate complex formation.

CONCLUSIONS

Thus, we performed a comparative analysis of the
AP endonuclease and endoribonuclease activities of
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Fig. 8. Kinetics of interaction of wild-type APE1 with RNA substrates. (a) Changes in the intensity of f luorescence of Trp residues
characterizing the formation of the enzyme–substrate complex. (b) Dependence of the observed rate constant (kobs) on the con-
centration of the RNA substrate HP1. (c) Changes in the f luorescence intensity of the aPu and CPy residues and FRET signal
characterizing conformational transformations of the RNA substrate.
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wild-type human apurinic/apyrimidinic endonucle-
ase APE1 and eight mutant forms containing substitu-
tions of amino acid residues involving in the active and
substrate-binding sites of the enzyme. Interaction of
APE1 with RNA substrates in the presence of Ca2+

ions, as well as in the absence of metal ions, resulted in
the formation of the endoribonuclease reaction prod-
ucts, which indicates a metal-independent catalytic
mechanism of hydrolysis of the phosphodiester bond
in RNA substrates. In the presence of Mg2+ ions, both
endoribonuclease and 3'-5'-exonuclease reactions
proceeded. These two types of enzymatic activity are
associated with different catalytic mechanisms. Thus,
the replacement of the amino acid residues Asn212,
Asp210, and Tyr171 leads to the loss of the AP endonu-
clease and 3'-5'-exonuclease activities with retention
of the endoribonuclease activity, from which it can be
concluded that APE1 utilizes an alternative mecha-
nism of catalysis with respect to hydrolysis of the
phosphodiester bond in RNA compared to DNA sub-
strates. It was found that the substitutions T268D and
M270A lead to a loss of specificity of the enzyme for
the pyrimidine–purine sequence, and the mutations
Arg177 and Arg181 insignificantly affect the activity of
the enzyme. The D308A substitution was shown to
lead to a decrease in the endoribonuclease activity of
the enzyme, apparently due to the loss of contacts with
the catalytically significant His309 residue.
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