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Abstract

A novel triazole linkage that mimics the phosphodiester backbone in DNA was designed, synthesised
and evaluated. Unlike previous work which utilised copper to form a 1,4 triazole linkage in the DNA
backbone, a ruthenium catalyst was used to yield a 1,5 triazole. The artificial linkage was incorporated
into a DNA backbone via a phosphoramidite building block using solid phase synthesis. The biophysical
properties of DNA with a 1,5 triazole linkage in the backbone were evaluated by UV melting and
circular dichroism and compared to DNA modified with previously reported 1,4 triazole linkages of
various lengths.

Introduction

Antisense oligonucleotides (ASOs) are synthetic analogues of nucleic acids which target mRNA,
modulating gene expression and therefore protein production.! They are rapidly becoming important
therapeutic agents for treating challenging diseases. Unlike small molecules drugs, ASOs are
informational in nature where the target is defined by the sequence of bases.? This key advantage
means that an ASO can be rationally designed to have high specificity against any genomic target,
including hard to treat cancers® and rare diseases.* Modification of the chemical architecture of ASOs
is necessary for clinical utility and stability in vivo and many different chemistries have been developed
to improve the drug-like properties of oligonucleotides.” 3-® Despite this, ASOs are only just reaching
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the clinic>!? and several obstacles remain; these include inefficient intracellular delivery to targeted
tissues'* and unknown long-term safety and off targeting effects.?

Modifications can be made to the sugar, phosphodiester backbone, nucleobases or the terminus of
nucleic acids to improve the drug-like properties of ASOs.? Recently, our group and others have been
interested in using copper catalysed alkyne-azide cycloaddition (CUAAC) click chemistry to substitute
the phosphate backbone of DNA with triazole linkages,*>2? examples are shown in Figure 1. These
linkages increase the stability of oligonucleotides towards nuclease degradation and reduce their
overall anionic charge, a factor that has been suggested to aid cellular uptake, making the triazole
linkage (TL) an interesting candidate for ASOs.
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Figure 1. Examples of 1,4 triazole linkages, their inter-sugar spacing (shown in blue) counted as the
number of bonds (shown in red), and their influence on duplex stability. A) Biocompatible triazole first
reported by Zerrouki et al;*¥2° B) Triazole reported by Isobe et al;?! C) Triazole reported by Varizhuk et
al.?

Despite these advantages, oligonucleotides with TLs suffer from reduced binding affinity to
complementary target nucleic acids, limiting their use in applications such as antisense, where high
duplex thermal stability and good mismatch discrimination are necessary. Whilst TL A with 7 bond
spacing can be correctly read by both DNA and RNA polymerases,*® 2% 23 it reduces oligonucleotide
binding affinity towards target DNA and RNA (ATm ~ -4 to -8 °C/modification when compared with an
unmodified duplex).2* 2° The shorter 5 bond TL B has been used to construct a fully triazole-modified
DNA analogue which formed a stable duplex with DNA (AT, = +4 °C/modification);** however, when
TL B was later tested as an isolated modification within a phosphodiester backbone environment the
resulting duplexes were also found to be unstable (AT, = -8 °C/modification).?® To the best of our
knowledge, TL C with 6 bonds is the least destabilising TL when studied in a DNA:DNA duplex (average
AT =~ -1.4 °C/modification),?? but its affinity towards RNA has not yet been reported.

Several strategies have been developed to improve target affinity of triazole containing
oligonucleotides, including flanking the triazole with LNA*%* and adding a G-clamp to the
neighbouring nucleobase.?® Whilst these are valid approaches, it is clear that the precise nature of the
TL can have a significant effect on the hybridisation properties of the parent oligonucleotides and that
optimization of the linkage should be considered carefully.

Knowing that changing the catalyst in the alkyne-azide cycloaddition reaction from Cu(l) to ruthenium
Ru(ll) results in a 1,5 rather than a 1,4-triazole piqued our curiosity towards the 1,5 TL D as a
phosphodiester mimic (Figure 2).3%3! When used in the context of the DNA backbone, a 1,5 triazole
would produce a linkage that is one bond shorter than the corresponding 1,4 triazole, with the
substituents spaced at 3.2 A rather than 4.9 A (Figure 2).32 The 1,5 TL D would have the same bond
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spacing (6) as the most thermally stable 1,4 TL C, and we hypothesized that TL D would be readily
accessible from the alkyne and azide precursors used to synthesise the 7 bond 1,4 TL A (Figure 1). We
were further encouraged to pursue a 1,5 TL by awareness of the previously reported 1,5 TL E.> Both
the 1,5 TL E and the 1,4 TL B have a 5 bond inter-sugar spacing; however, TL E is reported to be
considerably less destabilising (AT between -2.3 and -6.1 °C/modification against RNA).
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Figure 2. The 1,5 triazole linkage and spacing of the methylene substituents.3? Left) The choice of
catalyst determines the product of the 1,3 dipolar alkyne-azide cycloaddition; Right) TL D investigated
in this study and TL E prepared previously using a thermal cycloaddition of a 2-oxoalkylidene
triphenylphosphorane and an azide.3

Consequently, we decided to evaluate the 6 bond 1,5 TL D as a phosphodiester mimic. We included
the 1,4 triazole linkages A-C in this study as, whilst all have been evaluated in DNA:DNA duplexes, the
variability of the sequences and precise conditions used in duplex melting studies prevent a direct
comparison between the modifications. In addition, the 1,4 TLs B and C have not previously been
studied in duplexes against complementary RNA, which would be the target of an ASO, and it is
important to compare their RNA-binding properties when developing new ASO candidates.

1. Results and discussion

1.1. Synthesis of dinucleoside phosphoramidites

We first prepared the required 5'- O -DMT-protected phosphoramidite building blocks with 1,4
triazole linkages A-C and 1,5 TL D between two thymidine nucleosides for use in solid phase
oligonucleotide synthesis (Figure 3). Alkyne 1% and azide 23 were each synthesised in a single step
from commercially available 4,4’-dimethoxytrityl thymidine and thymidine respectively. Initial
attempts at coupling alkyne 1 and azide 2 using 20 mol% Cp*RuCI(PPhs), as a catalyst in toluene were
low yielding (5-10%). We suspected that this was due to the limited solubility of the intermediate and
repeated the reaction in different aprotic solvents (tetrahydrofuran, dichloroethane and dioxane).
Complete conversion of starting material to product took 4 h in dioxane, 8 h in tetrahydrofuran and
did not go to completion in dichloroethane or toluene. Using dioxane as a solvent the T-T dimer 3 was
obtained in 95% yield. Phosphitylation of alcohol 3 proceeded smoothly to give the 1,5 TL D
phosphoramidite building block 4 in 74% yield. In addition, we prepared phosphoramidites 5,3’ 6?° and
7%2 according to literature procedures.
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Figure 3. Phosphoramidite building blocks used in this study. A) Synthesis of the 1,5 TL D building block
4. Reagents and conditions: i) Cp*Ru(PPhs).Cl, dioxane, 80 °C, 4 h, 95%; ii) 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite, N,N-diisopropylethylamine (DIPEA), CH)Cl,, rt, 74%; B)
Phosphoramidites 5,3 62° and 722 were synthesised as previously described to investigate the 1,4 TLs
A-C respectively. T = thymine, DMTr = 4,4'-dimethoxytrityl.

1.2. DNA and RNA duplex stability

Phosphoramidites 4-7 were used to synthesise the oligonucleotides (ONs) in Table 1 that were
required for UV melting studies. Standard solid-phase protocols were used, increasing the coupling
time for the modified phosphoramidites to 10 min. No decrease in coupling efficiency was observed
when incorporating these dimer phosphoramidites.

The hybridization properties of DNA modified with the different triazole linkages were compared. UV
melting was used to determine the melting temperature (T) of ON 1-4 against DNA (Figure 4) and
RNA (Figure 5), and the Tws are listed in Table 1. We have previously used ON 1 in NMR studies to
explain the biocompatibility of the DNA triazole linkage and the Ty,s of the DNA:DNA?* and DNA:RNA?’
duplexes have been reported, providing a benchmark for this work.

In agreement with the previous studies discussed earlier, DNA containing 1,4 TLs A-C all form less
stable duplexes with DNA than that of the unmodified DNA control (Figure 4). The short 5 bond 1,4 TL
B was most destabilising (AT =-11.2 °C). 1,4 TL A with 7 bonds performed better than the shorter TL
B, but was still strongly destabilising (AT =-7.4°C). The 1,4 TLC (ATm =-3.2°C)and 1,5 TL D (ATm =
-2.9 °C) with 6 bonds were the least destabilising, reducing the duplex stability to a similar degree.
The circular dichroism (CD) spectra of these duplexes suggest that all TL modified DNA:DNA duplexes
adopt the B form (Figure 4).



Table 1. Thermal melting (T.) data for triazole DNA:DNA and triazole DNA:RNA duplexes

ON  Triazole linkage? Ien;i'cnhl(/i)ien ds Til\l&aﬁiﬂk’c Tan‘,’\I(AAireg)e/E’cC
1 A (1,4) 7 54.5(-7.4) 53.3(-5.3)
2 B (1,4) 5 50.7 (-11.2) 45.0 (-13.6)
3 C(1,4) 6 58.7 (-3.2) 57.8(-0.8)
4 D (1,5) 6 59.0 (-2.9) 55.3(-3.3)
5 Phosphodiester 5 61.9 58.6

2 Sequence of TL modified DNA = CGACGT*TTGCAGC where * indicates position of the TL rather than
a phosphodiester; ® Sequence of DNA target = GCTGCAAACGTCG; ° Sequence of RNA target =
GCUGCAAACGUCG;; ¢ melting temperatures (Tms) were determined using 3 uM of each ON at pH 7.0
in 10 mM phosphate buffer containing 200 mM NaCl; ATy, = difference between modified ON and ON
5 (control).
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Figure 4. Left) UV melting studies of TL modified DNA:DNA duplexes (1°** derivative of melting curve,
Figure S2). Right) CD spectra of TL modified DNA:DNA duplexes. For sequences see Table 1.

Next, we compared the effect of the TLs on duplexes with complementary RNA (Figure 5). Again, the
5 bond 1,4 TL B was most destabilising (AT, =-13.6 °C). In agreement with the literature,®” the 7 bond
1,4 TL A was also significantly destabilising (ATm =-5.3 °C). As with the DNA:DNA duplexes the 6 bond
1,4 TLCand 1,5 TL D linkages were least destabilising; however, when hybridised to RNA, the 1,4 TLC
(ATm =-0.8 °C) performed significantly better than the 1,5 TL D (AT, =-3.3 °C).

Together, these results still suggest that 6 bonds is the optimum length for TLs in oligonucleotides,
and also reveal that the previously reported 1,4 TL C is best at adopting the A-conformation required
for DNA:RNA duplexes. This hypothesis is supported by CD, where all TL modified DNA:RNA duplexes
adopt the A-conformation, but the duplex between ON 3 (TL C) and RNA overlaps best with the
unmodified DNA:RNA spectrum (Figure 5).
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Figure 5. Left) UV melting studies of TL modified DNA:RNA duplexes (1°** derivative of melting curve,
Figure S2). Right) CD spectra of TL modified DNA:RNA duplexes. For sequences see Table 1.

2. Conclusions

Our results suggest that when developing a TL linkage for DNA or RNA-targeting applications the
optimum number of chemical bonds between the sugars is 6, and a linkage that is one bond longer or
shorter is detrimental to duplex stability. This is necessarily a somewhat simplistic conclusion as it is
made in the absence of high-resolution NMR or crystallographic data for all the TL-linkages. The
comparisons made in this study indicate that 1,4 TL C, originally developed by Florentiev, is a judicious
choice for ASOs; it is only slightly destabilising in duplexes with a complementary RNA target, is charge
neutral, and is stable to degradation by nucleases.?? We anticipate that its use in combination with A-
type ribose sugar analogues will further improve duplex stability. The 1,5 TL D should also be
considered when choosing a triazole linkage for DNA-targeting applications, especially considering the
simplicity of its synthesis relative to that of the similarly performing 1,4 TL C. Finally, given that
aqueous conditions for preparing 1,5 triazoles have been reported for functionalization of
carbohydrates and amino-acids,*® we hypothesise that the 1,5 TL D may find applications in the nucleic
acid field for gene synthesis. This is a subject of our ongoing investigations.

3. Experimental section

All reagents for synthesis were purchased from Sigma Aldrich and used without further purification.
Standard DNA phosphoramidites, solid supports, and reagents were purchased from Link
Technologies and Applied Biosystems. CH,Cl, (over CaH) and pyridine (over KOH) were freshly distilled
before use. Reactions were performed under an inert argon atmosphere in oven dried glassware.
Reactions were monitored by thin-layer chromatography using Merck Kieselgel 60 F24 silica gel plates
(0.22 mm thickness, aluminium backed), visualized by UV irradiation at 254/265 nm and by staining
with p-anisaldehyde. Infrared (IR) spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer
fitted with an Attenuated Total Reflectance (ATR) sampling accessory. Absorption maxima are quoted
in wavenumbers (cm™). *H and 3C spectra were measured on a Bruker AVIII HD 400 spectrometer at
400 and 101 MHz, respectively. Chemical shifts are given in parts per million and were internally
referenced to the appropriate residual solvent signal, all coupling constants (J) are quoted in Hertz
(Hz). High-resolution mass spectra were measured on a Bruker 9.4 FT-ICR-MS mass spectrometer.

3.1. 5’-0-(4,4’-dimethoxytrityl)-thymidine-1,5 triazole-thymidine dimer (3)

5'-0-(4,4'-dimethoxytrityl)-3'-O-propargylthymidine 1% (0.64 g, 1.1 mmol) and 5-azido-5'-
deoxythymidine 2% (0.182 g, 0.68 mmol) were dissolved in dioxane (10 mL). Cp*RuCl(PPhs), (0.11 g,
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0.14 mmol) was added, followed by dioxane (5 mL) to ensure all reagents were in solution. The
reaction was stirred under an argon atmosphere at 80 °C for 4 h. The solvent was removed in vacuo
and the residue was dissolved in a CH2Cl; (20 mL). This was washed with a 10% aqueous solution of
EDTA (20 mL), a saturated aqueous solution of NaHCO3 (20 mL), and water (20 mL). The organic phase
was dried over Na,SO4 and the solvent removed in vacuo to give the crude product as a brown foam
which was purified by flash chromatography (0-5% MeOH in EtOAc, where the column was pre-
equilibrated using 0.5% pyridine in EtOAc). A second purification by flash chromatography (0-5%
MeOH in CH,Cl;, where the column was pre-equilibrated using 0.5% pyridine in CH,Cl,) was required
to give 3 as a pale yellow foam (0.55 g, 0.65 mmol, 95%).

R¢ (10% MeOH/CH,Cl,) 0.37; nmax (FTIR) 1684, 1508, 1466, 1364, 1249, 1177, 1032 cm™%; dy (400 MHz,
CDCls) 10.30 (s, 1H), 9.86 (s, 1H), 7.52 (s, 1H), 7.51 (s, 1H), 7.33 — 7.12 (m, 9H), 6.81 — 6.73 (m, 4H),
6.67 (s, 1H), 6.28 (dd, J = 9.1, 5.2 Hz, 1H), 6.14 (t, J = 6.6 Hz, 1H), 4.73 (dd, J = 14.7, 4.1 Hz, 1H), 4.66
(dd, J = 14.7, 5.0 Hz, 1H), 4.57 — 4.42 (m, 4H), 4.27 (app q, J = 4.7 Hz, 1H), 4.12 (app d, J = 5.1 Hz, 1H),
4.08-4.06 (m, 1H), 3.71 (s, 6H), 3.43 (dd, J = 10.7, 3.2 Hz, 1H), 3.23 (dd, J = 10.7, 2.6 Hz, 1H), 2.50 (dd,
J=13.6, 5.2 Hz, 1H), 2.35 — 2.24 (m, 1H), 2.16 — 1.95 (m, 2H), 1.81 - 1.73 (m, 3H), 1.45 — 1.38 (m, 3H);
dc (101 MHz, CDCl3) 164.2, 164.1, 158.9, 151.6, 150.8, 144.3, 136.1, 135.3, 135.3, 134.0, 133.8, 130.2,
128.2,128.2,127.4,113.5,112.2, 111.7, 87.3, 85.5, 84.9, 84.1, 84.1, 81.0, 71.6, 63.9, 59.4, 55.4, 49.5,
39.0, 37.2, 12.5, 12.0; HRMS (ESI-TOF, MeOH): M-, found 848.32557. CasHas01N7 requires 848.32608.

3.2. 5’-0-(4,4’-dimethoxytrityl)-thymidine-1,5 triazole-thymidine phosphoramidite (4)

Nucleoside 3 (173 mg, 0.20 mmol) was dissolved in anhydrous degassed CH,Cl; (5 mL). Degassed DIPEA
(88 uL, 51 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (68 pL, 0.30 mmol) were
added and the reaction was stirred under an argon atmosphere at room temperature for 2 h. The
reaction mixture was diluted with CH,Cl, (20 mL) and washed with a saturated aqueous solution of
KCI (30 mL). The organic phase was dried over Na,SO,4 and the solvent evaporated in vacuo to give the
crude product as a vyellow oil, which was purified by flash chromatography (89:10:1
EtOAc:hexane:pyridine) to give the phosphoramidite 4 (155 mg, 0.15 mmol) as a white foam in 74%
yield.

R (89:10:1 EtOAc:hexane:pyridine) 0.31; d, (162 MHz, CDCls) 149.34, 149.03; HRMS (ESI-TOF, MeCN):
MH?, found 1050.44879.Cs3HssNg O12P* requires 1050.44848.

3.3. Oligonucleotide synthesis

Unmodified DNA and RNA were synthesized according to previously reported methods.?® Modified
oligonucleotides were synthesized using automated solid-phase oligonucleotide synthesis on 1.0 umol
scale involving cycles of acid-catalysed detritylation, coupling, capping, and iodine oxidation using an
Applied Biosystems 394 synthesiser. Standard DNA phosphoramidites were coupled for 50 s, whereas
extended coupling time of 10 min was used for the triazole dimer phosphoramidites. Coupling
efficiencies were 298.0% in all cases as determined by the inbuilt automated trityl cation conductivity
monitoring facility. Following removal of the 4,4’-dimethoxytrityl group, the oligonucleotides were
cleaved from the solid support and the protecting groups were cleaved from the nucleobase and
backbone by treatment with concentrated aqueous ammonium hydroxide for 60 min at room
temperature followed by heating in a sealed tube for 5 h at 55 °C.

Once deprotected, the oligonucleotides were purified by reverse-phase high performance liquid
chromatography (HPLC) on a Gilson system equipped with a Luna 10 um C8(2) 100 A pore
Phenomenex column (250 x 10 mm?) using a gradient of 10-20% acetonitrile in 0.1 M
triethylammonium bicarbonate (TEAB) over 20 min with a flow rate of 4 mL/min. Elution was
monitored by UV absorption between 260 nm and 295 nm.
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3.4. UV melting (T) analyses

UV melting analysis was performed using a Cary 4000 Scan UV-Visible Spectrophotometer. 3 uM of
each oligonucleotide was dissolved in 10 mM phosphate buffer containing 200 mM NaCl at pH 7.0 and
denatured by heating to 85 °C (10 °C/min). The samples were then cooled to 20 °C and reheated to 85
°C at a rate of 1 °C/min, recording the absorbance of the sample at 260 nm as a function of
temperature. This was repeated three times and the melting temperature calculated using in built
software to determine the maxima of the 1% derivative of the melting curve. All UV melting studies
were performed in duplicate with errors of less than £0.5 °C.

3.5. CD spectroscopy

Samples from the UV melting studies were then used to record the CD spectra for each TL modified
DNA duplexed with DNA or RNA. CD spectra were recorded on a Chirascan Plus spectropolarimeter
using quartz optical cells with a path length of 1.0 mm. The scans were performed at 25 °C in the
region of 190-350 nm using a step size of 0.5 nm, a time per point of 1.0 s, and a bandwidth of 2 nm.
Origin software was used to calculate the average of four scans and the traces were Savitzky-Golay-
smoothed using a polynomial order of 2 and a smoothing window of 20 points. The resulting traces
were baseline-corrected using the offset at 320 nm.
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