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Abstract — Phosphoramidites bearing propargyl and
(N-propargylcarbamoyl)methyl groups at the Cl-position of deoxyribose were
synthesized and introduced into oligonucleotides by using an automated DNA
synthesizer. Copper-catalyzed alkyne-azide 1,3-dipolar cycloaddition of the
oligonucleotides with various aryl azides led to triplex-forming oligonucleotides
(TFOs) possessing the corresponding aryltriazole-containing nucleobases. The
triplex-forming ability of TFOs with double-stranded DNA (dsDNA) was
evaluated through UV-melting experiments, and it was demonstrated that
m-hydroxy or m-ureido derivatives in the (1-aryltriazol-4-yl)methyl nucleobases

likely interacted with a TA base pair in dsSDNA.

INTRODUCTION

Triplex formation of double-stranded DNA (dsDNA) by an oligonucleotide (TFO: triplex-forming
oligonucleotide) is applicable in various dsDNA-targeting technologies. In triplex formation, TFOs
consisting of pyrimidine sequences can sequence-selectively and stably recognize dsDNA via Hoogsteen
hydrogen bond formation with AT and GC base pairs in dSDNA by T and C in TFO, respectively. Since
no natural nucleic acid specifically recognizes a CG or TA base pair in dsSDNA, many studies have been
conducted to develop artificial nucleic acids capable of recognizing these base pairs.'* However,

targeting of a TA base pair is difficult because access to the 4-carbonyl oxygen in T is sterically hindered
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by the 5-methyl group in T. Therefore, reports on the development of artificial nucleic acids recognizing a
TA base pair are scarce.”™

We considered that facile and efficient syntheses of various derivatives of a nucleobase structure were
necessary for implementing detailed and rational designs of nucleobases for CG or TA base pair
recognition, and we have used post-elongation modification (PEM) methods, namely, modification
methods after oligonucleotide synthesis, to synthesize derivatives.”>® We used a copper-catalyzed
alkyne-azide cycloaddition (CuAAC) reaction’ as a PEM method and evaluated the various derivatives
synthesized; 2-(1-m-carbonylaminophenyl-1,2,3-triazol-4-yl)ethyl nucleobases were recently predicted to
interact with the A base of a TA base pair (Figure 1a).” In addition, replacement of the ethylene unit by a
methylenoxy unit led to a significant decrease in the binding affinity to a TA base pair. This may be due to
the high flexibility of the methyleneoxy unit. Thus, based on unit length and suppression of the unit
flexibility, nucleobases possessing a methylene unit would be of interest (Figure la). However,
Guianvarc’h et al. reported the nucleobase S, which is the N-H group in the amide moiety thought to
interact with the 4-carbonyl group in T of a TA base pair (Figure 1b).” Therefore, nucleobases possessing
an amide unit may also be effective as a scaffold for screening nucleobases to recognize a TA base pair
(Figure 1b).

Based on previous studies, we synthesized TFOs containing various derivatives of two types of
nucleobases, as shown in Figure 1. The TA base pair-recognition ability of the nucleobases was examined

by UV melting experiments of triplexes formed with dsDNA.
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Figure 1. Nucleobases designed based on our previous results (a) and reports by another group (b)
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RESULTS AND DISCUSSION

As shown in Scheme 1, phosphoramidites 1 and 2 possessing ethynyl units to be converted into desired
nucleobases after oligonucleotide synthesis were synthesized. Reduction of 3* with DIBAL followed by
treatment with Ohira-Bestmann reagent, (MeO),POC(N,;)COMe,’ afforded 4 in 82% yield over 2 steps,
which was phosphitylated to give the desired 1. For synthesis of 2, hydrolysis of 3 under alkaline
conditions and condensation with propargylamine in the presence of EDC*HCIl and DMAP furnished S in
89% yield over 2 steps. The desired phosphoramidite 2 was prepared in 90% yield in the same procedure

as 1.
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Scheme 1. Synthesis of the desired phosphoramidites 1 and 2

Introduction of the synthesized phosphoramidites 1 and 2 into oligonucleotides was performed using an
automated DNA synthesizer under conditions of general phosphoramidite chemistry; singly-modified
oligonucleotides 6 and 7 as substrates of CuAAC reactions for PEM were successfully synthesized.
Through the CuAAC reactions of 6 and 7 with aryl azides'® under optimized conditions [CuSQ4, sodium
ascorbate,  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]Jamine  (TBTA)" and azides in 30%
DMSO-phosphate buffer (pH 7.0)],'* TFOs 8a—f and 9a—f bearing the corresponding aryltriazole moieties
were obtained, respectively. The purity and molecular weight of all oligonucleotides synthesized were

confirmed by reversed-phase HPLC and MALDI-TOF-MS, respectively.
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oligonucleotide synthesis
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Scheme 2. Synthesis of TFOs 8 and 9 using CuAAC reactions

The ability of non-natural nucleobases to recognize a TA base pair was evaluated by UV melting
experiments of triplexes formed from TFOs 8 and 9 with a dsDNA target, and the results were compared
with those of TFO 10 reported in our previous study.” The obtained 7}, values and the difference (AT},) in
the 7\ values of TFOs possessing any substitution (b—f) on the benzene ring from those of unsubstituted
congeners (a) are summarized in Figure 2. TFO 8a possessing an unsubstituted phenyl group showed a
Tm value of 17 °C, which was drastically lower than that (22 °C) of TFO 10a. The
(1-phenyltriazol-4-yl)methyl unit in TFO 8a may be spatially incompatible with this dsSDNA target in
triplex formation because these nucleobases in TFOs 8a and 10a likely have no positive interaction with a
TA base pair. Based on the results of TFOs 8a—¢, the decrease in T;, values was not observed for the
o-substituent, unlike TFOs 10a—c. In contrast, m-substituents (8d—f) generally increased in the binding
affinity to a TA base pair, and hydroxy (8d) and ureido (8f) groups at the m-position led to significantly
increased T}, values of +6 °C and +5 °C compared with unsubstituted 8a, respectively. These results
suggest that these analogs positively interact with the TA base pair, for example, via formation of a
hydrogen bond with A of a TA base pair. In contrast to the significant stabilization by 8d, 10d containing
the same m-hydroxy group did not stabilize the triplex at all, which is of interest, and further investigation
involving a computational study will be required to clarify the reason for this observation. For TFO 8
bearing (1-aryltriazol-4-yl)methyl nucleobases, remarkable changes in 71, values were observed, which
were thought to be caused by the lower flexibility of the methylene unit, as expected (Figure 1a).
However, the Ty, value of TFO 9a possessing an unsubstituted phenyl group was higher than that of 8a,

but nearly the same as that of 10a. This result implies that the amide N-H in 9a does not recognize the T
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of a TA base pair, unlike the S found by Sun’s group® (Figure 1b). TFOs 9b—c with o-substituents showed
slightly decreased aftinity to the TA base pair, while 9d—f with m-substituents showed increased T3, values
of +2 °C compared with that of 9a. However, changes of T}, values were globally low, which may have

been caused by the high flexibility of the four-atom length-chain, -CH,CONHCH,-.

TFO
5'"-TTTTTCTXTCTCTCT-3"'

51 —GGCAAAAAGATAEAEAEACGC:-
C18spacer
3 CCOTTTTTCTATCTOTOTGOG

dsDNA

23°C 22 °C 28°C

22°C b ¢ 22°C

TFO 10 (ref. 2)

Conditions: 10 mM sodium cacodylate buffer (pH 6.8), 100 mM KCI, 50 mM MgCl,, and 1.9 uM of TFOs and dsDNA.
X and C indicate nucleotides bearing non-natural nucleobases and 2'-deoxy-5-methylcytidine, respectively.
Structures of a-f are shown in Scheme 2.

Figure 2. Summary of T}, and ATy, values obtained by UV melting experiments

In conclusion, two phosphoramidites with ethynyl units were synthesized and introduced into the
oligonucleotides. Moreover, through CuAAC reactions of the oligonucleotides, the facile synthesis of
TFOs bearing 1-aryltriazole-containing nucleobases was fulfilled. UV melting experiments of synthesized
TFOs demonstrated that [1-(m-hydroxy- or 1-m-ureido-phenyl)triazol-4-yl]methyl nucleobases likely
interacted with a TA base pair. Based on this finding and our previous results, the appropriate spacer
between aryltriazole and deoxyribose moieties is likely of one- or two-atom length and less flexible. In
future studies, we will structurally optimize phenyltriazole and spacer moieties to set the functional group

at a suitable position to recognize the TA base pair.

EXPERIMENTAL
All moisture-sensitive reactions were carried out in thoroughly dried glassware under a nitrogen

atmosphere. 'H, °C and *'P spectra were recorded on a JEOL JNM-AL300 or JEOL JNM-EX400
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spectrometer. Chemical shifts are reported in parts per million referenced to tetramethylsilane (6 = 0.00
ppm) for '"H NMR spectra, CDCl; (8 = 77.0 ppm) and CD;0D (8 = 49.0 ppm) for °C NMR spectra, and
phosphoric acid (& = 0.00 ppm) for *'P NMR spectra. IR spectra were recorded on a JASCO FT/IR-4200
spectrometer. Specific rotations were recorded on a JASCO P-2200 polarimeter. EI and FAB mass spectra
were measured on a JEOL JMS-600 or JEOL JMS-700 mass spectrometer. MALDI-TOF mass spectra
were recorded on a Bruker Daltonics Autoflex II TOF/TOF or JEOL JMS-S3000 mass spectrometer. Fuji
Silysia silica gel PSQ-60B (0.060 mm) and FL-60D (0.060 mm) were used for flash column
chromatography. For HPLC, SHIMADZU LC-10ATyp, SHIMADZU SPD-10Ayr, and SHIMADZU
CTO-10pp instruments were used. EYELA Cute Mixer CM-1000 was used as a shaker.
1,2-Dideoxy-5-0-(4,4’-dimethoxytrityl)-1-(prop-2-ynyl)-B-D-ribofuranose (4)

Under a nitrogen atmosphere, DIBAL (5.1 mL, 4.74 mmol) was added to a solution of 3° (1.2 g, 2.37
mmol) in anhydrous CH,Cl, (10 mL) at -78 °C, and the mixture was stirred for 0.5 h. After addition of
saturated NaHCO; aq., the mixture was extracted with CH,Cl,. The organic extracts were washed with
brine, dried over Na,SO4, and concentrated under reduced pressure. The residue was purified by flash
silica gel column chromatography (n-hexane/AcOEt = 1:2) to give the aldehyde (1.0 g, 92%). This
compound was not subjected to further purification and a portion of this was used in the next step. Under
a nitrogen atmosphere, (MeO),POC(N,)COMe (250 mg, 1.30 mmol) and K,CO; (450 mg, 3.24 mmol)
were added to a solution of aldehyde (500 mg, 1.08 mmol) in anhydrous MeOH (10 mL) at rt. After being
stirred for 5 h, the mixture was concentrated under reduced pressure. The residue was extracted with
AcOEt. The organic extracts were washed with water and brine, dried over Na,SO4, and concentrated
under reduced pressure. The residue was purified by flash silica gel column chromatography
(n-hexane/AcOEt = 2:1) to give compound 4 (420 mg, 82% for 2 steps) as a colorless oil. [o]p™* +8.4 (c
1.06, CHCl3); IR vimax (KBr) 2932, 1607, 1509, 1462, 1444, 1301, 1251, 1177, 1085, 1035 cm™; 'H-NMR
(CDCl3) 6 1.92-2.02 (3H, m), 2.43-2.49 (2H, m), 3.09 (1H, dd, J = 6.0, 10.0 Hz), 3.24 (1H, dd, J = 4.5,
10.0 Hz), 3.77 (6H, s), 3.93-3.94 (1H, m), 4.29-4.34 (2H, m), 6.81-6.83 (4H, m), 7.22-7.44 (9H, m);
PC-NMR (CDCls) & 25.0, 39.7, 55.1, 64.5, 70.0, 74.4, 76.3, 80.2, 85.9, 86.1, 113.0, 126.7, 127.7, 128.1,
130.0, 136.0, 144.8, 158.4; MS (EI) m/z 458 (M", 100); HRMS (EI) m/z Calcd for CooH300s: 458.2093.
Found 458.2089.
3-0-[2-Cyanoethoxy(diisopropylamino)phosphino]-1,2-dideoxy-5-0-(4,4’-dimethoxytrityl)-1-(prop-
2-ynyl)-B-D-ribofuranose (1)

Under a nitrogen atmosphere, 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (120 pL, 0.539
mmol) was added to a solution of compound 4 (190 mg, 0.414 mmol) and N,N-diisopropylethylamine
(210 pL, 0.539 mmol) in anhydrous CH,Cl, (2 mL) at 0 °C, and the mixture was stirred at rt for 1.5 h.
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After addition of water, the solvent was removed under reduced pressure and the residue was purified by
flash silica gel column chromatography (n-hexane/AcOEt = 5:1) to give compound 1 (237 mg, 87%) as a
colorless syrup. '"H NMR (CDCl3) & 1.08 (3H, d, J = 7.0 Hz), 1.13-1.18 (9H, m), 1.91-1.96 (2H, m),
2.06-2.21 (1H, m), 2,43-2.46 (1H, m), 2.50-2.55 (2H, m), 2.60 (1H, t, J = 6.5 Hz) 3.11-3.16 (2H, m),
3.52-3.81 (10H, m), 4.104.15 (1H, m), 4.30—4.33 (1H, m), 4.44-4.48 (1H, m), 6.79-6.83 (4H, m),
7.19-7.36 (7H, m), 7.44-7.47 (2H, m); *'P-NMR (CDCls) & 147.1, 147.7; MS (FAB) m/z 681 [M+Na]";
HRMS (FAB) m/z Calcd for C33H47N,O6P [M+Na]+: 681.3069. Found 681.3093.
2-[1,2-Dideoxy-5-0-(4,4’-dimethoxytrityl)-B-D-ribofuranos-1-yl]-V-(prop-2-ynyl)ethanamide (5)
KOH (220 mg, 3.95 mmol) was added to a solution of 3°* (1.0 g, 1.97 mmol) in THE/H,O (1:1, 10 mL) at
0 °C and the mixture was stirred at rt for 12 h. After addition of 2N HCI aq., the mixture was extracted
with AcOEt. The organic extracts were washed with brine, dried over Na,SO,, and concentrated under
reduced pressure. The residue was purified by flash silica gel column chromatography (n-hexane/AcOEt
= 1:6) to give carboxylic acid (970 mg, 96%). This compound was not subjected to further purification
and a portion of this was used in the next step. Under a nitrogen atmosphere, propargylamine (27 pL,
0.426 mmol), EDC-HCI (82 mg, 0.426 mmol) and DMAP (9 mg, 0.0711 mmol) were added to a solution
of carboxylic acid (170 mg, 0.355 mmol) in anhydrous CH,Cl, (3 mL) at rt and the mixture was stirred
for 11 h. After addition of water, the mixture was extracted with CH,Cl,. The organic extracts were
washed with water and brine, dried over Na,SO4, and concentrated under reduced pressure. The residue
was purified by flash silica gel column chromatography (n-hexane/AcOEt = 1:3) to give compound 5
(170 mg, 89% for 2 steps) as a colorless syrup. [o]p™ -13.8 (¢ 1.12, CHCLs); IR npmay (KBr) 3288, 2931,
1656, 1607, 1509, 1444, 1300, 1251, 1082, 1034 cm™; "H-NMR (CDCls) & 1.72 (1H, d, J= 3.5 Hz), 1.83
(1H, ddd, J= 5.5, 9.5, 13.0 Hz), 2.00 (1H, ddd, J = 2.0, 4.0, 13.0 Hz), 2.13 (1H, t, J= 2.5 Hz), 2.44 (1H,
dd, J= 8.5, 15.5 Hz), 2.55 (1H, dd, J = 3.0, 15.5 Hz), 3.16 (1H, dd, J = 5.5, 10.0 Hz), 3.24 (1H, dd, J =
5.0, 10.0 Hz), 3.80 (6H, s), 3.98 (1H, ddd, J = 2.5, 5.0, 5.0 Hz), 4.31-4.36 (1H, m), 4.41-4.51 (1H, m),
6.70 (1H, brs), 6.81-6.86 (4H, m), 7.22-7.44 (9H, m); PC-NMR (CDCls) & 28.9, 40.7, 42.0, 55.2, 64.3,
71.3, 73.8, 74.7, 79.6, 86.2, 86.4, 113.1, 126.8, 127.8, 128.1, 130.0, 135.8, 144.7, 158.5, 170.5; MS (EI)
m/z 515 (M", 100); HRMS (EI) m/z Calcd for C3;H33NOs: 515.2308. Found 515.2307.
2-{3-0-[2-Cyanoethoxy(diisopropylamino)phosphino]-1,2-dideoxy-5-0-(4,4’-dimethoxytrityl)-B-D-
ribofuranos-1-yl}-N-(prop-2-ynyl)ethanamide (2)

Under a nitrogen atmosphere, 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (52 pL, 0.233 mmol)
was added to a solution of compound 5 (100 mg, 0.194 mmol) and N,N-diisopropylethylamine (100 pL,
0.582 mmol) in anhydrous CH,Cl;, (2 mL) at 0 °C, and the mixture was stirred at rt for 3 h. After addition

of saturated NaHCOs aq., the solvent was removed under reduced pressure and the residue was purified
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by flash silica gel column chromatography (n-hexane/AcOEt = 1:1) to give compound 2 (125 mg, 90%)
as a colorless syrup. '"H NMR (CDCls) & 1.08 (4H, d, J = 7.0 Hz), 1.12—1.18 (8H, m), 1.75-1.84 (1H, m),
2.05-2.21 (2H, m), 2.40-2.48 (2H, m), 2.56-2.60 (2H, m), 3.14-3.20 (2H, m), 3.51-3.88 (10H, m),
3.95-4.00 (2H, m), 4.104.13 (1H, m), 4.40—4.45 (2H, m), 6.68 (1H, brs), 6.81-6.85 (4H, m), 7.20-7.34
(7H, m), 7.42-7.45 (2H, m); *'P-NMR (CDCls) & 147.7, 148.2; HRMS (MALDI-TOF) m/z Calcd for
C4oHs5oN3NaO,P [M+Na]+: 738.3279. Found 738.3297.

Synthesis of oligonucleotides

The syntheses of 6 and 7 were performed on a 0.2-umol scale or 1.0-umol scale on an automated DNA
synthesizer (Gene Design nS-8) using the common phosphoramidite protocol. TFOs synthesized on
DMTr-ON mode were cleaved from the CPG resin by treatment with 28% NHj3 aq. at rt for 1.5 h and all
the protecting groups on TFOs were removed by treatment with 28% NH; aq. at 55 °C for 12 h. The
obtained crude TFOs were purified on Sep-Pak®™ Plus C18 cartridges (Waters) followed by reversed-phase
HPLC (Waters XBridge® OST C18 column 2.5 um, 10 mm x 50 mm). The composition of the TFOs was
confirmed by MALDI-TOF-MS analysis. MALDI-TOF-MS data ([M-H]") for 6 and 7: 6, found 4409.26
(calcd. 4409.93). 7, found 4467.01 (calcd. 4466.99).

Click chemistry: General procedure

A solution of azide compound (5 mM in DMSO, 8 uL) was added to a mixture of CuSO4(2 mM in H:O, 4
uL), TBTA (2 mM in DMSO, 4 uL), sodium ascorbate (10 mM in H:O, 4 uL), 6 or 7 [0.2 mM in
phosphate buffer (pH 7.0), 20 puL] in a 1.5-mL Eppendorf tube. The mixture was shaken at rt using a
shaker (1000 rpm) until the reaction was complete. The entire product was purified by reversed-phase
HPLC [column: Waters XBridge® OST C18 column 2.5 pm, 4.6 mm x 50 mm; eluent: gradient system of
MeCN/0.1 M triethylammonium acetate buffer (pH 7.0); flow rate: 1.0 mL/min] to give the desired TFO
8 or 9. Yields and MALDI-TOF-MS data ([M-H]") for TFOs 8a-f and 9a-f: 8a, 77% yield, found 4529.21
(caled. 4529.06); 8b, 71% yield, found 4545.93 (calcd. 4545.01); 8¢, 65% yield, found 4571.01 (calcd.
4572.03); 8d, 78% yield, found 4545.11 (calcd. 4545.01); 8e, 84% yield, found 4572.12 (caled. 4572.03);
8f, 71% yield, found 4588.02 (calcd. 4587.05); 9a, 75% yield, found 4586.41 (calcd. 4586.11); 9b, 73%
yield, found 4630.72 (calcd. 4630.12); 9¢, 74% yield, found 4628.68 (calcd. 4629.14); 9d, 81% yield,
found 4602.54 (calcd. 4602.11); 9e, 80% yield, found 4629.49 (calcd. 4629.14); 9f, 89% yield, found
4644.31 (calcd. 4644.15).

UV-Melting experiments

UV-Melting experiments were carried out on SHIMADZU UV-1650 and SHIMADZU UV-1800
spectrometers equipped with 7;, analysis accessory. Equimolecular amounts of the target hairpin-loop

dsDNA and TFOs were dissolved in 10 mM sodium cacodylate buffer (pH 6.8) containing 100 mM KCl
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and 50 mM MgCl; to give a final strand concentration of 1.9 uM. The samples were annealed by heating

at 100 °C followed by slow cooling to 5 °C. The melting profiles were recorded at 260 nm from 5 °C to

90 °C at a scan rate of 0.5 °C/min.
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