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New oligonucleotide derivatives as unreactive
substrate analogues and potential inhibitors of
human apurinic/apyrimidinic endonuclease APE1

Nikita A. Kuznetsov,ab Maxim S. Kupryushkin,a Tatyana V. Abramova,a

Alexandra A. Kuznetsova,a Anastasia D. Miroshnikova,a Dmitry A. Stetsenko,ab

Dmitrii V. Pyshnyiab and Olga S. Fedorova*ab

Human apurinic/apyrimidinic endonuclease APE1 is one of the key enzymes of the base excision DNA

repair system. The main biological function of APE1 is the hydrolysis of the phosphodiester bond on the

50-side of an apurinic/apyrimidinic site (AP-site) to give the 50-phosphate and 30-hydroxyl group. It has

long been known that AP-sites have mutagenic and cytotoxic effects and their accumulation in DNA is a

potential hazard to the cell lifecycle. The structural and biochemical studies of APE1 are complicated by

its high catalytic activity towards the AP-site and its cyclic or acyclic analogues. This work has focussed on

the design, synthesis and analysis of oligonucleotide derivatives as potentially unreactive APE1 substrates.

We have shown that the replacement of oxygen atoms in the phosphate group on the 50-side from the

AP-site analogue tetrahydrofuran (F) considerably decreases the rate of enzymatic hydrolysis of modified

oligonucleotides. We have calculated that a N30–P50 phosphoramidate linkage is hydrolysed about

30 times slower than the native phosphodiester bond while phosphorothioate or primary phosphoramidate

linkages are cleaved more than three orders of magnitude slower. The value of IC50 of the oligonucleotide

duplex containing a primary phosphoramidate linkage is 2.5 � 10�7 M, which is in accordance with the

APE1 association constant of DNA duplexes containing AP-sites. Thus, it is demonstrated that oligo-

nucleotide duplexes with chemical modifications could be used as unreactive substrates and potential

competitive inhibitors of APE1.

Introduction

Keeping DNA intact is the key to safeguarding genetic information
and smooth running of all vital processes in the cell. In a
mammalian genome of billions of nucleotides some 100 000
lesions per day may occur.1–4 Genotoxicity may result from a
number of endogenous factors such as side effects of normal cell
metabolites, and exogenous factors such as UV irradiation, ionising
radiation and a variety of mutagenic chemical compounds.5,6

It is thought that a majority of nucleobase lesions are removed
via the base excision repair (BER) pathway.7–9 This process is
initiated by DNA glycosylases, which find lesions amongst all the
undamaged bases and catalyse break-up of N-glycosidic bonds.10,11

After the action of DNA glycosylases the resulting apurinic/apyrimi-
dinic site (AP-site) is targeted by apurinic/apyrimidinic endonuclease

that cleaves the 50-phosphate bond. The nick contains a hydroxyl
group on the 30-end and a 20-deoxyribonucleoside-50-phosphate on
the 50-end. Later stages of repair are performed by DNA polymerases
and DNA ligases, which restore the initial DNA sequence.12,13

Disruptions in the work of DNA repair enzymes cause severe
consequences such as premature aging, cancer and other
diseases.14–17 It was shown that cells or animals in which some
DNA glycosylase genes are knocked out become more sensitive
to DNA-damaging factors.18–21 At the same time exclusion of
the second player of the BER pathway AP-endonuclease results
in cell death, which reveals a critical role APE1 plays in the
restoration of the native DNA structure.22

Thus, the level of enzymatic activity of human AP-endonuclease
APE1 has a considerable influence on the process of the removal of
DNA lesions. APE1 is an extremely active enzyme,23,24 which is able
to process many synthetic analogues of the AP-site such as
tetrahydrofuran (F-site) or a,o-alkanediols.24–26

Analysis of crystal structures of free APE127–29 and its com-
plexes with DNA30–32 shows that currently there is still some
uncertainty in our understanding of the multiple catalytic func-
tions of the enzyme. Moreover, the stoichiometry of the divalent
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cations and their catalytic functions are still not clear.27–29,33,34

Therefore, the important aspects of the APE1-mediated catalytic
mechanism remain unresolved due to the lack of convenient
unreactive analogues of APE1 substrates.

The objective of this study was to prepare modified oligo-
nucleotide derivatives and ascertain their utility in vitro as
unreactive substrate analogues of human apurinic/apyrimidinic
endonuclease APE1. Some of these derivatives may also have
potential as inhibitors of APE1 in vivo. APE1 inhibition is
expected to enhance genotoxicity of DNA lesions and accelerate
cell death, which is the goal of radiation therapy and chemo-
therapy of cancer. On-going development of effective systems
for cell delivery of DNA and RNA derivatives35 allows us to believe
that those oligonucleotide inhibitors of APE1 may find their use
in near future as effective and stable in vivo therapeutics.

Results and discussion
Rational design of oligonucleotide derivatives as potential APE1
inhibitors

Information on the mechanism of the APE1-catalysed reac-
tion25,28,30,36,37 prompted us to hypothesise that if we substitute
the NH group for the 30-bridging oxygen atom in the phosphate
group of the nucleotide on the 50-side from the AP-site to form
an N30–P50 phosphoramidate, or sulphur S, an amino group
NH2 or a 1,1,3,3-tetramethylguanidine (Tmg) group for any of
the non-bridging oxygen atoms in the same phosphate group
(Fig. 1), we disrupt its interactions with Mg2+ cations and amino
acid residues in the active centre of the enzyme, which will
likely decrease the rate of the catalytic reaction. Thus, in this
work we set out to synthesise oligonucleotides incorporating
those substitutions (Fig. 2 and Table 1). As APE1 exhibits also
30–50-exonuclease activity albeit less pronounced compared to
its endonuclease activity, the 30-terminal internucleotide phos-
phate group was chemically modified by the replacement of its
oxygen atom by either a sulphur or a Tmg group to make the
phosphate resistant to the exonuclease activity of the enzyme
(Fig. 2 and Table 1).

Instead of the natural AP-site, the oligonucleotides incorporated
its chemically stable analogue (2R,3S)-2-(hydroxymethyl)-3-hydroxy-
tetrahydrofuran (F-site). It is known that such a substitution
scarcely affects the activity of APE1.24–26,38,39

Chemical synthesis of oligonucleotides with modified
phosphate groups

An oligonucleotide with a N30–P50 phosphoramidate group was
prepared using a dimer phosphoramidite I according to the
approach described in ref. 40. Chemical synthesis of the dimer
phosphoramidite I was accomplished as shown in Fig. 3. A
known 50-protected (2R,3S)-2-(hydroxymethyl)-3-hydroxy-tetrahydro-
furan II41 was converted to 30-protected compound III. After its
50-phosphitylation and hydrolysis of the transient phosphor-
amidite H-phosphonate diester IV was obtained that was in
turn reacted with protected 30-deoxy-30-aminocytidine V.40 After
the selective removal of the levulinyl group and 30-phosphityl-
ation the desired dimer phosphoramidite I was obtained that
was subsequently used in the synthesis of an oligonucleotide
containing the AP-site mimic F and the N30–P50 phosphor-
amidate internucleotide linkage on the 50-side of the F-site.
To confirm that the P–N bond would be stable to the conditions
of oligonucleotide synthesis, the protected dimer VI was unblocked
by applying standard procedures of oligonucleotide deprotection,
i.e. conc. aq. ammonia, 3 h at 55 1C, then 80% acetic acid, 30 min.
The product was analysed by mass-spectroscopy. Its ESI-MS
spectrum contained the only peak with m/z 405.10 that corre-
sponded to the molecular ion [M � H]� of the fully unprotected
dinucleotide VI.

Dimer phosphoramidite I was used in automated oligo-
nucleotide synthesis together with regular nucleoside phos-
phoramidites to obtain the model oligonucleotides (Fig. 2 and
Table 1).

Fig. 1 Structure of the F-site and chemical modifications of the phos-
phate group on its 50-side that are resistant to APE1 hydrolysis.

Fig. 2 Oligonucleotide structures. Chemical modifications of phosphate
groups are listed in Table 1.

Table 1 Chemical modifications of phosphate groups and abbreviations
of oligonucleotides

Abbreviation Chemical modification of the phosphate group

FO X = O, Y = O�, Z = O�

F30N X = NH, Y = O�, Z = O�

FS X = O, Y = S�, Z = O�

FSS X = O, Y = S�, Z = S�

FN X = O, Y = NH2, Z = O�

FNB X = O, Y = NH2, Z = Tmga

FBB X = O, Y = Tmg, Z = Tmg
GO Z = O�

GS Z = S�

GB Z = Tmg

a Tmg – 1,1,3,3-tetramethylguanidine group –NQC(NMe2)2.

Paper Molecular BioSystems

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 3
:0

5:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5mb00692a


This journal is©The Royal Society of Chemistry 2016 Mol. BioSyst., 2016, 12, 67--75 | 69

Analysis of the rate of hydrolysis by APE1 of oligonucleotides
with modified phosphate groups incorporated into DNA
substrate duplexes

The efficiency of enzymatic hydrolysis by APE1 of double-
stranded (ds) DNA substrates containing oligonucleotides with
modified phosphate groups was ascertained by the separation
of hydrolysis products by PAGE. Observed rate constants of
chain scission for duplexes with substitutions only in the
phosphate group on the 50-side of the F-site were found to
decrease in the order of FO/GO 4 F30N/GO

c FN/GO 4 FS/GO

(Fig. 4 and Table 2). Interestingly, the N30–P50 phosphoramidate
linkage 1b in the DNA duplex F30N/GO is hydrolysed only about
30 times slower than the native phosphodiester group 1a in the
unmodified DNA duplex FO/GO. At the same time, oligonucleotides
with phosphorothioate group 1c or primary phosphoramidate
group 1d are hydrolysed more than three orders of magnitude
slower than the unmodified duplex. Therefore, oligonucleotides
containing those modifications could be potentially promising
candidates for binding to and inhibiting the activity of APE1.

As could be seen from the above data, the endonuclease
activity of APE1 is considerably retarded for DNA duplexes con-
taining phosphate modifications on the 50-side of the F-site.

However, analysis of the products of chain scission of those
duplexes has revealed that some 30–50-exonuclease reaction that
removes the 30-terminal nucleotide has also occurred. To suppress
the removal of the 30-terminal nucleotide from the model oligo-
nucleotides, their 30-terminal internucleotide phosphate group
was modified (Fig. 2 and Table 1). The tetramethyl phosphoryl
guanidine group (Tmg) was employed as a nuclease-resistant
phosphate group isostere.42 It was observed that such a modifica-
tion blocks 30–50-exonuclease activity of APE1 for more than 12 h.
The group was also tested as a protecting group for the phosphate
group on the 50-side of the F-site 1e (Fig. 1). The data obtained by
PAGE analysis of reaction products have shown that the duplex
containing the dinucleotide 1e was resistant to the endonuclease
action of APE1 for at least 3 h (Fig. 5 and Table 2).

Comparison of cleavage efficacy (Fig. 6) of the modified
oligonucleotide derivatives has shown that the modifications
reduce enzymatic activity of APE1 in the order FO/GO

c F30N/GO
c

FNB/GB 4 FN/GO 4 FS/GO E FBB/GB.

Binding of DNA duplexes to APE1

To ascertain the efficacy of APE1 binding to modified DNA
duplexes, the kinetics of enzyme–substrate complex formation
was studied by the ‘‘stopped-flow’’ method. The kinetic curve of
the APE1 reaction with duplex FO/GO goes through character-
istic phases (Fig. 7). The data for the APE1 interaction with

Fig. 3 Synthesis of a dimer phosphoramidite I.

Fig. 4 Endonuclease activity of APE1 towards DNA duplexes with modified
phosphate groups on the 50-side of the F-site. [APE1] = [dsDNA] = 1.0 mM.

Table 2 The observed rate constants of DNA substrate cleavage by APE1
and dissociation constants of APE1/DNA substrate complexes

DNA substrate
Observed rate
constant kobs, min�1

Dissociation
constant Kd, Ma

FO/GO 22.4 � 2.4 ND
F30N/GO 0.8 � 0.1 (0.5 � 0.4) � 10�7

FN/GO (6.8 � 2.4) � 10�3 (1.5 � 0.5) � 10�7

FS/GO o1.0 � 10�4 (1.1 � 0.1) � 10�7

FNB/GB (1.9 � 0.4) � 10�2 ND
FBB/GB o1.0 � 10�4 ND

a Obtained by fluorescence titration.

Fig. 5 Endonuclease activity of APE1 towards DNA duplexes with modified
phosphate groups on the 50-side of the F-site and in the 30-internucleotide
position. [APE1] = [dsDNA] = 1.0 mM.
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duplexes incorporating the F-site that were published in ref. 38
and 39 prompted us to conclude that the initial (up until
0.1 seconds) decrease in fluorescence intensity could be attributed
to the process of the formation of an enzyme–substrate complex
that is responsible for the catalytic hydrolysis of the internucleo-
tide phosphodiester bond. After that initial period within
0.1–10 seconds the complex dissociates with the concomitant
release of the products of the reaction, which results in the
increase in fluorescence intensity. As it is shown in Fig. 7, the
interaction of APE1 with duplexes FN/GO and FNB/GB until 0.1 s
was accompanied by only the decrease in fluorescence intensity
that correlates with the formation of an enzyme–substrate
complex. At the same time the interaction of APE1 with duplex
FBB/GB did not result in any change in fluorescence intensity.
This result may suggest that the presence of a bulky Tmg group
on the 50-side of the F-site has prevented the formation of an
enzyme–substrate complex.

To estimate the dissociation constant of the enzyme/inhibi-
tor complex, APE1 was titrated with F30N/GO, FN/GO and FS/GO

duplexes. The change in APE1 protein fluorescence is shown
in Fig. 8.

Quenching of the Trp fluorescence was registered for all these
DNA duplexes. The calculated dissociation constants Kd are listed
in Table 2. It is worthy of note that values of Kd for FN/GO and FS/GO

duplexes are approximately the same considering the standard
deviation interval. It is also noteworthy that the F30N/GO duplex is
partially cleaved during the titration time. Probably, due to this fact
the value of Kd for the F30N/GO duplex is 2–3 times lower in
comparison with FS/GO or FN/GO duplexes, respectively.

Assessment of inhibition efficacy

For one of the promising inhibitors of APE1, duplex FN/GO, we have
assessed the inhibition effect for the reaction of hydrolysis of a DNA
substrate FO/GO. For this, duplex FN/GO in various concentrations
was added to the mixture of APE1 and FO/GO. As it could be seen in
Fig. 9A, the rate of hydrolysis of a DNA substrate FO/GO was
considerably decreased in the presence of FN/GO. The dependence
of the observed reaction rate on the concentration of the inhibitor
allowed us to estimate the value of IC50 = 2.5 � 10�7 M (Fig. 9C),
which is in accordance with the value of APE1 association constants
with F-containing DNA duplexes.38,39 Thus, the replacement of one
of the non-bridging oxygen atoms in the phosphate group on the
50-side from the F-site by the amino group to form a primary
phosphoramidate did not significantly affect the affinity of APE1
for the DNA substrate. At the same time, the catalytic activity of
APE1 has decreased considerably.

As a control, we have studied the kinetics of the interaction
of APE1 with a DNA duplex 50-d(CTCTCGCCTTCC)-30/30-
d(GAGAGCGGAAGG)-5 0 (G/C), which did not contain any of
the modifications. As seen from Fig. 9B and C, duplex G/C
slightly retards enzymatic activity of APE1 resulting in IC50 =
8.0 � 10�6 M. Thus, inhibitory activity of the duplex FN/GO is
related to specific interactions of APE1 with the F-site.

It should be noted that IC50 for most of the reported small-
molecule inhibitors of APE1 is in the 1.0–10.0� 10�6 M range.43,44

One of the potent inhibitors of APE1 identified in the library of
pharmacologically active compounds (LOPAC) was aurintri-
carboxylic acid (ATA), displaying an IC50 value of 5.5 � 10�8 M.45

The developments in oligonucleotide synthesis provided an

Fig. 6 Comparison of cleavage efficacy of modified oligonucleotide
derivatives. [APE1] = [dsDNA] = 1.0 mM.

Fig. 7 Kinetic curves of Trp fluorescence emission change during the
APE1 interaction with modified DNA duplexes. [APE1] = [dsDNA] = 1.0 mM.

Fig. 8 Change in APE1 fluorescence during titration with F30N/GO, FN/GO

and FS/GO duplexes. [APE1] = 1.0 mM. Triangle, FS/GO duplex; square, FN/GO

duplex; circle, F30N/GO duplex.
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opportunity for their use as therapeutic agents.46,47 Therefore, the
compounds reported in the present work could be used not only
for biochemical and structural studies of AP endonucleases but
also could have potential for subsequent application for therapy.

Experimental

The following chemicals were used in this work: N,N,N0,N0-tetra-
isopropyl-2-cyanoethylphosphordiamidite, N,N-diisopropylethyl-
amine (DIEA), 1H-tetrazole, levulinic acid and acetylacetone were

from Aldrich (USA), 1-methylimidazole, N,N0-dicyclohexylcarbo-
diimide (DCC) and hydrazine hydrate were from Merck (FRG),
the remainder were from ‘‘Reakhim’’ (Russia). All the reagents
and solvents were used as purchased unless stated otherwise.
Thin layer chromatography (TLC) was carried out on Kieselgel
60 F254 plates (Merck, FRG). The spots were visualized under UV
light (254 nm) or by spraying with 0.25% cysteine solution in
30% H2SO4 and heating. Flash column chromatography was on
Kieselgel 55–100 mm (Merck, FRG). NMR spectra were recorded
on a Brücker AM-400 spectrometer (FRG). Chemical shifts d are
reported in ppm against tetramethylsilane as an internal stan-
dard for 1H and 13C NMR spectra, and 85% H3PO4 as an external
standard for 31P NMR spectra. 13C and 31P NMR spectra were
recorded with proton decoupling unless stated otherwise. Mass
spectra were recorded on an Agilent ESI MSD XCT Ion Trap mass
spectrometer (USA) in the SB RAS ‘‘Proteomics’’ Core Facility.

1,4-Anhydro-2-deoxy-5-O-(4,40-dimethoxytrityl)-D-ribitol (II) was
prepared as described in ref. 41.

30-Amino-N4-benzoyl-20,30-dideoxy-50-O-(4,40-dimethoxytrityl)-
cytidine (V) was obtained according to ref. 40

1,4-Anhydro-2-deoxy-3-O-levulinyl-D-ribitol (III)

To a solution of levulinic acid (2.3 g, 19.5 mmol) in diethyl ether
(50 ml) solid DCC (2.1 g, 10 mmol) was added in portions with
stirring. After the reaction mixture was stirred for 3 h, the
precipitate was filtered and washed by diethyl ether (10 ml),
and the combined ether solution was concentrated in vacuo, the
rest dissolved in pyridine (20 ml) and added to 1,4-anhydro-2-
deoxy-5-O-(4,40-dimethoxytrityl)-D-ribitol (II) (2.6 g, 6.5 mmol)
and 1-methylimidazole (0.8 ml, 10 mmol). After 1 h, the
reaction was quenched by 5% NaHCO3, concentrated in vacuo
and partitioned between water and dichloromethane. The
organic layer was dried over anhydrous Na2SO4, the solvent
removed in vacuo, and the oily residue re-evaporated with
toluene to remove traces of pyridine and dissolved in 80% aq.
acetic acid (10 ml). The mixture was stirred for 3 h, then water
(50 ml) was added, and the volatiles removed in vacuo (traces of
water eliminated by co-evaporation with acetonitrile). The
residue was separated by chromatography on a silica gel
column eluted with a gradient of acetone in dichloromethane
0–30%. Yield of 1,4-anhydro-2-deoxy-3-O-levulinyl-D-ribitol (III)
0.85 g (60%). Rf 0.40 (CH2Cl2–EtOH 19 : 1). 1H NMR (CDCl3):
5.11 (1H, dt, J = 6.6, 2.3 Hz, H3), 4.06 (1H, dt, J = 8.3, 2.3 Hz, H4),
3.95–3.87 (2H, m, H1), 3.75 (1H, dd, J = 11.7, 4.0 Hz, H5),
3.68 (1H, dd, J = 11.7, 4.0 Hz, H5), 2.83–2.72 (2H, m,
C(O)C�H2CH2C(O)CH3), 2.65–2.53 (2H, m, C(O)CH2C�H2C(O)CH3),
2.21 (1H, s, CH3), 2.19–2.13 (1H, m, H2), 2.06-2.00 (1H, m, H2); 13C
NMR (CDCl3): 206.5, 172.7, 84.6, 76.3, 67.4, 62.7, 37.7, 32.9,
29.7, 27.9.

1,4-Anhydro-2-deoxy-3-O-levulinyl-5-O-(2-cyanoethyl-H-phosphonyl)-
D-ribitol (IV)

To a solution of compound III (0.68 g, 3.2 mmol) in dichloro-
methane (15 ml) DIEA (0.28 ml, 1.6 mmol) followed by
1H-tetrazole (0.1 g, 1.6 mmol) and N,N,N0,N0-tetraisopropyl-2-
cyanoethylphosphordiamidite (1.0 ml, 0.35 mmol) were added.

Fig. 9 APE1-catalysed hydrolysis of a duplex FO/GO in the presence of
duplexes FN/GO (A) and G/C (B). Estimation of the IC50 value (C). [APE1] =
[FO/GO] = 1.0 mM.
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After 1 h of stirring, 0.4 M solution of 1H-tetrazole in 90% aq.
MeCN (15 ml) was added, the mixture was stirred for another 1 h
and partitioned between dichloromethane (30 ml) and brine
(20 ml), the organic layer was washed by water (20 ml), separated,
dried over Na2SO4 and evaporated to foam. Yield of crude IV
0.95 g (94%). Rf 0.13 (CH2Cl2–AcOEt–EtOH 17 : 17 : 2). 1H NMR
(CDCl3): 6.93 (0.5H, d, J = 725.0 Hz, PH), 6.89 (0.5H, d, J =
725.0 Hz, PH), 5.13–5.05 (1H, m, H3), 4.35–3.79 (7H, m, H1, H4,
H5, OC�H2C�H2CN), 3.75–3.60 (1H, m, H5), 3.54–3.30 (1H, m,
OC�H2CH2CN), 2.82–2.67 (2H, m, C(O)C�H2CH2C(O)CH3), 2.61–
2.49 (2H, m, C(O)CH2C�H2C(O)CH3), 2.17 (1H, s, CH3), 2.14–2.06
(1H, m, H2), 2.05–1.93 (1H, m, H2). 31P NMR (CDCl3): 8.97 (c),
8.35 (c). 31P NMR without P–H decoupling (CDCl3): 8.97 (d quint,
J = 725.0, 9.8 Hz), 8.35 (d quint, J = 725.0, 9.8 Hz).

30-N-[30-Amino-N4-benzoyl-20,30-dideoxy-50-O-(4,40-dimethoxytrityl)-
cytidyl]-(2-cyanoethyl)-phosphoryl-5-O-1,4-anhydro-2-deoxy-D-ribitol
(VI)

H-Phosphonate IV (0.95 g, 3.0 mmol) was dissolved in a 1 : 1
mixture of pyridine and CCl4 (18 ml), then TEA (1.4 ml,
10 mmol) and aminonucleoside V (0.24 g, 0.38 mmol) were
added with stirring. After 1 h of stirring, the solvent was
removed in vacuo, the rest was dissolved in a 4 : 1 mixture of
pyridine and acetic acid, and hydrazine hydrate (0.5 ml,
10 mmol) was added. After 20 min, the reaction was quenched
by acetylacetone (2.0 ml, 20 mmol), diluted with dichloro-
methane (50 ml) and washed by water (2 � 30 ml). The organic
layer was dried by Na2SO4, dichloromethane was removed
in vacuo, the residue was dissolved in dichloromethane and
chromatographed on a silica gel column eluted by a gradient of
ethanol in CH2Cl2 0–20%. Fractions containing VI were pooled,
evaporated to a small volume, and the product precipitated by
10 fold volume of petroleum ether. Yield of VI 0.13 g (40%).
Rf 0.35 (CH2Cl2–EtOH 9 : 1). 31P NMR (CDCl3): 8.60, 8.34 (2 s,
mixture of diastereomers). ESI MS: calculated for C45H48N5O11P
865.31, found m/z 864.20 [M � H]�.

Dimer phosphoramidite (I)

Phosphitylation was carried out as described in ref. 48. From
0.13 g of dimer VI 0.1 g of dimer phosphoramidite I were
obtained (67% yield). Rf 0.50 (CH2Cl2–EtOH, 9 : 1). 31P NMR
(CDCl3): 149.70, 149.66, 149.17, 149.02, 8.46, 7.88 (mixture of
diastereomers).

Oligonucleotide synthesis

Automated synthesis of oligonucleotides was carried out on an
ASM-800 DNA/RNA synthesiser (‘‘Biosset’’, Russia) using dimer
phosphoramidite I together with standard commercial 2-cyano-
ethyl deoxynucleoside phosphoramidites and CPG solid supports
from Glen Research (USA). Dimer phosphoramidite I was used as a
0.1 M solution in anhydrous acetonitrile. The volumes of I and
activator 1H-tetrazole solutions were increased from 20 to 80 ml,
and the reaction time was extended from 1 till 10 min. Phos-
phorothioate groups were introduced using sulfurizing reagent
II (3-((dimethylaminomethylidene)amino)-3H-1,2,4-dithiazole-3-
thione) from Glen Research, USA (0.1 M in pyridine–acetonitrile

3 : 2 v/v) according to the manufacturer’s protocol. Oligonucleo-
tides with internucleotide tetramethyl phosphoryl guanidine
group (1e) were obtained as described in ref. 42. Oligonucleo-
tides with an internucleotide primary phosphoramidate group
(1d) were prepared as described in ref. 49

Native and modified oligonucleotides were isolated by
reverse-phased HPLC on an Agilent 1200 HPLC system (USA)
using a Zorbax SB-C18 5 mm column 4.6 � 150 mm in a linear
gradient of acetonitrile 0–50% in 20 mM triethylammonium
acetate, pH 7.0 in 30 min, a flow rate of 2 ml min�1. Fractions
containing the desired product were pooled, concentrated in
vacuo, dissolved in 0.1 ml of deionised water and precipitated
by 2% LiClO4 in acetone. After centrifugation at 14 500 rpm for
2 min, washing with acetone and drying on air for 20 min,
oligonucleotide pellets were dissolved in deionised water and
stored at �20 1C. Oligonucleotide homogeneity was assessed by
20% denaturing PAGE in 8 M urea, 0.1 M Tris-borate buffer, pH
8.3. The bands were visualised by staining with Stains-All
(Sigma, USA).

Molecular masses of oligonucleotides were checked by
LC-MS/MS ESI MS on an Agilent G6410A mass spectrometer
(USA) in a negative ion mode. The samples were prepared by
dissolving oligonucleotides in 20 mM triethylammonium acetate
in 60% aq. acetonitrile until 0.1 mM concentration. The volume
of the sample was 10 ml. Analysis was carried out using 80% aq.
acetonitrile as an eluent, a flow rate of 0.1 ml min�1 and
standard device settings. Molecular masses were calculated
using experimental m/z values, obtained for each sample. The
results are given in Table 3 and Fig. 8.

Enzymes and DNA duplexes

DNA duplexes that were used as substrates are given in Fig. 2.
Oligonucleotides were purified by ion exchange HPLC on a
Hamilton PRP-X500 12–30 mm 3.9 � 300 mm column followed
by reverse-phased HPLC on a Nucleoprep 100-20 C18 10� 250 mm
column (Macherey-Nagel, FRG). Oligonucleotide homogeneity was
checked by 20% denaturing PAGE.

APE1 enzyme was isolated from the E. coli Rosetta2 cell line
transformed by a plasmid pET11a carrying human APE1 gene.50

Table 3 Molecular masses of oligonucleotides

Code Oligonucleotide sequence, 50–30

Molecular mass

Calc. [M] Exp. [M]

FS TCTCTCSFCCTTCC 3679.49 3679.54
FSS TCTCTCSFCCTTCSC 3695.56 3695.50
FN TCTCTCNFCCTTCC 3662.44 3662.5
FNB TCTCTCNFCCTTCBC 3759.61 3759.32
FBB TCTCTCBFCCTTCBC 3857.76 3857.34
F30N TCTCTC30NFCCTTCC 3662.44 3662.45
GS GGAAGGGGAGAGSA 4153.84 4154.14
GB GGAAGGGGAGAGBA 4234.94 4234.84
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PAGE time-course experiments

50-[32P]-Labelled oligonucleotides were used in experiments on
separation of cleavage products by PAGE. The modified strands
were 32P-labeled using [g-32P]ATP and bacteriophage T4 poly-
nucleotide kinase (New England Biolabs, Beverly, MA) accord-
ing to the manufacturer’s protocol.

Single-turnover APE1 endonuclease assays were performed
in the reaction buffer of 50 mM Tris-HCl, pH 7.5, 50 mM
KCl, 0.1 mM EDTA, 5 mM MgCl2, 1 mM DTT, 9% glycerol
at 25 1C.

To register the cleavage extent of modified oligonucleotide
duplexes the reaction solution contained 1.0 mM APE1 and
1.0 mM dsDNA. Cleavage of the modified oligonucleotide
duplexes was initiated by the addition of APE1. Aliquots of
2 ml of the reaction mixture were withdrawn at time intervals
of 1, 5, 10, 20, 30, 60, 120 and 180 min, immediately quenched
with 3 ml of gel-loading dye containing 7 M urea and 50 mM
EDTA, and loaded on a 20% (w/v) polyacrylamide/7 M urea gel.

To register the cleavage extent of the FO/GO substrate in the
presence of inhibitors the reaction solution contained 1.0 mM
APE1 and 1.0 mM FO/GO and 0.0, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0,
3.0, 5.0 or 10.0 mM FN/GO and G/C duplexes. The FO/GO

substrate was initially incubated with FN/GO or G/C for
5 min. Cleavage of the FO/GO substrate was initiated by the
addition of APE1. 2 ml aliquots of the reaction mixture were
withdrawn at time intervals of 10, 20, 30, 40, 60, 120 and 300 s,
immediately quenched with 3 ml of gel-loading dye containing
7 M urea and 50 mM EDTA, and loaded on a 20% (w/v)
polyacrylamide/7 M urea gel.

The extent of cleavage was determined by radioautography
and digital processing by Gel-pro Analyzer 4.0 software (Media
Cybernetics, USA). The degree of cleavage was calculated as a
ratio of the area of product peaks to the sum of the areas of the
product and starting material peaks. All experiments were
repeated in triplicate. The presented data points reflect the
average value obtained from a set of repeats.

The fraction product was fitted by the single exponential
curve using Origin software (Originlab Corp.) (eqn (1)).

[product] = A � [1 � exp(�kobs � t)] (1)

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

Stopped-flow fluorescence measurements

Fluorescent kinetic curves were recorded on a stopped-flow
spectrometer SX.18MV (Applied Photophysics, UK). For Trp
fluorescence, excitation wavelength was 290 nm. The change
in Trp fluorescence emission was observed on wavelengths
above 320 nm (Schott filter WG 320). The dead time of the
device was 1.38 ms, maximum recording time was 10 s. Each
kinetic curve was the result of averaging of minimum three
experimental curves. All the experiments were carried out in
50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 5 mM
MgCl2, 1 mM DTT, 9% glycerol at 25 1C.

Fluorescence titration of APE1 with oligodeoxyribonucleotide
inhibitors

Dissociation constant Kd of the complex of APE1 with the
inhibitors was determined by fluorescence titration. Each
point on the fluorescence titration curves was obtained by the
measurement of the fluorescence intensity of the reaction
mixture (100 ml) containing APE1 (1.0 � 10�6 M) and an
oligonucleotide inhibitor at the required concentration in
a buffer (50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.1 mM EDTA,
5 mM MgCl2, 1 mM DTT, 9% glycerol). The mixtures were
incubated at 25 1C for 2 min. Fluorescence spectra were
measured at an excitation wavelength of 290 nm using a Varian
Cary Eclipse spectrofluorimeter (Agilent Technologies, USA).
Values of fluorescence intensity at the emission maximum
(335 nm) were used to calculate the dissociation constants.

The values of Kd were determined by non-linear regression
analysis of data according to eqn (2), using program Origin
software (Originlab Corp.).

F ¼ Fcomplex � ½APE1�0 þ F0 � Fcomplex

� �
� ½APE1�0 � ½dsDNA� � Kd

2

�

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½APE1�0 � ½dsDNA� � Kd

2

� �2

þKd � ½APE1�0

s 9=
;
(2)

where, F0, F and Fcomplex are fluorescence intensities of APE1
without added inhibitor, at any given concentration of the
inhibitor, and at the saturating concentration of the inhibitor,
respectively. [APE1]0 and [dsDNA]0 are the total concentrations
of APE1 and the inhibitor.

Conclusions

This work has focussed on the design, synthesis and analysis of
oligodeoxyribonucleotide derivatives as unreactive substrate
analogues of a key enzyme of the DNA repair, AP-endonuclease
APE1. It was found that either S- or N-substitution of the oxygen
atoms in the phosphate group on the 50-side of the tetrahydro-
furan analogue of the AP-site (F-site) leads to a significant
decrease in the APE1 activity. The kinetic analysis demon-
strated that these modified oligonucleotide duplexes could be
used in vitro as specific uncleavable DNA substrate analogues of
APE1 for biochemical or structural studies of AP-endonuclease
mechanisms. Besides, the compounds in our opinion show
promise for future cell and animal studies.

Abbreviations

APE1 Human AP-endonuclease 1
Bz Benzoyl
CE 2-Cyanoethyl
DCC N,N0-Dicyclohexylcarbodiimide
DIPEA N,N-Diisopropylethylamine
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DMTr 4,40-Dimethoxytrityl
DTT Dithiothreitol
Lev Levulinyl
MeIm 1-Methylimidazole
Py Pyridine
TEA Triethylamine
Tet 1H-Tetrazole
Tmg 1,1,3,3-Tetramethylguanidine
AP-site Apurinic/apyrimidinic site
F (2R,3S)-2-(Hydroxymethyl)-3-hydroxytetrahydrofuran
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