
Citation: Sakurada, T.; Chikada, Y.;

Miyahara, R.; Taniguchi, Y.

Recognition of

8-Oxo-2′-deoxyguanosine in DNA

Using the Triphosphate of

2′-Deoxycytidine Connecting the

1,3-Diazaphenoxazine Unit, dCdapTP.

Molecules 2024, 29, 2270. https://

doi.org/10.3390/molecules29102270

Academic Editors: Tuomas Lönnberg,

Satu Mikkola and Pasi Virta

Received: 17 April 2024

Revised: 8 May 2024

Accepted: 9 May 2024

Published: 11 May 2024

Copyright: © 2024 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 (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Recognition of 8-Oxo-2′-deoxyguanosine in DNA Using the
Triphosphate of 2′-Deoxycytidine Connecting the
1,3-Diazaphenoxazine Unit, dCdapTP
Takato Sakurada 1, Yuta Chikada 1,2, Ryo Miyahara 1 and Yosuke Taniguchi 1,2,*

1 Graduate School of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi, Higashi-ku,
Fukuoka 812-8582, Japan; takatorres.31@gmail.com (T.S.); chikada.yuta.840@s.kyushu-u.ac.jp (Y.C.);
c51339rm@gmail.com (R.M.)

2 Faculty of Medicine, Dentistry and Pharmaceutical Sciences, Okayama University, 1-1-1 Tsushima-naka,
Kita-ku, Okayama 700-8530, Japan

* Correspondence: y-taniguchi@okayama-u.ac.jp; Tel.: +81-86-251-7964

Abstract: DNA is constantly damaged by various external and internal factors. In particular, oxidative
damage occurs in a steady state, and 8-oxo-2′-deoxyguanosine (oxodG) is known as the main
oxidative damage. OxodG is a strong genotoxic nucleoside and is thought to be involved in the
pathogenesis of cancer and neurological diseases. However, a breakthrough method to detect the
position of oxodG in DNA has not yet been developed. Therefore, we attempted to develop a
novel method to detect oxodG in DNA using artificial nucleosides. Recently, we have succeeded
in the recognition of oxodG in DNA by a single nucleotide elongation reaction using nucleoside
derivatives based on a purine skeleton with a 1,3-diazaphenoxazine unit. In this study, we developed
a new nucleoside derivative with a pyrimidine skeleton in order to further improve the recognition
ability and enzymatic reaction efficiency. We, therefore, designed and synthesized 2′-deoxycytidine-
1,3-diazaphenoxazine (Cdap) and its triphosphate derivatives. The results showed that it was
incorporated into the primer strand relative to the dG template because of its cytidine skeleton, but it
was more effective at the complementary position of the oxodG template. These results indicate that
the new nucleoside derivative can be considered as one of the new candidates for the detection of
oxodG in DNA.

Keywords: 8-oxo-2′-deoxyguanosine; single nucleotide elongation reaction; artificial nucleoside
triphosphate; 2′-deoxycytidine derivatives

1. Introduction

DNA and nucleotides in living cells are constantly at risk of damage. This can be
caused by external factors, such as ultraviolet radiation, or internal factors, such as reactive
oxygen species (ROS), both of which are unavoidable in the process of life. In particular,
ROS are very familiar to aerobic organisms because they are generated during immune
responses and normal metabolic activities. Therefore, reactive oxygen species remove
enzymes, such as superoxide dismutase (SOD), and damage repair mechanisms have
been developed. However, a decline in their functions due to illness or mental stress
leads to the accumulation of damage, which affects cells, tissues, genes, and other organs
at various levels. In general, “the state in which the oxidative capacity of ROS in vivo
exceeds its antioxidant capacity” is called oxidative stress [1], and the definition and
quantification methods of indicators have been actively studied in relation to diseases and
stress. Oxidative stress damages all biomolecules, and DNA damage, in particular, is an
extremely important issue because DNA itself has genetic information. DNA oxidative
metabolites have also attracted attention as good biomarkers for assessing the burden of
oxidative stress on living cells [2]. It has been reported that nucleobases containing purine
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bases have a low oxidation potential and can easily induce oxidative damage [3–9]. Among
them, 8-oxo-2′-deoxyguanosine (oxodG), in which the 8-position of 2′-deoxyguanosine
(dG) is oxidized, has been actively studied because several repair enzymes have been found
in vivo, and it is most commonly used as an indicator of nucleobase oxidation. Although
oxodG occurs randomly in DNA [10,11], its presence at specific positions is thought to
play an important role in biochemistry, which makes its analysis by DNA sequencing
increasingly important [12]. However, no simple method has been developed to identify
the location of 8-oxo-dG occurrence in DNA using conventional detection methods [13–23].

Our group has been investigating the use of artificial nucleoside analogs to directly
recognize oxodG in DNA through specific hydrogen bonding formation and to apply
them to damaged DNA sequencing methods. Recently, we have succeeded in developing
novel nucleoside derivatives, Adenosine-1,3-diazaphenoxazine (Adap) and Purine-1,3-
diazaphenoxazine (Pdap) (Figure 1A), consisting of a phenoxazine unit attached to a purine
skeleton, which can recognize 8-oxodG in DNA (Figure 1B) [24–26]. However, these artifi-
cial trinucleotide derivatives have a drawback in that not only the oxodG but also the T of
the template strand is incorporated into the primer strand in the single nucleotide insertion
reaction using DNA polymerase. We are currently investigating various approaches to
overcome this issue, and as one of them, we focused on new derivatives with a pyrimidine
skeleton. Therefore, in this paper, based on the previous concept of recognition mode
of artificial nucleoside analogs, we investigate the length of the linker that connects the
phenoxazine unit from the pyrimidine skeleton to form a hydrogen bonding with oxodG in
the syn-conformation (Figure 1C).
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2. Results and Discussion
2.1. Synthesis of 3′-,5′-Diol Compounds

First, we synthesized 1,3-diazaphenoxazine units with a C2-linker or C3-linker
(Scheme 1). The C2-linker compound 5 was synthesized according to a previous report [24].
The C3-linker derivative, on the other hand, was synthesized using the Fmoc-protected
propanolamine, 3-(Fmoc-amino)-1-propanol, and compound 6 in the Mitsunobu reaction to
obtain compound 7. Immediately after a quick purification process, target compound 8 was
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successfully obtained in good yield by the cycloaddition reaction and deprotection reaction
of the Fmoc group using ammonia methanol. Then, using thymidine or 2′-deoxyuridine as
starting materials, TBS protection of the hydroxyl groups (9 or 10) and TPS of the carbonyl
group at 4-position of the corresponding nucleobase were performed to obtain compounds
11 or 12 [27,28]. Phenoxazine units with different linker lengths were connected to these
compounds by the SNAr reaction to obtain compounds 13–16. The TBS groups of the hy-
droxyl groups of these compounds were deprotected to obtain the corresponding 3′-,5′-diol
compounds of Cdap derivatives (1–4).
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Scheme 1. Synthesis of 3′-,5′-diol compounds of Cdap derivatives.

2.2. Synthesis of Triphosphate Compounds

In this reaction, 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one and tributylammo-
nium pyrophosphate were first mixed to produce a cyclic triphosphate reagent [29]. Then,
the hydroxyl group at the 5′-position of the sugar part was modified by mixing the ad-
justed reagent with the corresponding 3′-,5′-diol compounds. The cyclic triphosphate
was oxidized and hydrolyzed to synthesize the desired triphosphate compounds 17–20.
Purification was performed by HPLC, and each structure was determined by 31P-NMR and
high-resolution mass measurements (Scheme 2). For compounds with poor isolated yields,
the corresponding 3′-,5′-diol compound was confirmed by HPLC. This may be due to a
problem with the reagents or the 3′-,5′-diol compound’s physical properties that prevented
the first reaction from completing. However, we did not study the reaction conditions
further because we obtained a sufficient amount of trisphosphate compounds to evaluate
their functions.
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Scheme 2. Synthesis of triphosphate compounds of dCdap derivatives.

2.3. Evaluation of oxodG Recognition Ability by Single Nucleotide Elongation Reaction

We tested the recognition ability between oxodG and dG in oligonucleotides of new
triphosphate derivatives using Klenow Fragment (KF) and Bst 3.0 DNA polymerase. The gel
results of the single nucleotide elongation reaction are shown in Figure 2. When using KF,
the 5MedCdapTP with a C2-linker was not incorporated into the primer chain. On the other
hand, for the 5MedCdapTP with a C3-linker, the elongation reaction proceeded only when
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the template DNA contained dG (Figure 2A, left). Interestingly, primer elongation reactions
were observed for template DNA containing oxodG or dG using dCdapTPs, especially
when dCdapTP with a C3-linker was well incorporated into the primer strand opposite
the oxo-dG template DNA (Figure 2A, right). Therefore, the uptake percentages were
calculated from the fluorescence intensity of these bands (Figure 2B). The value of dCdapTP
with a C2-linker was 11% for oxodG template DNA and 66% for dG template DNA. On
the other hand, the value of dCdapTP with a C3-linker was 85% for oxodG template DNA
and 71% for dG template DNA (Figure 2A, right). These results indicated that the longer
linker length may have enabled the artificial nucleotide analog to successfully recognize
the syn-oriented oxodG (Figure 3). In contrast, the linker length does not seem to affect the
anti-oriented dG since there is no significant change in the uptake percentage (Figure 3).
When using Bst 3.0 DNA polymerase, 5MedCdapTP with a C2- or C3-linker was almost
never incorporated into the primer strand (Figure 2C). In the case of dCdapTPs, the single
nucleotide elongation reaction was confirmed; however, the results showed that it was well
incorporated at the dG template DNA.
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Figure 2. (A) Gel results of single nucleotide primer elongation reactions using Klenow Fragment;
(B) bar graph of the uptake percentage of dCdapTP using KF; and (C) gel results of single nucleotide
primer elongation reactions using Bst 3.0 DNA polymerase. Conditions: 1.0 µM 15 mer primer and
25 mer template (X) duplex DNA, 0.2 or 0.1 unit/µL of KF or 0.2 unit/µL of Bst 3.0 polymerase in
the corresponding reaction buffer, 5 µM of dCdapTP derivatives, and incubation for 10–30 min in a
reaction volume of 10 µL.
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2.4. Steady-State Kinetic Study of dCapTP Using Klenow Fragment

In order to investigate the uptake efficiency for dCdapTP using KF in more detail,
a steady-state kinetic analysis was carried out (Table 1). In comparing the uptake effi-
ciencies, dCdapTP with a C2-linker is clearly incorporated at the complementary position
of dG template DNA (7.22 × 106 %min−1M−1), followed by the oxo-dG template DNA
(2.91 × 106 %min−1M−1) (Table 1, entries 2 and 1). It is then taken up against dC, T, and
dA template DNA (1.13 × 106, 0.88 × 106, and 0.69 × 106 %min−1M−1, respectively), in
that order, but with lower efficiency. On the other hand, in the case of dCdapTP with a C3-
linker, it is well incorporated against the complementary position of oxodG template DNA
(8.00 × 106 %min−1M−1) (Table 1, entry 6). The higher Vmax value compared to a C2-linker
suggests that an effective elongation reaction is occurring (Vmax values: 0.85 %min−1 and
2.86 %min−1 for the C2-linker and C3-linker, respectively) (Table 1, entries 1 vs. 6). This is
expected to result in the formation of an artificial base pair between dCdap with a C3-linker
and oxodG. For dG template DNA, almost no differences in parameters are shown at
dCdapTP with a C2-linker or C3-linker, which supports the results of the interaction with
anti-oriented dG with no influence of the linker (for the C2-linker vs. C3-linker, Vmax:
1.95 vs. 2.20 %min−1, Km: 0.27 vs. 0.29 µM, respectively) (Table 1, entries 2 vs. 7). More-
over, it is then taken up against T, dC, and dA template DNA (0.64 × 106, 0.50 × 106 and
0.28 × 106 %min−1M−1, respectively), in that order, but with much lower efficiency.

Table 1. Steady-state kinetic parameters.

Entry dNTP X= Vmax
(%min−1) Km (µM) Efficiency

(%min−1M−1)

1

dCdapTP
C2-linker

8-oxodG 0.85 0.29 2.91 × 106

2 dG 1.95 0.27 7.22 × 106

3 dA 0.09 0.13 0.69 × 106

4 dC 0.08 0.07 1.13 × 106

5 T 0.11 0.13 0.88 × 106

6

dCdapTP
C3-linker

8-oxodG 2.86 0.36 8.00 × 106

7 dG 2.20 0.28 7.64 × 106

8 dA 0.06 0.23 0.28 × 106

9 dC 0.07 0.15 0.50 × 106

10 T 0.09 0.14 0.64 × 106

Conditions: 1.0 µM 15 mer/25 mer FAM-labeled primer template duplex, 0.01–0.04 unit/µL Klenow Fragment,
20 mM Tris-HCl (pH 7.9), 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, dNTPs, incubated at 37 ◦C for 1–20 min in a
reaction volume of 10 µL. Values are given as the mean of three independent experiments. Velocity is normalized
for the lowest enzyme concentration used.

3. Materials and Methods
3.1. General Methods of the Synthesis of Desired Compounds

All starting materials, reagents, and solvents are purchased from Sigma-Aldrich, Inc.
(St. Louis, MO, USA) (7M NH3 in MeOH (499145). Tributyl ammonium pyrophosphate
(P8533)) is from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) (3-(Fmoc-amino)-1-
propanol (F1036), DIAD (A1246), Et3N (T0424), 2,4,6-Triisopropylbenzenesulfonyl chloride
(T0459), 1-propanol (P0491), DIPEA (D6179), triethylamine trihydrofluoride (T2022), 2-
chloro-4-H-1,3,2-benzodioxaphosphorin-4-one (C1210), and tributyl amine (T0357)) are
from Nacalai tesque, Inc. (Kyoto, Japan) (PPh3 (35312-82), DMAP (12922-86)), 1H-NMR
(500 MHz), 13C-NMR (125 MHz), and 31P-NMR (202 MHz) spectra were recorded by Bruker
Ascend-500 spectrometers (Billerica, MA, USA), which are shown in the Supplementary
Materials. The high-resolution mass spectra were recorded by a Bruker microTOF II. The
MALDI-TOF-MS spectra were recorded by a Bruker Autoflex III. The concentration of
DNAs was measured by NanoDropTM One (Thermo Fisher Scientific, Waltham, MA, USA).
The gel was visualized by a FUJIFILM Luminoimage analyzer LAS-4000 (Tokyo, Japan).
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3.2. Synthesis of the Phenoxazine Unit with a C3-Linker (8)

To a solution of compound 6 (1.88 g, 6.03 mmol) in CH2Cl2 (60 mL), 3-(Fmoc-amino)-
1-propanol (2.68 g, 9.00 mmol) and PPh3 (2.72 g, 10.4 mmol) were added, and the mixture
was stirred at 0 ◦C under Ar atmosphere. After the addition of DIAD (4.96 mL, 10.1 mmol),
the reaction mixture was stirred for 4 h at room temperature. The solvent was removed
under reduced pressure, and the residue was purified by column chromatography (NH-
silica-gel, CHCl3) to obtain compound 7 (2.68 g, 4.52 mmol, 75%) as a yellow solid. This
solid was dissolved in 7M NH3 in MeOH (200 mL) and DMSO (40 mL), and the reaction
mixture was stirred for 13 h at room temperature. The solvent was removed under re-
duced pressure, and the residue was purified by column chromatography (NH-silica-gel,
CH2Cl2/MeOH = 100/0 to 80/20) to obtain compound 8 (1.21 g, mmol, 93%) as a yellow
powder. 1H-NMR (500 MHz, CDCl3) δ 7.33 (1H, s), 6.76 (1H, t, J = 8.2Hz), 6.59 (1H, d,
J = 7.9Hz), 6.40 (1H, d, J = 7.9Hz), 4.03 (2H, s), 3.14 (3H, s), 2.92 (2H, s), 1.14–1.22 (1H, m),
1.09 (1H, d, J = 7.0Hz); 13C-NMR (126 MHz, DMSO-d6) δ 153.8, 147.6, 143.0, 127.1, 126.4,
123.1, 121.6, 108.5, 108.0, 67.3, 36.4, 28.9, 24.9; ESI-HRMS (m/z) calcd. for C14H17N4O3
[M + H]+: 289.1295, found: 289.1314.

3.3. Synthesis of Compound 11

To a solution of compound 9 (835 mg, 1.77 mmol) and Et3N (1.0 mL, 7.21 mmol) in
CH2Cl2 (8.0 mL), 2,4,6-Triisopropylbenzenesulfonyl chloride (1.1 g, 3.55 mmol) and DMAP
(65.0 mg, 0.53 mmol) were added. After stirring for 8 h at room temperature, the reaction
mixture was diluted with CHCl3 and washed with water and a saturated NaCl solution.
The organic layer was dried over Na2SO4 and removed under reduced pressure. The
residue was purified by flush column chromatography (Hexane/EtOAc = 10/1) to obtain
compound 11 (892 mg, 1.20 mmol, 68%) as a colorless foam. 1H-NMR (500 MHz, CDCl3) δ
7.97 (1H, s), 7.19 (2H, s), 6.12 (1H, t, J = 6.3 Hz), 4.34–4.31 (1H, m), 4.33–4.29 (2H, m), 3.96
(1H, dt, J = 3.4 Hz), 3.89 (1H, dd, J = 11.2, 2.4 Hz), 3.74 (1H, dd, J = 11.7, 2.4 Hz), 2.92–2.87
(1H, m), 2.51–2.46 (1H, m), 2.03 (3H, s), 1.98–1.93 (1H, m), 1.29 (6H, d, J = 6.8 Hz), 1.23
(12H, t, J = 7.1 Hz), 0.90–0.87 (18H, m), 0.09–0.04 (12H, m); ESI-HRMS (m/z) calcd. for
C37H65N2O7SSi2 [M + H]+: 737.4046, found: 737.4085.

3.4. Synthesis of Compound 12

To a solution of compound 10 (500 mg, 1.10 mmol) and Et3N (0.6 mL, 4.33 mmol) in
CH2Cl2 (5.0 mL), 2,4,6-Triisopropylbenzenesulfonyl chloride (663.0 mg, 2.19 mmol) and
DMAP (41.0 mg, 0.33 mmol) were added. After stirring for 16 h at room temperature, the
reaction mixture was diluted with CHCl3 and washed with water and a saturated NaCl
solution. The organic layer was dried over Na2SO4 and removed under reduced pressure.
The residue was purified by column chromatography (Hexane/EtOAc = 10/1) to obtain
compound 12 (342 mg, 0.47 mmol, 43%) as a colorless foam. 1H-NMR (500 MHz, CDCl3)
δ 8.45 (1H, d, J = 7.3 Hz), 7.20 (2H, s), 6.07–6.09 (1H, m), 6.01 (1H, d, J = 7.3 Hz), 4.33 (1H,
q, J = 5.9 Hz), 4.23–4.28 (2H, m), 3.94 (2H, dd, J = 11.7, 2.0 Hz), 3.76 (1H, d, J = 9.8 Hz),
2.88–2.93 (1H, m), 2.46–2.51 (1H, m), 2.12 (1H, qd, J = 6.5, 4.6 Hz), 1.31 (6H, d, J = 6.8 Hz),
1.26 (12H, t, J = 6.3 Hz), 0.91 (9H, s), 0.86 (9H, s), 0.04–0.10 (12H, m); ESI-HRMS (m/z) calcd.
for C36H62N2O7SSi2Na [M + Na]+: 745.3708, found: 745.3620.

3.5. Synthesis of the TBS-Protected 5-Methyl-Cdap C2-Linker (13)

To a solution of compound 5 (570 mg, 2.08 mmol) in 1-propanol (30 mL) was added
compound 11 (1.4 g, 1.87 mmol) and DIPEA (0.3 mL, 1.72 mmol). After stirred for 24 h,
the solvent was removed under reduced pressures. The residue was purified by column
chromatography (Hexane/EtOAc = 10/1, and then CH2Cl2/MeOH = 100/1 to 20/1) to
obtain compound 13 (609 mg, 1.38 mmol, 74%) as a pale yellow foam. 1H-NMR (500 MHz,
DMSO-d6) δ 9.68 (1H, s), 7.51 (1H, s), 7.37 (1H, s), 6.75 (1H, t, J = 8.3 Hz), 6.59 (1H, d,
J = 8.3 Hz), 6.40 (1H, d, J = 8.3 Hz), 6.16 (1H, t, J = 6.8 Hz), 4.31–4.33 (1H, m), 4.00 (2H,
t, J = 4.9 Hz), 3.66–3.79 (5H, m), 3.18 (3H, s), 1.99–2.09 (2H, m), 1.89 (3H, s), 0.85 (18H,
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d, J = 6.8 Hz), 0.05 (12H, d, J = 7.8 Hz); 13C-NMR (126 MHz, DMSO-d6) δ 162.8, 154.8,
137.3, 126.1, 123.1, 107.9, 107.2, 101.9, 86.9, 84.7, 72.5, 67.1, 62.9, 36.7, 25.8, 18.1, 17.9, 13.5,
−4.6, −4.8, −5.3, −5.3; ESI-HRMS (m/z) calcd. for C35H55N6O7Si2 [M + H]+: 727.3665,
found: 727.3647.

3.6. Synthesis of the TBS-Protected 5-Methyl-Cdap C3-Linker (14)

To a solution of compound 8 (589 mg, 2.04 mmol) in 1-propanol (50 mL), compound
11 (2.4 g, 3.20 mmol) and DIPEA (0.6 mL, 3.44 mmol) were added. After stirring for 24 h,
the solvent was removed under reduced pressure. The residue was purified by column
chromatography (Hexane/EtOAc = 10/1, and then CH2Cl2/MeOH = 50/1 to 10/1) to
obtain compound 14 (777 mg, 2.37 mmol, 51%) as a pale yellow foam. 1H-NMR (500 MHz,
DMSO-d6) δ 9.79 (1H, s), 7.40 (1H, s), 7.32 (1H, s), 7.22 (1H, s), 6.75 (1H, t, J = 8.2 Hz), 6.58
(1H, d, J = 8.2 Hz), 6.38 (1H, d, J = 7.9 Hz), 6.18 (1H, t, J = 6.9 Hz), 4.32–4.34 (1H, m), 3.99
(2H, t, J = 5.8 Hz), 3.67–3.78 (3H, m), 3.45–3.52 (2H, m), 3.16 (3H, s), 1.99–2.07 (4H, m), 1.85
(3H, s), 0.86 (18H, s), 0.06 (12H, d, J = 4.3 Hz); 13C-NMR (126 MHz, DMSO-d6) δ 162.9,
155.1, 154.1, 153.6, 147.4, 147.0, 142.8, 141.9, 136.7, 126.3, 123.2, 121.5, 107.8, 107.7, 102.1,
86.8, 84.5, 72.5, 66.8, 63.0, 37.8, 36.6, 33.5, 28.2, 27.9, 25.9, 25.9, 25.0, 24.0, 18.2, 17.9, 13.4,
−4.6, −4.7, −5.3, −5.3; ESI-HRMS (m/z) calcd. for C36H56N6O7Si2Na [M + Na]+: 763.3641,
found: 763.3677.

3.7. Synthesis of the TBS-Protected Cdap C2-Linker (15)

To a solution of compound 5 (570 mg, 2.08 mmol) in 1-propanol (30 mL), compound
12 (2.3 g, 3.13 mmol) and DIPEA (0.5 mL, 3.15 mmol) were added. After stirring for 24 h,
the solvent was removed under reduced pressure. The residue was purified by column
chromatography (Hexane/EtOAc = 10/1, and then CH2Cl2/MeOH = 100/1 to 20/1) to
obtain compound 15 (1.0 g, 2.09 mmol, 70%) as a pale yellow foam. 1H-NMR (500 MHz,
DMSO-d6) δ 9.51 (1H, s), 8.06 (1H, s), 7.69 (1H, d, J = 7.3 Hz), 7.49 (1H, s), 6.76 (1H, t,
J = 8.2 Hz), 6.61 (1H, d, J = 8.5 Hz), 6.41 (1H, d, J = 8.2 Hz), 6.13 (1H, t, J = 6.4 Hz), 5.73 (1H,
d, J = 7.6 Hz), 4.32–4.35 (1H, m), 3.99 (2H, t, J = 4.9 Hz), 3.67–3.79 (5H, m), 3.18 (3H, s), 2.13
(1H, qd, J = 6.5, 4.3 Hz), 2.00–2.05 (1H, m), 0.86 (18H, d, J = 3.7 Hz), 0.06 (12H, s); 13C-NMR
(126 MHz, DMSO-d6) δ 163.3, 154.9, 140.0, 123.1, 108.1, 94.6, 86.7, 84.7, 71.5, 67.4, 62.5, 25.8,
18.1, 17.9, −4.6, −4.8, −5.4, −5.5; ESI-HRMS (m/z) calcd. for C34H52N6O7Si2Na [M + Na]+:
735.3328, found: 735.3314.

3.8. Synthesis of the TBS-Protected Cdap C3-Linker (16)

To a solution of compound 8 (589 mg, 2.04 mmol) in 1-propanol (50 mL), compound
12 (2.3 g, 3.13 mmol) and DIPEA (0.6 mL, 3.44 mmol) were added. After stirring for 24 h,
the solvent was removed under reduced pressure. The residue was purified by column
chromatography (Hexane/EtOAc = 10/1, and then CH2Cl2/MeOH = 50/1 to 10/1) to
obtain compound 16 (840 mg, 1.16 mmol, 37%) as a pale yellow foam. 1H-NMR (500 MHz,
DMSO-d6) δ 7.75 (1H, s), 7.63 (d, J = 7.6 Hz, 1H), 6.94 (s, 6H), 6.76 (t, J = 8.2 Hz, 1H), 6.60
(d, J = 8.2 Hz, 1H), 6.39 (d, J = 8.2 Hz, 1H), 6.14 (t, J = 6.4 Hz, 1H), 5.72 (d, J = 7.6 Hz,
1H), 4.54–4.59 (m, 6H), 4.32–4.34 (m, 1H), 3.99 (t, J = 6.0 Hz, 2H), 3.67–3.78 (m, 4H), 3.43
(q, J = 6.1 Hz, 1H), 3.16 (s, 3H), 2.76–2.81 (m, 3H), 2.09–2.13 (m, 1H), 1.93–2.03 (m, 3H),
1.15–1.22 (m, 20H), 1.09 (d, J = 7.0 Hz, 36H), 0.86 (d, J = 2.4 Hz, 18H), 0.08–0.04 (12H);
13C-NMR (126 MHz, DMSO-d6) δ 163.3, 162.2, 154.9, 147.4, 147.2, 146.8, 141.8, 139.2, 121.3,
107.6, 94.6, 86.4, 84.6, 84.5, 71.4, 66.6, 62.3, 37.2, 36.6, 33.3, 28.0, 25.7, 24.8, 23.8, 21.9, 17.9,
17.7, −4.8, −5.0, −5.6, −5.6; ESI-HRMS (m/z) calcd. for C35H55N6O7Si2 [M + H]+: 727.3665,
found: 727.3628.

3.9. General Procedure of the Deprotection Reaction in TBS Groups

To a solution corresponding to a TBS-protected compound (0.4 mmol) in pyridine
(5.0 mL), triethylamine trihydrofluoride (0.32 mL, 1.96 mmol) was added. After stir-
ring for 22 h at room temperature, the solution was removed under reduced pressure.
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The residue was purified by column chromatography (Hexane/EtOAc = 10/1, and then
CHCl3/MeOH = 50/1 to 10/1) to obtain the corresponding 3′-,5′-diol compound.

5MeCdap C2-linker (1) (91%) as a pale yellow foam. 1H-NMR (500 MHz, DMSO-d6) δ
9.69 (1H, s), 7.62 (1H, s), 7.48 (1H, s), 6.75 (1H, t, J = 8.3 Hz), 6.59 (1H, d, J = 8.3 Hz), 6.40
(1H, d, J = 7.8 Hz), 6.15 (1H, t, J = 6.8 Hz), 5.15 (1H, d, J = 4.4 Hz), 4.96 (1H, t, J = 5.1 Hz),
4.17–4.21 (1H, m), 4.00 (2H, t, J = 4.6 Hz), 3.73 (3H, q, J = 3.6 Hz), 3.50–3.59 (2H, m), 3.18
(3H, s), 2.05 (1H, qd, J = 6.5, 3.5 Hz), 1.91–1.97 (1H, m), 1.89 (3H, s); 13C-NMR (126 MHz,
DMSO-d6) δ 163.0, 155.1, 137.9, 123.1, 107.9, 107.2, 101.8, 87.3, 84.7, 70.5, 67.1, 61.5, 36.7, 13.5;
ESI-HRMS (m/z) calcd. for C23H26N6O7Na [M + Na]+: 521.1755, found: 521.1726.

5MeCdap C3-linker (2) (79%) as a pale yellow foam. 1H-NMR (500 MHz, DMSO-d6)
δ 9.76 (1H, s), 7.56 (1H, s), 7.39 (1H, s), 7.13 (1H, s), 6.77 (1H, t, J = 8.3 Hz), 6.60 (1H, d,
J = 8.3 Hz), 6.39 (1H, d, J = 8.3 Hz), 6.16 (1H, t, J = 6.8 Hz), 5.14 (1H, d, J = 4.4 Hz), 4.95 (1H,
t, J = 5.1 Hz), 4.17–4.21 (1H, m), 4.00 (2H, t, J = 6.1 Hz), 3.73 (1H, q, J = 3.4 Hz), 3.41–3.59
(4H, m), 3.16 (3H, s), 1.93–2.06 (2H, m), 1.84 (3H, s), 1.14–1.26 (1H, m), 1.03–1.10 (1H, m);
13C-NMR (126 MHz, DMSO-d6) δ 162.8, 155.2, 142.6, 137.3, 126.1, 123.0, 107.7, 107.6, 101.7,
87.1, 84.6, 70.4, 66.6, 61.4, 56.0, 45.7, 37.6, 36.4, 27.8, 18.6, 13.2; ESI-HRMS (m/z) calcd. for
C24H28N6O7Na [M + Na]+: 535.1912, found: 535.1899.

Cdap C2-linker (3) (94%) as a pale yellow foam. 1H-NMR (500 MHz, DMSO-d6) δ
9.57 (1H, s), 8.04 (1H, s), 7.78 (1H, d, J = 7.6 Hz), 7.48 (1H, s), 6.77 (1H, t, J = 8.2 Hz), 6.62
(1H, d, J = 7.9 Hz), 6.42 (1H, d, J = 8.2 Hz), 6.15 (1H, t, J = 6.7 Hz), 5.77 (1H, d, J = 7.3 Hz),
5.17 (1H, d, J = 4.3 Hz), 4.94 (1H, t, J = 5.3 Hz), 4.18 (1H, dt, J = 9.4, 3.4 Hz), 3.99 (2H, t,
J = 5.0 Hz), 3.75 (1H, q, J = 3.6 Hz), 3.66–3.70 (2H, m), 3.50–3.57 (2H, m), 3.18 (3H, s), 2.09
(1H, qd, J = 13.2, 3.1 Hz), 1.89–1.95 (1H, m); 13C-NMR (126 MHz, DMSO-d6) δ 163.3, 155.1,
140.5, 126.0, 123.2, 108.1, 94.8, 87.4, 85.1, 70.6, 67.4, 61.6, 36.7; ESI-HRMS (m/z) calcd. for
C22H24N6O7Na [M + Na]+: 507.1599, found: 507.1580.

Cdap C3-linker (4) (85%) as a pale yellow foam. 1H-NMR (500 MHz, DMSO-d6) δ 9.16
(s, 1H), 7.77 (s, 1H), 7.72 (d, J = 7.3 Hz, 1H), 6.94 (s, 6H), 6.77 (t, J = 8.2 Hz, 1H), 6.60 (d,
J = 8.2 Hz, 1H), 6.39 (d, J = 7.9 Hz, 1H), 6.14 (t, J = 6.6 Hz, 1H), 5.75 (d, J = 7.6 Hz, 1H), 5.17
(d, J = 3.4 Hz, 1H), 4.94 (s, 1H), 4.53–4.58 (m, 6H), 4.18 (s, 1H), 3.99 (t, J = 5.6 Hz, 2H), 3.74
(d, J = 2.7 Hz, 1H), 3.51–3.56 (m, 1H), 3.43 (d, J = 5.8 Hz, 1H), 3.16 (s, 3H), 3.08 (q, J = 3.4 Hz,
2H), 2.76–2.81 (m, 3H), 2.06–2.10 (m, 1H), 1.88–1.97 (m, 3H), 1.14–1.18 (m, 21H), 1.09 (d,
J = 6.7 Hz, 38H); 13C-NMR (126 MHz, DMSO-d6) δ 155.0, 147.2, 146.8, 141.8, 139.8, 121.5,
107.6, 94.7, 87.2, 84.8, 70.4, 69.8, 66.5, 61.4, 45.7, 37.1, 36.4, 33.3, 28.0, 27.7, 24.8, 23.9, 8.6;
ESI-HRMS (m/z) calcd. for C23H26N6O7Na [M + Na]+: 521.1755, found: 521.1751

3.10. General Procedure of the Synthesis of the 5′-Triphosphate Compound

The solution of 2-chloro-4-H-1,3,2-benzodioxaphosphorin-4-one (0.13 mmol) in DMF
(0.17 mL) and tributyl amine (0.25 mL) was added dropwise to the solution of tributyl
ammonium pyrophosphate (0.13 mmol) in DMF (0.17 mL) and stirred for 30 min under an
argon atmosphere at room temperature. This reaction mixture was added to the solution
of the corresponding 3′-,5′-diol compounds (1, 2, 3, or 4) (0.05 mmol) in DMF (0.35 mL).
After stirring for 2 h, the oxidation reagent (2.0 mL, 1.0% I2 in pyridine/H2O = 98/2) was
added to the reaction mixture and stirred for 30 min, and then the reaction was quenched
by 5.0% NaHSO3 solution (1.5 mL). After ethanol precipitation, the resulting residue was
purified by reverse-phase HPLC to give corresponding 5′-triphosphate compounds as a
white material after lyophilization. (HPLC conditions: A: 20 mM TEAA, B: MeCN; flow
rate: 1.0 mL/min; COSMOSIL 5C18-AR-II (4.6 ID × 250 mm); FL detector: ex: 365 nm, em:
452 nm; 35 ◦C.)

5MedCdapTP C2-linker (17) (2%). 1H-NMR (500 MHz, D2O) δ 7.61 (1H, s), 7.25 (1H, s),
6.88 (1H, t, J = 8.4 Hz), 6.75 (1H, d, J = 7.6 Hz), 6.47 (1H, d, J = 9.2 Hz), 6.21 (1H, t, J = 6.6 Hz),
4.66–4.63 (1H, m), 4.45–4.40 (2H, m), 4.28–4.18 (2H, m), 4.16–4.11 (1H, m), 3.98–3.93 (1H, m),
3.80–3.75 (1H, m), 3.35 (3H, s), 2.36–2.31 (1H, m), 2.25–2.20 (1H, m), 1.85 (3H, s); 31P-NMR
(202 MHz, D2O) δ −5.99 (d, J = 19.9 Hz), −11.28 (d, J = 19.9 Hz), −21.93 (t, J = 19.9 Hz),
ESI-HRMS (m/z) calcd. for C23H28N6O16P3 [M − H]−: 737.0769, found: 737.0737.



Molecules 2024, 29, 2270 9 of 11

5MedCdapTP C3-linker (18) (12%). 1H-NMR (500 MHz, D2O) δ 7.56 (1H, s), 7.16 (1H, s),
6.80 (1H, t, J = 8.4 Hz), 6.55 (1H, d, J = 8.5 Hz), 6.36 (1H, d, J = 8.2 Hz), 6.18 (1H, t, J = 6.7 Hz),
4.63–4.60 (1H, m), 4.26–4.16 (4H, m), 4.15–4.13 (1H, m), 3.64 (2H, ddd, J = 23.9, 13.8, 6.0 Hz),
3.30 (3H, s), 2.35–2.30 (1H, m), 2.25–2.20 (1H, m), 1.93 (3H, s), 1.86 (2H, s); 31P-NMR
(202 MHz, D2O) δ −5.80 (d, J = 19.5 Hz), −11.18 (d, J = 19.5 Hz), −21.70 (t, J = 19.5 Hz),
ESI-HRMS (m/z) calcd. for C24H30N6O16P3 [M − H]−: 751.0926, found: 751.0958.

dCdapTP C2-linker (19) (7%). 1H-NMR (500 MHz, D2O) δ 7.81 (1H, d, J = 7.6 Hz), 7.17
(1H, s), 6.87 (1H, t, J = 8.2 Hz), 6.70 (1H, d, J = 8.2 Hz), 6.45 (1H, d, J = 8.2 Hz), 6.24 (1H, t,
J = 6.6 Hz), 6.05 (1H, d, J = 7.6 Hz), 4.65–4.62 (1H, m), 4.12–4.33 (5H, m), 3.80–3.85 (1H, m),
3.75–3.69 (1H, m), 3.31 (3H, s), 2.39–2.34 (1H, m), 2.27–2.22 (1H, m); 31P-NMR (202 MHz,
D2O) δ −5.88 (d, J = 19.9 Hz), −11.05 (d, J = 19.9 Hz), −21.79 (t, J = 19.9 Hz), ESI-HRMS
(m/z) calcd. for C22H26N6O16P3 [M − H]−: 723.0613, found: 723.0612.

dCdapTP C3-linker (20) (10%). 1H-NMR (500 MHz, D2O) δ 7.77 (1H, d, J = 7.6 Hz),
7.29 (1H, s), 6.87 (1H, t, J = 8.4 Hz), 6.65 (1H, d, J = 8.2 Hz), 6.45 (1H, d, J = 7.9 Hz), 6.21
(1H, t, J = 6.6 Hz), 5.97 (1H, d, J = 7.3 Hz), 4.64–4.61 (1H, m), 4.27–4.17 (3H, m), 3.58 (2H, t,
J = 5.8 Hz), 3.36 (3H, s), 2.39–2.34 (1H, m), 2.26–2.18 (1H, m), 2.13–2.10 (2H, m), 1.35–1.30
(2H, m); 31P-NMR (202 MHz, D2O) δ −6.12 (d, J = 19.9 Hz), −11.18 (d, J = 19.9 Hz),
−22.17 (t, J = 19.9 Hz), ESI-HRMS (m/z) calcd. for C23H28N6O16P3 [M − H]−: 737.0769,
found: 737.0813.

4. Conclusions

In this study, we designed and successfully synthesized the oxodG recognition
molecules dCdapTP and 5MedCdapTP. Unfortunately, 5MedCdapTP was not incorporated
into the primer strand for oxodG template DNA in the single nucleotide elongation reac-
tion using DNA polymerase. On the other hand, dCdapTP derivatives without a methyl
group were incorporated into the primer strand of the template strand of oxodG and KF.
In particular, the dCTP derivative with a propylene linker was more efficiently incorpo-
rated into the primer strand against the oxodG of the template DNA than those with
an ethylene linker. Further development of derivatives based on this molecular design
would enable the development of novel nucleotide derivatives with enhanced selectivity
for recognition against oxodG template DNA. Therefore, we are currently attempting to
synthesize such derivatives.
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