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Synthesis of 2'-O-monohaloethoxymethyl-
modified RNAs and their duplex formation abilityt
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We synthesized 2’-O-monohaloethoxymethyl-modified RNAs and evaluated their duplex formation ability.
The effects of 2-chloroethoxymethyl (MCEM) and 2-fluoroethoxymethyl groups on the RNA/RNA duplex
stability was found to depend on both base sequences and halogen atoms. Only the 2'-O-MCEM-rU;,/
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rA;> duplex was found to be significantly more stable than the unmodified duplex. In this study, it is

proposed through UV melting analyses, isothermal titration calorimetry measurements, and molecular
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Introduction

Nucleic acid drugs, which function as therapeutics by sup-
pressing the expression of disease-causing genes or by other
mechanisms, are generally required to be chemically modified,
as natural DNA and RNA molecules are degraded by endoge-
nous nucleases in vivo.' For several decades, numerous chemi-
cally modified oligonucleotides have been synthesized to
improve not only their stability in vivo but also the affinity for
target RNAs and pharmacokinetics and cytotoxicity of nucleic
acid drugs.> Chemically modified oligonucleotide derivatives
are broadly classified into three types according to the site
where chemical modifications are introduced: phosphodiester
backbones, sugars, and nucleobases. Of these modifications,
the first two modifications are seen in the structure of all
approved nucleic acid drugs. For example, phosphorothioate
linkages, in which one of the non-bridging oxygen atoms are
replaced with a sulfur atom, are seen in mipomersen
(Kynamuro®),® formivirsen (Vitravene®),® and nusinersen
(Spinraza®).® Mipomersen and nusinersen also contain 2'-0-2-
methoxyethyl groups, whereas eteplirsen (exondys 51™) is
based on the phosphordiamidate morpholino oligomer.*
Among chemically modified oligonucleotides, 2’-modified
nucleic acids are generally used to improve the nuclease resis-
tance of siRNA and other RNA-based drugs.” This improvement
is significant in that RNA molecules are much more susceptible
to degradation than DNA molecules. Furthermore, chimeric
oligomers containing natural DNA and 2'-modified RNA, known

“Faculty of Pharmaceutical Sciences, Tokyo University of Science, 2641 Yamazaki,
Noda, Chiba 278-8510, Japan. E-mail: twada@rs.tus.ac.jp

*Graduate School of Frontier Sciences, The University of Tokyo, 5-1-5 Kashiwanoha,
Kashiwa, Chiba 277-8562, Japan
T Electronic  supplementary
10.1039/c7ra07767j

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2017

mechanics calculations that this stabilization might result from enthalpic stabilization due to interactions
between the MCEM groups and nucleobases in the complementary strand.

as gapmers,® from part of recent trends in antisense therapeu-
tics, of which mipomersen is a successful example. Although
many 2’-modified RNA molecules have been synthesized, the
number of 2’-modified RNA molecules that can be easily
prepared is still limited.® Although 2’-O-alkylation is one of the
simplest 2’-modifications, even such modifications are limited
in some cases, partly because alkylation of nucleobases
competes with 2'-O-alkylation as a significant side reaction in
the synthesis of monomer units for oligonucleotide synthesis."®
As a result, 2’-O-alkoxymethyl groups has attracted much
attention, because they can be introduced onto any nucleosides
without such side reactions.™

Previous investigation reported on 2’-O-haloethoxymethyl
groups as a potential 2’-O-modification," and the introduction
of 2-chloroethoxymethyl (MCEM) and dichloroethoxymethyl
modification of the 2’-OH group on rU;, have been shown to
significantly increase the stability of RNA/RNA duplex whereas
the 2'-O-ethoxymethyl (EOM) modification did not show such
stabilization effect. Other than the duplex stabilization, easily
accessible 2'-O-haloethoxymethyl modified RNAs might be
useful for the heavy atom isomorphous replacement method*
in X-ray crystallography of nucleic acids, and the introduction
of fluorine atoms is standard strategy for altering
pharmacokinetics.**

In the present study, the 2-fluoroethoxymethyl (MFEM)
group as a novel 2’-O-haloethoxymethyl modification (Fig. 1)
and the properties of 2’-O-MCEM and 2'-O-MFEM rA,, and

rU,, are compared. The synthesis and properties of
B
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Fig. 1 The structure of EOM-, MCEM- and MFEM-modified RNA.
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2'-MCEM-modified RNAs containing all the four nucleobases is
then reported.

Results and discussion
Synthesis of monomers and oligo RNAs

First, we describe the synthesis of ribonucleoside phosphor-
amidites bearing a 2’-O-haloethoxymethyl group. We previously
reported the synthesis of 2’-O-MCEM and other haloethoxy-
methyl modified rU phosphoramidites,** and other groups re-
ported the synthesis of 2’-O-cyanoethoxymethyl (2'-O-CEM)
modified ribonucleoside phosphoramidites,™ the synthesis of
monomers employed in this study was therefore based on these
procedures. The synthesis of 2-O-MFEM-modified rU phos-
phoramidite is shown in Scheme 1. Compound 1 was prepared
according to the literature.” The introduction of an MFEM
group was accomplished using N-iodosuccinimide (NIS) and
trifluoromethanesulfonic acid (TfOH) as activators to produce
2/-O-MFEM modified compound 2. The silyl group on 2 was
removed by treatment with fluoride ion, and the 5-OH group
was protected by a DMTr group to give compound 3. Finally, the
3’-OH group was phosphitylated and the 2’-O-MFEM-modified
rU phosphoramidite 4 was obtained with good yield. Other
phosphoramidite monomers were synthesized in a similar
manner. Scheme 2 shows the synthesis of 2’-O-MFEM-modified
rA phosphoramidite 8 and Scheme 3 shows the synthesis of 2’-
O-MCEM-modified rA phosphoramidite 11. In the synthesis of
these rA monomers, the amino group on the nucleobase was
protected with an acetyl group. As shown in Scheme 3, the
synthesis of 2’-0O-MCEM-modified rC and rG phosphoramidite,
indicates an acetyl group and a phenoxyacetyl (pac) group were
used for the protection of amino groups in the nucleobases.
Starting materials 5, 12, and 16 are known compounds and their
synthetic procedures are described in the literature." Both 2'-O-
MFEM- and 2'-O-MCEM-rA” monomers 8 and 11 and the 2'-O-
MCEM-rC* monomer 15 were obtained with good yields.
However, in the synthesis of the 2’-O-MCEM-rGP*® monomer,
unintended removal of the pac group occurred and the subse-
quent tritylation resulted in N-, 5-O-di-DMTr compound 18
being obtained as the main product. Although the DMTr group
on the guanine base is removed during the oligomer synthesis,
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Scheme 1 Synthesis of 2'-O-MFEM rU phosphoramidite 4. Reagents
and conditions: (a) NIS, TfOH, 2-fluoroethanol, THF, —40 °C, 88% (b) (i)
NH4F, MeOH, 50 °C (ii) DMTrCl, pyridine, rt, 73%, 2 steps (c) 2-cya-
noethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, CH,Cl, rt,
77%.
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Scheme 2 Synthesis of 2'-O-MFEM rA phosphoramidite 8. Reagents
and conditions: (a) NIS, TfOH, 2-fluoroethanol, THF, —40 °C, 63% (b) (i)
EtzsN-3HF, THF, 50 °C (ii) DMTrCL, pyridine, rt, 76%, 2 steps (c) 2-cya-
noethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, CH,Cl, rt,
37%.
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Scheme 3 Synthesis of 2/-O-MCEM phosphoramidite 11, 15, and 19.
Reagents and conditions: (a) NIS, TfOH, 2-chloroethanol, THF, —40 °C,
40% (9), 73% (13), 65% (17) (b) (i) EtsN-3HF, THF, 50 °C (i) DMTrCL,
pyridine, rt, quant (10), 73% (14), 25% (18), 2 steps (c) 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite, DIPEA, CH,Cl, rt, 48% (11),
73% (15), 38% (19).

the unprotected guanine is reported to be less reactive in the
oligomer synthesis by the phosphoramidite method.'® There-
fore, 18 was phosphitylated and 2’-O-MCEM-rG'™" phosphor-
amidite 19 was used in the oligomer synthesis.

Next, RNA oligomers containing 2’-O-monohaloethoxy-
methyl ribonucleosides were produced through the use of the
synthesized  phosphoramidites. Automated solid-phase
synthesis was applied to produce RNA oligomers using the
appropriate monomer units as shown in Scheme 4. Both rU- or
rAP*-anchored CPG were used and the DMTr group was
removed by treatment with dichloroacetic acid (DCA). Each
condensation reaction was conducted using phosphoramidites
4, 8, 11, 15, 19, or 2/-O-MCEM rU phosphoramidite 20 whose
synthesis was previously reported,” or commercially available
2/-0O-TBDMS protected phosphoramidites, and 5-(ethylthio)-1H-
tetrazole (ETT) acting as an acidic activator followed by the
subsequent oxidation by iodine after capping resulted in the
phosphotriester. By repeating these reactions, 2'-O-
haloethoxymethyl-modified RNA 12mers were synthesized. The
sequences, site of modifications and the yields of them were
shown in Table 1. As indicated by entries 4-8, rTGUCAGUCA-
GUCA was selected as a sequence containing all four

This journal is © The Royal Society of Chemistry 2017
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Scheme 4 Automated solid phase synthesis of 2/-O-modified and unmodified RNA oligomers.

Table 1 The sequences and the modification of the synthetic RNA oligomers

a

Entry Sequence Yield m/z (caled) mj/z (found)
1 rAAAAAAAAAAAA 41% 980.149([M — 5H]"") 980.13
2 r UUUUUUUUUUU U 15% 4446.70(M — H]") 4446.85
3 rAAAAAAAAAAAA 16% 4723.03(M — H]") 4721.49
4 rGUCAGUCAGUCA 5% 4163.55([M — H]") 4164.81
5 rGUCAGUCAGUCA 6% 4163.55(M — H]") 4163.17
6 rGUCAGUCAGUCA 4% 4067.57(]M — H]") 4069.17
7 rGUCAGUCAGUCA 9% 4439.56(M — H]") 4440.33
8 rGUCAGUCAGUCA 23% 4809.57(]M — H]") 4808.98

% Bold nucleotides are 2'-0O-MCEM modified, and underlined nucleotides are 2’-O-MFEM-modified RNA oligomers were identified with ESI-MS in
entry 1, and with MALD-TOF MS in entry 2-8.

nucleobases. All 2’-O-modified RNA 12mers were successfully
synthesized in this method, and identified by mass spectrom-
etry after purification with reverse phase HPLC (RP-HPLC).

UV melting analysis

The melting temperature (T,

) of the duplex of each synthetic

RNA 12mer and the complementary RNA 12mer was measured.

As shown in Table 2, the T, value of unmodified rU,,/rA;, was
16.4 °C. 2/-O-MCEM-1U,,/rA;, formed a more stable duplex
(26.8 °C, entry 2) than the unmodified one as previously re-
ported.”> As shown in entry 4, Ty, of 2'-O-MFEM rU,,/rA;, was
similar to that of the unmodified RNA duplex. These results
indicate that a fluorine atom on the ethoxymethyl group does
not contribute to the stabilization of the RNA/RNA duplex

Table 2 T, values of 2'-O-modified RNA/RNA duplexes. The concentration of each duplex was 2 pM in a 10 mM phosphate buffer containing
100 mM NaCl and 0.5 mM EDTA at pH 7.0¢

Entry 2'-0O-modified RNA Complementary RNA Tw/°C AT,/°C AT, per mod/°C
1 ruuuvuuuuuuuuu TAAAAAAAAAAAA 16.4 — —

2 ruuuuuuuuuuuu TAAAAAAAAAAAA 26.8 +10.4 +0.9
3 rAAAAAAAAAAAA ruuduvuuuuuuuuu 11.1 —-5.3 —-0.5
4 rUuuuuuuuuuy U TAAAAAAAAAAAA 17.3 +0.9 +0.1
5 rAAAAAAAAAAA A ruuduuuuuuuuuu <10 — —

6 rGUCAGUCAGUCA rUGACUGACUGAC 61.6 — —

7 rGUCAGUCAGUCA rUGACUGACUGAC 58.7 -2.9 -0.7
8 rGUCAGUCAGUCA rUGACUGACUGAC 58.3 -3.3 —-0.8
9 rGUCAGUCAGUCA rUGACUGACUGAC 58.6 -3.0 -1.0
10 rGUCAGUCAGUCA rUGACUGACUGAC 57.8 -3.8 -0.5
11 rGUCAGUCAGUCA rUGACUGACUGAC 56.0 —5.6 —-0.5

“ Bold nucleotides are 2’-O-MCEM modified, and underlined nucleotides are 2’-O-MFEM modified.

This journal is © The Royal Society of Chemistry 2017
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unlike the chlorine atom. Entries 3 and 5 show T, values of
rU;,/2’-O-modified-rA,,. Contrary to expectation, the introduc-
tion of each monohaloethoxy group destabilized the duplex.
Furthermore, rU;,/2’-O-MFEM-rA,, was too unstable for the
calculation of Ty,.

Entries 6-11 in Table 2 are the T,, values for the 2'-O-MCEM-
modified-RNA duplexes containing four nucleobases. In entries
7-9, consecutive three or four ribonucleosides in rGUCAGUCA-
GUCA were modified. Regardless of the sites of modification, T},
values decreased to a similar extent compared with the unmodified
RNA duplex (—0.7 °C, —0.8 °C, and —1.0 °C per modification in
entries 7, 8, and 9, respectively). In entries 10 and 11, although RNA
12mers bearing seven and eleven MCEM modifications showed
lower T, values, each ATy, per mod was relatively small compared
with those in entries 7-9 (—0.5 °C per modification in both entries
10 and 11). The Ty, value (56 °C) of 2’-O-MCEM-modified 12mer
RNA in entry 11 was high enough to a form duplex under physi-
ological conditions (neutral pH, 37 °C) although the value was less
than that of the unmodified RNA/RNA duplex.

Resistance against SVPD

To evaluate nuclease resistance of the 2-O-MFEM modified
RNA, we carried out the nuclease assay by using snake venom

Table 3 Degradation ratio of 2'-O-modified rU;, after treatment of
SVPD for 2 h

Entry Modification Degradation ratio/%
1 Me 42
2 MCEM 86
3 MFEM 62
36
y=-0.027x+3.1527
35 ... R?=0.9992
DR i .. . g
X y=-0.0385x+2.98 i S S
by R?=0.9907 et s,
- 34 © unmodified
x
WE EOM
= 33 y=-0.0232x+3.0451
) R?=0.9867 MCEM
32
14 -13 12 11
In(Ctot)

Fig.2 The relationship between 1/T,, and In(Cy) of unmodified-rU;»/
I'Alz, 2/-O—EOM—|’U12/YA12, and 2’-O-MCEM-FU12/I’A12.
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phosphodiesterase (SVPD). 2’-O-Me-rU;,, 2'-O-MEM-1U;,, and
2/-O-MFEM-1U,, were treated with SVPD for 2 h, and the
degradation ratio was estimated by RP-HPLC analysis. As shown
in Table 3, 2’-O-MFEM-rU,, showed a certain extent of nuclease
resistance and its degradation ratio was between those of 2'-O-
Me-rU;, and 2'-O-MCEM-1Uj,.

Study for the stability of 2'-O-MCEM-rU;,/rA,, duplexes

To study the difference in thermal duplex stability between
unmodified rU;,/rA;, and 2/-O-MCEM-1U;,/rA;,, UV melting
analyses of various RNA concentrations and isothermal titration
calorimetry (ITC) were conducted to calculate the AH and AS
values for duplex formation. Detailed Ty, values in various RNA
concentrations are shown in the ESL.{ The relationship between
Tm, AH, and AS values and total concentration of nucleic acids
(Ctor) is described using the following equation (where R is the
gas constant);"’

UT,, = (RIAH)IN(Cyo)) + (AS® — R In 4)/AH°

As shown in Fig. 2, each plot of 1/T, versus In C, indicates
an approximately linear relationship thereby allowing AH and
AS values to be calculated (parameters from T;, data in Table 4).

Separately, the ITC measurement was also conducted for
unmodified, 2’-0-EOM and MCEM-modified rU;,/rA;, duplexes
at 5 °C. The results were shown in Fig. 3, and AH and AS values
are given in Table 4 (parameters from ITC data). In each
method, a similar trend was observed. First, EOM modifications
are enthalpically favored and entropically unfavored in the
duplex formation. Second, MCEM modifications are further-
more enthalpically and less entropically favored than EOM
modifications. From these results, the high stability of MCEM
rU,,/TrA;, is postulated to be derived from enthalpic
stabilization.

Next, the interaction of the MCEM groups in an RNA/RNA
duplex was studied. In this investigation, the conformational
analysis was conducted using molecular mechanics calcula-
tions to elucidate the most stable conformation of the MCEM
groups in rU-Uycem—Umcem—Umcem—U/TAs duplex. In these
calculations, RNA/RNA backbones were constrained, and the
most stable conformation of MCEM groups was calculated. In
the most stable conformation, each chlorine atom in the MCEM
groups is located near the adenine base in the complementary
RNA (Fig. 4). This location may be partly due to the fixation of an

Table 4 AH, AS values in hybridization of 2'-O-modified rU;, or unmodified rU;»/rA;s, calculated from UV melting analyses and ITC

measurements
T, ITC
Entry Modification AH (kcal mol™") AS (cal mol ' K1) AH (kcal mol™") AS (cal mol " K1)
1 Unmodified —51.5 —151 —43.1 —124
EOM —73.6 —221 —62.8 —193
3 MCEM —85.6 —258 —-77.9 —241

41300 | RSC Adv., 2017, 7, 41297-41303
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Fig. 3 ITC profiles at 5 °C for the titration of rU;, (A), 2'-O-EOM-rU;»

(B), or 2/-O-MCEM-rU, (C) into a solution of rA;, and the corrected
injection heats in the case of RNA were plotted. Each curve is the result
of a 1.5 pL injection of 50 uM RNA. The concentration of rA;, was 5 uM
in a 10 mM phosphate buffer containing 100 mM NaCl and 0.5 mM
EDTA at pH 7.0.

Fig. 4 The most stable conformation of the MCEM groups in
rU—UMCEM—UMCEM—UMCEM—U/rAs duplex based on molecular
mechanics calculations with a GB/SA water solvation model.

MCEM chain by electrostatic repulsion between the 2-O atom of
the uracil base and oxygen atom in the MCEM group and by
a gauche effect between the chlorine and oxygen atoms both in
the MCEM group. Consequently, the electrostatic interactions
between the chlorine atom and the electro-positive 2-H atom in
the adenine base and/or the hydrophobic interactions between
the MCEM group and adenine bases are expected to work
effectively in the duplex. It is therefore suggested that these
interactions between the MCEM groups in the rU-Uycem—
Umcem—Umcem—U and the adenine bases in the complementary
rAs enthalpically stabilize the RNA/RNA duplex.

Study for the thermal instability of rU;,/2-O-MCEM rA,, and
rU;,/2'-O-MFEM rA,, duplexes

In the case of rU;,/2’-O-MCEM-A,, and rU;,/2'-O-MFEM-rA,,
duplexes, UV melting analyses in a various RNA concentrations
and ITC were not applicable because the T}, values were too low.
Instead of these experiments, alternative experiments for the
elucidation of their instability were conducted. Fig. 5 shows the
temperature dependence of UV absorbance of single-stranded
RNAs. As shown the Fig. 5, the UV absorbance of rA;,
increases with increasing temperature, whereas the UV absor-
bance of rU;, is almost unchanged. This hypochromicity of rA;,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The temperature dependence of UV absorbance of 4 uM of
single stranded RNAs in a 10 mM phosphate buffer containing 100 mM
NaCland 0.5 mM EDTA at pH 7.0.

at low temperatures is derived from stacking interactions of
adenine bases in the single strand.*® Furthermore, 2’-O-MCEM
rA;, and 2'-O-MFEM rA,, showed a significantly lower hypo-
chromicity than that of rA,,, and 2’-OMe rA;, as a reference.
These results strongly suggest that MCEM and MFEM groups
interacted with a nucleobase, another MCEM/MFEM group or
another functional group, and subsequently disrupted the
stacking interactions. The stacking interactions are advanta-
geous in single-stranded RNAs to facilitate a preorganized
structure which is advantageous for duplex formation. The
collapse of base-stacking interactions caused by MCEM and
MFEM groups might therefore entropically induce the signifi-
cant destabilization of the duplex.

Conclusion

In this study, 2’-O-MFEM and 2'-O-MCEM RNA oligomers were
synthesized and their duplex stability was evaluated. The ther-
modynamic stabilizing or destabilizing effects of these hal-
oethoxymethyl groups for RNA/RNA duplexes were found to be
dependent on base sequences and halogen atoms. The signifi-
cant increase in the T,, value of 2'-O-MCEM-rU;,/rA,, was
postulated to be due to enthalpic stabilization as investigated by
UV melting analyses, ITC measurements, and molecular
mechanics calculations. Furthermore, rU;,/2-O-MCEM-1A,,
and rU;,/2’-O-MFEM-1A;, were found to be unstable compared
with the unmodified duplex, and it was suggested that this is
due to the collapse of self-stacking of nucleobases in the 2’-O-
MFEM-rA;,. In addition, 2’-O-MCEM-modified RNAs bearing
the four nucleobases form a stable duplex with their comple-
mentary RNAs, although the duplexes were less stable than the
unmodified ones. These results will prove useful in the design
of siRNAs or other RNA-based nucleic acid drugs containing
2/-O-haloethoxymethyl modifications. For example, siRNAs
containing many A-U base pairs at their 3’ or 5’ termini are
reported to be more susceptible to nuclease digestion than
those with G-C rich ones.” This difference is considered to be
attributed to partially dissociated structure in the duplexes was
recognized by nucleases. In this regard, 2’-O-MCEM modifica-
tion, which can stabilize rU,,/rA,, when it is introduced on rU,
might be useful for stabilizing the unstable termini in siRNAs.

RSC Adv., 2017, 7, 41297-41303 | 41301


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07767j

Open Access Article. Published on 23 August 2017. Downloaded on 2/13/2026 9:04:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Experimental section
General information

All reactions were conducted under an argon atmosphere. "H
NMR spectra were obtained at 300 MHz on a Varian MERCURY
300 spectrometer or a JEOL AL-300 spectrometer with tetrame-
thylsilane as an internal standard in CDCl;. *'P NMR spectra
were obtained with 85% H3PO, as an external standard (6 0.0) in
CDCl;. Reagents and solid supports were purchased from Wako
Pure Chemical Industries, Tokyo Chemical Industry, Sigma-
Aldrich, and Glen Research. Oligonucleotides were purchased
from Hokkaido System Science. Silica gel column chromatog-
raphy was performed using a silica gel 60N (63-210 pum or
40-50 pm). RP-HPLC for analysis and purification was
performed using a pBondasphere 5 um C18, 100 A, 19 mm x
150 mm (Waters) or Source 5 RPC ST 4.6/150 (GE Healthcare).
The organic solvents were purified and dried using the appro-
priate procedures. Mass spectra were recorded on a Voyager
System 4327 (Applied Biosystem), or a 910-MS FTMS system
(varian), or an autoflex speed MALDI-TOF MS (Bruker).

Conditions for UV melting analyses

The absorbance versus temperature profiles were measured
using an eight-sample cell changer, in quartz cells of 1 cm path
length. All experiments were performed in a 10 mM phosphate
buffer containing 100 mM of NaCl and 0.1 mM EDTA at pH 7.0.
The UV absorbance at 260 and 320 nm was monitored with
temperature. Samples containing oligonucleotides were first
rapidly heated to 95 °C followed by cooling to 0 °C at a rate of
0.5 °C min ', and the dissociation was recorded by heating to

50 or 90 °C at a rate of 0.5 °C min .

SVPD assay

SVPD assay was carried out under the conditions similar to
those of the literature.'>?*® 2'-0-Me-1rU,,, 2’-O-MCEM-rU,,, or 2/-
O-MFEM-1U,, were digested with 4 x 10~* U mL™" of SVPD for
2 h in 50 mM Tris-HCI buffer containing 72 mM NaCl and
14 mM MgCl, at 37 °C, pH 8.5. On the other hand, complete
digestion of these RNAs were carried out using 0.1 U mL™" of
SVPD for 1 h in the same buffer. After the reaction, the products
were analysed by RP-HPLC and the degradation ratios were
calculated based on these experimental results.

Conditions for ITC measurements

RNAs were in a 10 mM phosphate buffer containing 100 mM
NaCl and 0.5 mM EDTA at pH 7.0. The unmodified or modified
rUs;, solution (50 pM) was titrated into a rA,, solution (5 uM) at
5 °C. Each titration consisted of a preliminary 0.5 pL injection
followed by 24 subsequent 1.5 pL additions, which were per-
formed over 3 s periods at 120-180 s intervals.

Molecular mechanics calculation

Molecular mechanics calculations were performed with a GB/SA
water solvation model, Amber* as a forcefield.*» RNA duplex
structures were constrained, and the most stable conformation
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of MCEM groups was determined by minimization with the
PRCG method followed by conformational searches with the
mixed torsional/low mode sampling method.

Automated solid-phase synthesis

The synthesis of RNA oligomers was conducted using an
Expedite 8909 automated synthesizer (Applied Biosystems),
based on a standard protocol for 0.2 umol scale synthesis as
below:

Detritylation; 3% DCA in CH,Cl,.

Condensation: 0.1 M monomer, 0.25 M ETT in CH;CN.

Capping: cap A Ac,O-THF (1: 9, v/v), cap B 10% N-methyl-
imidazole in THF-pyridine (8 : 1).

Oxidation: 0.02 M I, in pyridine-THF-H,O (0.4 : 89.6 : 10, v/v/v).

Capping: cap A Ac,O-THF (1:9, v/v), cap B 10% N-methyl-
imidazole in THF-pyridine (8 : 1).

After the synthesis, 25% aqueous ammonia (1 mL) was
added. After 3 h, the obtained solution was concentrated and
lyophilized, and then re-dissolved in water. The DMTr-on olig-
omers were isolated with RP-HPLC. The DMTr group was
removed under the mild acidic conditions (80% aqueous acetic
acid, 1 mL, 1 h) and then DMTr-off oligomers were obtained
with RP-HPLC.
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