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lex formation via a new,
bi-directional hydrogen bonding pattern
incorporating a synthetic cyanuryl nucleoside into
the sense chain†

Akihiko Hatano, *a Kei Shimazaki,a Maina Otsub and Gota Kawaib

This research presents the first example of the formation of a triplex via hydrogen bonding of a synthetic

cyanuryl nucleoside (Cn) composed of a 6-membered ring compound (triazine-2,4,6-trione) which

functions as a pyrimidine base. The Cn was able to form the triad via hydrogen bonding in two directions

with two adenines, one in the antisense and one in the parallel chain. The thermal stability of the duplex

between the antisense and sense chains was evaluated via its UV melting temperature. The melting

curves of triplexes possessing the cyanuryl nucleoside (sense chain) and two adenines (antisense and

parallel chains) were biphasic. To prove the formation of hydrogen bonding between the cyanuryl

nucleoside and the adenine base toward the major groove, structural analysis via NMR was undertaken.

A cyanuryl nucleoside containing three 15N in triazine-2,4,6-trione was synthesized first, and then the
15N cyanuryl nucleoside was incorporated into target sequences. The triplex containing the A$Cn]A

triad was analyzed via 1H NMR, coupled and decoupled with 15N. This triad has two imino proton signals

derived from the cyanuryl nucleoside, split according to the 15N coupling condition, at low field. These

results are evidence of the formation of hydrogen bonds between the Cn and adenosine. The solution

structure of the triplex was analyzed via NOE information from the imino proton. The cyanuryl

nucleoside-containing triplex forms a right-handed helical structure similar to natural triplex DNA, albeit

DNA having an enhanced pyrimidine analog in the sense chain capable of bidirectional hydrogen

bonding with high sequence selectivity.
Introduction

Triplex DNA can be used as a sequence reading agent,1 with
potential use as an anti-gene agent2 and a tool in molecular
biology.3–6 The characterization of triplex DNA differs according
to the orientation and the base composition of the third strand.7

A pyrimidine-rich third strand binds to the duplex purine
strand in parallel (T$A]T and C+$G]C),8–11 while a purine
base-rich third strand assumes an antiparallel orientation
(G$G]C, A$A]T and T$A]T). The presence of a purine-rich
sequence in the sense chain has a large impact on the
stability of triplex formation. Purine bases in the sense chain
can interact with the corresponding base of the third strand
forming a Hoogsteen base pair in the triplex.12–15 Pyrimidine
bases have only a single heteroatom which can participate in
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hydrogen bonding toward the major groove. No natural nucleic
acids can recognize the pyrimidine part of the sense chain (G$C
and A$T) with high sequence selectivity and affinity. If a six-
membered ring compound in the sense chain could interact
with the two bases of the antisense chain and the third strand
toward the major groove via bidirectional hydrogen bonding, it
would be the rst such example.

Recently, a variety of nucleosides have been designed for
inversion site recognition via multi- and expanded hydrogen
bonding.16–25 There are no natural bases which recognize the
sense chain containing a pyrimidine-rich sequence via stable
hydrogen bonding toward the major groove. Ts'o's group
previously modeled and tested deoxypseudocytidine and deox-
ypseudouridine in the sense chain for their third strand binding
ability.26,27 Ganesh's group reported that 5-aminouracil in the
sense chain was capable of recognizing T (pyrimidine), G
(purine), and 2-aminopurine (unnatural purine) in the anti-
parallel chain.28–30 Cyanuric acid as triazine-2,4,6-trione has the
six-membered ring triazine compound constructed of three
ketones and three NH groups (Fig. 1). This compound is
structurally similar to the hydrogen bonding portion of
thymine,31–33 and thus, has the potential to hydrogen bond with
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Chemical structures and hydrogen bonding patterns of natural
nucleosides and synthetic cyanuryl nucleoside (Cn). The Cn:A base
pair can form via hydrogen bonding with adenine facing the major
groove.

Table 1 Melting temperatures of duplexes composed of (dA)15 and 15
mer oligonucleotides incorporating nucleoside X into the sequence. X
indicates either cyanuryl nucleoside (Cn), thymidine (T, full match) or
deoxycytidine (C, mismatch)

Entry Sequence

Tm/�C

X

T Cn C

1 50-TTT TTT TXT TTT TTT 46 40 25
2 50-TTT TTT XXT TTT TTT 27 14
3 50-TXT TTT TTT TTT TXT 42 30
4 50-TXX TTT TTT TTT TTT 38 33
5 50-TXT TTT TTT TTT TTT 39 35
6 50-TXT TTT TXT TTT TXT 20 15
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an adenine base two ways. We hypothesize that introducing
a cyanuryl nucleoside into a DNA sequence could allow the
sequence to function as a sense chain possessing the functional
groups necessary for two directional interaction. This sense
chain possessing six-membered rings could then form a triplex
with the adenine of an antisense chain and the adenine of
a third strand (Fig. 1).

In this study, the triplex formation ability of a sense chain
containing a cyanuryl nucleoside was evaluated. In addition, the
tertiary structure of the triplex was calculated using the NOE in
1H NMR by incorporating a 15N into the base moiety.

Results and discussion
Thermal denaturation analysis of the duplex

The ability of the cyanuryl nucleoside (Cn) to hydrogen bond
with the adenine base was evaluated via the duplex melting
behavior. Table 1 shows themelting point of the duplex with the
cyanuryl nucleoside introduced at various positions in the
sequences, and Fig. 2 shows the Tm proles of the duplexes. The
normal complementary duplex of dA15:dT15 melted at 46 �C
(Entry 1). The duplex containing one cyanuryl nucleoside at the
center position of the dT15 sequence had a Tm of 40 �C (Entry 1,
dT7CnT7). Following the introduction of two cyanuryl nucleo-
sides at the center position of dT15 (Entry 2, dT6Cn2T7), the Tm
was lowered drastically to 27 �C. However, T rich sequences
containing one or two 20-deoxycytosines at the center position (a
mismatch sequence) melted at 25, 14 �C, respectively (Entry 1,
dT7C1T7, Entry 2, dT6C2T7). The ability to hydrogen bond of an
A]Cn base pair was lower than the ability of an A]T comple-
mentary base pair; however, the ability to hydrogen bond of an
A]Cn base pair was more effective than that of an A]C
mismatch pair. In the case of an A]C mismatch pair, the Tm
varied depending on the position of the mismatch base. For
instance, the Tm of the mismatch oligonucleotide at the center
position above (Entry 1) was 25 �C, while the Tm of the A:C
mismatch oligonucleotide at the penultimate base position was
35 �C (Entry 5) under the same conditions. On the other hand,
This journal is © The Royal Society of Chemistry 2020
the oligonucleotide obtained by introducing the cyanuryl
nucleoside into the 50 end of the sequence had a DTm of �7 �C
(Entry 5), and the oligonucleotide introducing a cyanuryl
nucleoside at each end had a DTm of �4 �C (Entry 3). Although
the stability of the base pair between adenine and triazine-2,4,6-
trione (A]Cn) was lower than the stability of the matching pair
between adenine and thymine (A]T), the duplex containing the
base pair derived of adenine and triazine-2,4,6-trione (A]Cn)
was more stable than the duplex containing the A]Cmismatch
pair (Entry 1–6). Thus, we thought that triazine-2,4,6-trione as
a base might form hydrogen bonds with adenine.
Thermal denaturation analysis of the triplex

The predicted formation of triads consisting of Cn in the central
position of the oligonucleotide sequence are shown in Fig. 1.
Parallel triplex formation was studied with respect to melting
temperature, as shown in Table 2 and Fig. 3. First, the melting
temperature proles of triplexes were obtained at pH 5.8 and
pH 6.8. The triplex did not form at pH 6.8, because the nitrogen
atom at the 3 position of cytidine in the sequence is not
protonated at this pH. At pH 5.8, stable triplex formation was
observed for the control triplex with a T$A]T triad (Tm1 45 �C,
black line, Entry 8). The triplex derived from the Cn$A]T triad
melted at 38 �C (brown line, Entry 9). Thus, the stability of
hydrogen bonding upon incorporation of Cn into the parallel
sequence was enhanced relative to the thymine base. However,
the melting point of this Cn$A]T triad was almost same as that
of the triplex possessing the A$Cn]A triad (42 �C, red line,
Entry 11), and higher than Tm of the A$T]A triplex (27 �C, green
line, Entry 10). That is, the parallel triplex having a modied
base in the central position melts at a temperature 15 �C higher
than the third strand mismatch triad. In the pyrimidine
analogue triazine-2,4,6-trione, N–H substitutes for C–H at the 5
position of uracil, and also substitutes C]O for C–H at the 6
position of uracil. Thus, the cyanuryl nucleoside can form
Hoogsteen-like hydrogen bonds with an adenine of the third
parallel chain facing the major groove; that is, the cyanuryl base
can serve as the middle base of a triplex triad. Although the
melting temperature prole of the A$Cn]T triplex shows one
sigmoidal curve (blue line, Fig. 3, Entry 12), this triplex curve is
RSC Adv., 2020, 10, 22766–22774 | 22767

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03889j


Fig. 2 Melting profile of duplexes between A15 and T rich 15 mer oligonucleotides incorporating unnatural cyanuryl nucleosides or natural
deoxycytidines.

Table 2 Melting temperature of triplex incorporating cyanuryl nucleoside (Cn) into the sequence

Entry

Oligodeoxynucleotides and inserted nucleoside Tm/�C

Parallel: Z $ Sense: X ] Antisense: Y Tm1 (triplex) Tm2 (duplex)

8 T $ A ] T 45 63
9 Cn $ A ] T 38 62
10 A $ T ] A 27 62
11 A $ Cn ] T 42 53
12 A $ Cn ] A 42 60

Sequence

Parallel 50 T C T T C T T Z T T T T C T T
Sense 50 C C A G A A G A A X A A A A G A A G C
Antisense 30 G G T C T T C T T Y T T T T C T T C G
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different from the Cn]T duplex curve. We believe that the
observed A$Cn]T curve represents two dissociation processes,
for both the duplex and triplex, simultaneously. The Tm1 of
triplex A$Cn]T (42.0 �C, Entry 11) is almost the same as for
Fig. 3 Melting profiles of duplexes and triplexes incorporating synthetic
Conditions of duplex formation: UV absorption detected at 260 nm; conc
buffer (pH 6.8) and 200 mM NaCl. Conditions of triplex formation: UV abs
were 0.8 mM per chain of triplex and 1.0 M of NaCl in 10 mM Mcllvaine

22768 | RSC Adv., 2020, 10, 22766–22774
A$Cn]A (42.0 �C, Entry 12). This phenomenon can be
explained as recognition of the middle base and the third
strand base for Hoogsteen-type hydrogen bonding by A$Cn.
cyanuryl nucleosides (Cn) in the center of the sequences in Table 2.
entrations of oligodeoxynucleotides were 1.0 mM in 10 mM phosphate
orption detected at 260 nm; concentrations of oligodeoxynucleotides
buffer (phosphate–citric acid, pH 5.8).

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route to 15N-containing cyanuryl nucleoside.

Fig. 4 600 MHz 1H-NMR spectra of the A$Cn]A triple helix (Table 2,
Entry 11). Imino and amino proton regions are shown with (A) and
without (B) 15N-decoupling. Signal assignments are indicated by
magenta, cyan, and green for parallel, sense, and antisense,
respectively.
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The Tm values of the duplexes containing T]A and A]T in
the central positions of the sequences were fundamentally
identical (63 and 62 �C, respectively). The Tm of duplex Cn]T
was 53 �C, less than the Tm of duplex Cn]A (60 �C). The Cn]T
duplex possesses the mismatch pair, lowering the melting
point.

Synthesis of a cyanuryl nucleoside composed of three 15N
atoms in the triazine-2,4,6-trione

An attempt was made to synthesize the cyanuryl nucleoside
according to ref. 31; however, the coupling reaction of triazine-
2,4,6-trione (cyanuric acid) composed of three 15N atoms and
the protected ribosyl moiety varied somewhat from the litera-
ture. Thus, the procedure was modied as follows. Triazine-
2,4,6-trione incorporating three 15N isotopes was produced by
condensation of urea containing two 15N in kerosene and
(NH4)2SO4 by heating at high temperature.34,35 The trimerization
of urea takes place at 180 �C in kerosene, and produces 15NH3

gas, giving triazine-2,4,6-trione incorporating three 15N stable
isotopes in good yield (97%) as a white-brown precipitate. This
15N-containing compound shows a strong singlet in the 15N-
NMR at 130.4 ppm (see ESI†), indicating successful incorpora-
tion of three identical nitrogen isotopes into the triazine-2,4,6-
trione. In addition, the 13C-NMR signal of triazine-2,4,6-trione
is split into an overlapping doublet of doublets (a triplet at
150.5 ppm) by the effectively magnetically equivalent neigh-
boring two 15N isotopes. Mass spectrometry also conrmed the
introduction of three stable 15N isotopes into the synthetic
cyanuric acid (2, EIMS: 132). A coupling reaction was also per-
formed between O-silylated 15N-containing triazine-2,4,6-trione
and 3,5-ditoluoyl-1-a/b-methoxy-2-deoxy-D-ribose (3) in the
presence of a Lewis acid catalyst (TMSOTf) according to ref. 31.
Interestingly, the behavior of this coupling reaction differs from
that of the 14N-containing heterocyclic triazine-2,4,6-trione. For
the triazine-2,4,6-trione incorporating three stable 15N isotopes,
coupling of the silylated 15N cyanuric acid and the protected 1-
methoxyribose was favored over the reaction giving the target
cyanuryl nucleoside, producing an unexpected compound
This journal is © The Royal Society of Chemistry 2020
composed of one triazine-2,4,6-trione and two 3,5-ditoluoyl-2-
deoxy-D-riboses (5) in 39.4% yield. It is believed that the nucle-
ophilicity of 15N in the silylated triazine-2,4,6-trione is higher
than that of the 14N. When the concentration of 15N-containing
triazine-2,4,6-trione was doubled, the yield of target cyanuryl
nucleoside 6 was 47%, and the yield of compound 5 was 39%,
slightly less than when using the initial concentration. Dito-
luoyl nucleoside 4 was hydrolyzed with 1% NaOH in MeOH to
produce a mixture of a/b cyanuryl nucleosides 6. The a/
b isomers 7 varied in mobility on TLC, leading to isolation of
RSC Adv., 2020, 10, 22766–22774 | 22769
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Table 3 NMR constraints and structural statisticsa

Number of experimental restraints
Distance restraints 125
Sequential 36
Inter strands 19
Hydrogen bonding 70
Dihedral restraints 150
Planarity for base pairs 33

Number of experimental restraints
Distance restraints 125
Sequential 36
Inter strands 19
Hydrogen bonding 70

RMSD around the ideal values
Bonds (�A) 0.0026 � 0.0001
Angle (�) 0.425 � 0.005

a Average RMSD values between an average structure and the 10
converged structures were calculated. The converged structures did
not contain experimental distance violations of >0.5 �A or dihedral
violations of >5�.
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isomers 7a (a) and 7b (b) by column chromatography. NOESY
analysis showed that the primary isomer is the b form (7b),
because this compound was observed to have a correlation
between the anomeric 10 and 40 protons. The 30 OH of
compound 7b was phosphitylated to give 2-cyanoethyl phos-
phoramidite 8 in 99% yield. Having obtained compound 8,
oligodeoxynucleotides containing the 15N cyanuryl b-nucleoside
were readily prepared via standard automated DNA synthetic
methods (Scheme 1).
Fig. 5 Solution structure of the A$Cn]A triple helix. Superposition of th
diagrams. The minimized averaged structure is also shown (C). The solu
formation of the base triad and an NOE analysis of the imino and amino p
and 17–19 of the sense strands), torsion restraints for the backbone an
restraints to form the anti-conformation were applied for all residues be
and (B), the G, A, C, and T residues are indicated by cyan, red, yellow, and
magenta and blue, respectively. For (C), the antisense, sense, and paralle

22770 | RSC Adv., 2020, 10, 22766–22774
Structural analysis via NOE NMR spectroscopy

To study the formation of hydrogen bonds and the structures of
triplexes of oligodeoxynucleotides having the cyanuryl nucleo-
side triad in the center position, NMR spectra were obtained,
and the structural calculation was performed.

Fig. 4 shows the imino proton region of the 600 MHz 1H-
NMR spectra of the triple helix with and without 15N decou-
pling. Imino proton signals were assigned except for G1 of the
antisense chain and T3 of the parallel chain. The imino proton
signals for the three cytosine residues of the parallel chain were
clearly observed (9.3–10.0 ppm), indicating that these cytosine
residues are protonated. Notably, intra-residual NOEs between
the imino proton (H3) and amino proton (H41/H42) were also
observed (data not shown). The two signals at 12.5 (Cn10, H5)
and 13.4 (Cn10, H3) ppm are split by coupling between 1H and
15N. These two signals are shied to lower magnetic eld and
are coupled to a 15N; therefore, these two signals were assigned
to the two protons binding to an 15N atom in the cyanuryl
nucleoside. In addition, these protons clearly show the forma-
tion of hydrogen bonds between the cyanuric acid moiety and
adenine, resulting in triplexes of antisense and parallel chains
with the sense chain containing a cyanuryl nucleoside.
Structural analysis via NMR

Based primarily on the formation of the base triple and the
NOEs of the imino and amino protons, tertiary structures were
calculated (Table 3). As shown in Fig. 5, the parallel chain
located at the major groove of the duplex which is composed of
the antisense chain and the sense chain. The triplex possessing
A$Cn]A in the center position of the sequence has a small
e 10 lowest-energy structures are shown in the stick (A) and ribbon (B)
tion structure of the A$Cn]A triple helix was calculated based on the
rotons. For the duplex region (1–3 and 18–19 of the antisense, and 1–2
d ribose were introduced to form the B-DNA conformation. Torsion
cause no NOE indicating the syn-conformation was observed. For (A)
green, respectively. The protonated C and Cn residues are indicated by
l chain are indicated by green, cyan, and magenta, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Structural features of the A$Cn]A triple helix. (A) Triple helix
formation among A10 (antisense, green), Cn10 (sense, cyan) and A10
(parallel, magenta). (B) Superposition of antisense strand and sense
strand of the triple helix of the MD structure at 1 ns and idealized B-
DNA helix. Residues 4–17 of the antisense strand and residues 3–16 of
the sense strand were shown. The RMSD for the C10 for the region
shown is 2.73 �A.
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distortion at the end (Fig. 5B). These results indicate a right-
handed triple helix that is globally similar to that of a normal
DNA triplex. The X (]Cn) residue successfully formed the
triplex as shown in Fig. 6A. The triad of two adenine and
triazine-2,4,6-trione is located on the same plane in the triplex.
The cyanuryl nucleoside base moiety is composed of a 6
membered ring, like a pyrimidine base, and can hydrogen bond
in two directions 120� apart from each other. Thus, the cyanuryl
base analog can form the triad between two adenines of the
antisense and parallel chains via hydrogen bonding (Fig. 6A and
1). A normal DNA triplex has a triad constructed by Watson–
Crick-type hydrogen bonding between the sense and antisense
chains, and Hoogsteen-type hydrogen bonding for the parallel
chain on the major groove side. The antisense and sense
strands adopt a conformation similar to that in B-DNA during
MD simulations (Fig. 6). All base pairs were maintained during
the 10 ns MD simulation.

Conclusion

In summary, a cyanuryl nucleoside has been developed which
functions as the center base for triplex DNA. This synthetic
nucleoside possesses two N–H hydrogen bonding donors and
three C]O hydrogen bonding acceptors approximately 120�

apart in a triazine-2,4,6-trione moiety. The cyanuryl nucleoside
forms base triads via hydrogen bonding, some composed of
Watson–Crick base pairs as the dominant pattern, and others
utilizing a new pattern involving inversion at the major groove.
It was hypothesized that the two imido sites of the triazine-2,4,6-
trione cyanuryl nucleoside could recognize two adenine bases
from two different directions (in the antisense and parallel
chains). The melting points of duplexes and triplexes
This journal is © The Royal Society of Chemistry 2020
incorporating the cyanuryl nucleoside into the sequence were
studied. For A$Cn]A in the center of each sequence, biphasic
melting was observed (Tm1 ¼ 42 �C, Tm2 ¼ 60 �C). The Tm results
are indicative of triad formation via hydrogen bonding among
triazine-2,4,6-trione and two adenine bases. Imino proton NMR
analysis of the formation of triads containing the 15N-labeled
cyanuryl nucleoside revealed the formation of hydrogen bonds
between an adenine of the antisense chain and a Cn of the
complementary sense chain, as well as between Cn (sense
chain) and adenine (parallel chain). Imino and amino proton
NOE information was used to calculate the triplex structure,
showing that the parallel chain interacted in the major groove
in the duplex, ultimately forming the triplex shown in Fig. 5.
This study shows that a six-membered ring compound can
function in the center sense chain of a triplex formed via bi-
directional hydrogen bonding. This result may prove useful in
the design of other novel synthetic nucleosides.
Experimental section
General

All solvents and reagents were of reagent-grade quality and used
without further purication. The TLC analysis was carried out
on silica gel 60 F254 1.05554 (Merck). Column chromatography
was performed using Wakogel C-300 (silica gel, Wako) or Silica
gel 60 N (Kanto Chemical Co.). The NMR spectra obtained
during the synthesis of the cyanuryl nucleoside were recorded
on a JEOL ECS 400 (400.0 MHz for 1H; 100.4 MHz for 13C)
spectrometer. The spectra were referenced to TMS in CDCl3 or
CD3OD (internal standard). Complete assignment of all NMR
signals was performed using a combination of 1H, 13C, COSY,
HMQC, DEPT135 and NOESY experiments. The chemical shis
(d) are reported in ppm; multiplicity is indicated by s (singlet),
d (doublet), t (triplet), q (quartet), dd (doublet of doublets), ddd
(doublet of doublet of doublets), m (multiplet), and br (broad).
The coupling constants, J, are reported in Hz. Mass spectra were
measured using ESI on a JEOL AccuTOF via the direct analysis
in real time (DART) method.
Cyanuryl nucleoside31

The cyanuryl nucleoside was synthesized according to the
literature method.31 1H, 13C-NMR, and UV data matched the
literature.
15N3 cyanuric acid 2
15N2 urea (1.0 g, 17 mmol, 15NH2CO

15NH2) and (NH4)2SO4

(100 mg, as catalyst) were added to 2 mL of kerosene at 180 �C
and stirred for 7 h. The reaction mixture was cooled to room
temperature at which point precipitate was visible at the bottom
of the ask. The precipitate was ltered and dried in vacuo to
afford compound 2 (15N3 cyanuric acid) as a pale yellow solid
(0.657 g, 93%).

1H NMR (DMSO-d6): d 11.3 (br). 13C NMR (DMSO-d6): d 150.5
(J¼ 17.7 Hz, t). 15N NMR (DMSO-d6): d 130.5. EIMSm/z 135 [M+].
RSC Adv., 2020, 10, 22766–22774 | 22771
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Compound 4 (a/b mixture)
1H NMR (CDCl3): d 9.60 (2H, br), 7.87 (4H, m), 7.15 (4H, m), 6.57
(1H, m), 5.70 (0.6H, J ¼ 5.6, 12.8 Hz, dd), 5.43 (0.4H, J ¼ 7.6,
12 Hz, dd), 4.40–4.98 (3H, m), 3.18 (1H, br), 2.13–3.34 (1H, m),
2.92 (1H, br), 2.76 (1H, br), 2.31 (6H, m). ESIMS m/z 507 [M +
Na]+. ESI-HRMS calcd for C24H36N3NaO8 [M + Na]+: 507.1294;
found 507.1382.
Compound 5 (dimer)

This compound has three diastereomeric mixtures (dR-a-Cy-a-
dR, dR-a-Cy-b-dR, and dR-b-Cy-b-dR) varying in the coupling
mode of the glycosyl bond between the triazine-2,4,6-trione and
the two 3,5-ditoluoyl-1-a/b-methoxy-2-deoxy-D-riboses (3).
Therefore, both 1H and 13C NMR resulted in multiple, broad
signals.

1H NMR (CDCl3): d 7.93 (8H, br), 7.19 (8H, m), 6.62 (2H, br),
5.74 (1H, m), 5.45 (1H, m), 4.97 (1H, m), 4.34–4.68 (4H, m), 3.18
(1H, br), 2.98 (1H, br), 2.80 (1H, br), 2.36 (12H, m). ESIMS m/z
859 [M + Na]+. ESI-HRMS calcd for C24H23

15N3NaO8 [M + Na]+:
859.8161; found 859.8289.
Compound 6 (a/b mixture)
1H NMR (CD3OD): d 6.53 (1H, m), 6.45 (1H, m), 4.46 (1H, br),
4.24 (2H, m), 3.54–3.82 (5H, m), 4.97 (1H, m), 4.34–4.68 (4H, m),
2.82 (1H, m), 2.59 (2H, m), 2.11 (1H, m). 13C NMR (DMSO-d6):
d 150.8 (m), 150.1 (m), 88.8, 87.7, 84.1 (m), 72.7, 72.6, 63.9, 63.0,
38.2, 38.0. 15N NMR (CD3OD): d 147.4, 144.7, 128.4. ESIMS m/z
271 [M + Na]+. ESI-HRMS calcd for C8H11

15N3NaO6 [M + Na]+:
271.0457; found 271.0440.
Compound 7b (b-form)
1H NMR (CDCl3): d 7.46 (2H, m), 7.32 (4H, m), 7.24 (2H, m), 7.17
(1H, m), 6.81 (4H, m), 6.53 (1H, J ¼ 4.4, 8.8, 11.0 Hz, ddd), 4.42
(1H, m), 3.94 (1H, m), 3.76 (1H, s), 3.30 (2H, m), 2.77 (1H, m),
2.13 (1H, m). 13C NMR (CDCl3): d 158.7, 149.2 (J ¼ 21 Hz, dd),
145.3, 136.3 (J ¼ 3.9 Hz, d), 130.1, 130.0, 128.1, 127.2, 126.3,
112.6, 86.1 (J ¼ 7.6 Hz, d), 82.5, 82.4, 71.8, 64.7, 54.4, 37.0. 15N
NMR (CDCl3): d 146.7, 128.5. ESIMS m/z 573 [M + Na]+. ESI-
HRMS calcd for C29H29

15N3NaO8 [M + Na]+: 573.1763; found
573.1777.
Compound 7a (a-form)
1H NMR (CDCl3): d 7.43 (2H, m), 7.30 (6H, m), 7.12 (1H, J ¼
7.0 Hz, t), 6.81 (4H, m), 6.71 (1H, J¼ 2.0, 3.3, 10.8 Hz, ddd), 4.36
(1H, J¼ 3.6 Hz, t), 4.27 (1H, J¼ 8.0 Hz, d), 3.77 (6H, s), 3.12 (2H,
J ¼ 4.6, 9.6, 30 Hz, ddd), 2.81 (1H, m), 2.21 (1H, br). 13C NMR
(CDCl3): d 158.6, 154.8 (J ¼ 12.0 Hz, t), 153.7 (J ¼ 14.8 Hz, t),
136.2 (J¼ 8.6 Hz, d), 130.1, 128.3, 127.9, 126.7, 113.3, 88.5, 86.4,
74.2, 64.7, 55.2, 45.1, 39.6. 15N NMR (CDCl3): d 150.1, 145.9.
Compound 8
1H NMR (CDCl3): d 7.42 (2H, J ¼ 6.8 Hz, d), 7.31 (4H, J ¼ 2.8,
8.8 Hz, dd), 7.20 (2H, J ¼ 7.6 Hz, t), 7.14 (1H, J ¼ 7.6 Hz, d), 6.76
(4H, m), 6.58 (1H, m), 4.56 (1H, m), 4.09 (1H, m), 3.73 (8H, m),
22772 | RSC Adv., 2020, 10, 22766–22774
3.49 (2H, m), 3.30 (2H, m), 3.05 (2H, J ¼ 7.4, 14.4 Hz, dd), 2.80
(1H, m), 2.55 (2H, J ¼ 6.2 Hz, t), 2.32 (1H, m), 1.20 (3H, J ¼
7.4 Hz, t), 1.11 (6H, J ¼ 6.4 Hz, d), 0.99 (6H, J ¼ 7.2 Hz, d). 13C
NMR (CDCl3): d 158.2 (J¼ 3.8 Hz, d), 150.7 (J¼ 12.0 Hz, t), 150.7
(J¼ 16.2 Hz, t), 150.0 (J¼ 16.7 Hz, t), 145.0, 136.3 (J¼ 7.6 Hz, d),
130.2, 130.2, 128.3, 127.6, 126.5, 117.6, 112.9, 86.0, 85.1, 85.0,
82.5, 82.4, 77.2, 73.9, 73.7, 64.3, 58.3, 58.1, 55.2, 44.6, 43.2, 43.0,
37.1, 24.6, 24.6, 24.4, 24.4, 20.3, 20.3. 15N NMR (CDCl3): d 147.8,
134.2. 31P NMR (CDCl3): d 149.2. ESIMS m/z 749 [M � H]�. ESI-
HRMS calcd for C38H45

14N2
15N3O9P [M � H]�: 749.2866; found

749.2837.

Oligodeoxynucleosides

Prior to introduction to a standard automatic DNA synthesizer,
50-O-dimethoxytritylation and 30-O-phosphoramidation of the
cyanuryl nucleoside were performed. DNA synthesis incorpo-
rating the cyanuryl nucleoside into the oligonucleotide
sequences was performed by the BEX corporation (Tokyo,
Japan). The synthetic oligonucleotide was puried on an OPC
column, reversed phase HPLC, and then freeze-dried immedi-
ately (BEX Co., Ltd).

Melting temperature analysis

Thermal studies were performed in Teon-stoppered 1 cm path
length quartz cells under an atmosphere of nitrogen using
a JASCO V-630 Bio UV-Vis recording spectrophotometer (JASCO,
Tokyo, Japan) equipped with a thermoprogrammer. Absorbance
was monitored at 260 nm. The temperature was raised from 0 to
80 �C at a rate of 1.0 �C min�1. The solutions for the thermal
denaturation studies of duplexes and triplexes were prepared at
an oligomer concentration of 15 mM for the base-pairing studies
in a pH 6.8 buffer containing 0.20 M NaCl and 10 mM sodium
phosphate. Experiments performed under triplex formation
conditions were carried out with 0.8 mM per chain of triplex and
1.0 M of NaCl in 10 mMMcllvaine buffer (phosphate–citric acid,
pH 5.8). All Tm values were determined from the highest point
of the transition in plots of dA/dT versus temperature curves.

NMR sample preparation of the triple helix

A mixture of 90% H2O and 10% D2O was used for experiments
examining exchangeable protons. The nal concentration was
2.0 mM per base for the oligonucleotide in 400 mL of solution.
For experiments carried out in D2O, the DNA sample was
lyophilized three times from D2O and then re-dissolved in D2O.
The signal of H2O was used as the chemical shi reference,
employing temperature correction (4.7 ppm at 7 �C).

NMR experiments of the triple helix

NMR spectra of the triple helix were measured with an AVANCE
600 spectrometer (Bruker) at a probe temperature of 283 K. The
15N-labeled cyanuryl nucleoside DNA sample was dissolved in
300 mL of 20 mM potassium phosphate buffer (pH 5.9) with 5%
D2O. The sample concentration was 0.2 mM for each strand.
NMR data were processed with the TopSpin program (Bruker)
and analyzed with the Sparky program.36 A NOESY spectrum
This journal is © The Royal Society of Chemistry 2020
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measured with a mixing time of 150 ms was used to assign
signals and measure NOE volumes.
Structure calculation and molecular dynamics simulation of
the triple helix

The structure of the triple helix was calculated based on NMR
information obtained primarily from the imino proton signals.
Fiy-ve distance constraints were derived from the NOE
volumes. Seventy distances for hydrogen bonding, 19 plane
restraints for anti-parallel, and 14 plane restraints for parallel
base pairs were used to form the 14 base-triples and 5 base-
pairs. Because no strong NOE was observed between the base
proton and H10 in the NOESY spectra, all residues were
assumed to adopt an anti-conformation, and 52 torsion
restrains were used. Ninety-six backbone and ribose torsion
restraints were used for the region of Watson–Crick base pairs
to form the B-DNA conformation. Structures were calculated via
the conventional method37 with the CNS_SOLVE program.38

Sixty-ve structures were accepted and 10 structures with lowest
energy were used to calculate the minimized averaged structure.
NMR constraints and structural statistics are summarized in
Table 3.

A molecular dynamics (MD) simulation was performed with
AMBER12.39 The ff12SB force eld was used. The coordinates of
the cyanuryl nucleoside were prepared using the UCSF
Chimera40 program, and atomic charges were calculated with
the ANTECHAMBER program in the AMBER12 suite. A 10 ns
constant volume simulation was performed in the presence of
46 sodium ions and 7760 water molecules using the minimized
averaged structure as the starting model. The MD trajectory was
processed with the ptraj program in the AMBER12 suite.
Molecular images were generated with the UCSF Chimera
program.40
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