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Abstract

A variety of enzymes have been found to interact with double-stranded RNA (dsRNA) in order to
carry out its functions. We have endeavored to prepare the covalently crosslinked native-like
duplex RNA, which could be useful for biochemical studies and RNA nanotechnology. In this
study, the interstrand covalently linked duplex RNA was formed by a crosslinking reaction
between vinylpurine (VP) and the target cytosine or uracil in RNA. We measured melting
temperatures and CD spectra to identify the properties of the VP crosslinked duplex RNA. The
crosslinking formation increased the thermodynamic stability without disturbing the natural
conformation of dsRNA. In addition, a competitive binding experiment with the duplex RNA
binding enzyme, ADAR?2, showed the crosslinked dsSRNA bound the protein with nearly the same
binding affinity as the natural dsSRNA, confirming that it has finely preserved the natural traits of
duplex RNA.

Keywords
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1. Introduction

Double-stranded RNA (dsRNA) plays an important role in many biological processes.12
Various enzymes recognize dsRNA and function at specific positions. For example,
adenosine deaminases that act on RNA (ADARSs) are RNA editing enzymes that recognize
dsRNA substrates and convert adenosine (A) to inosine (1) at specific locations in the
duplex. Inosine (1) is decoded as guanosine (G) which can lead to alteration of the codon
meaning in RNAs.34 RNA editing leads to various functional consequences including
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regulation of the neurotransmitter receptor activity to modulating the functionality of small
dsRNA molecules.® It has also been reported that misregulation of the ADAR activity is
related to numerous known diseases including cancer,® Aicardi-Goutieres syndrome,” and
HIV.8 As another example, dsRNA is also known for its critical role in gene expression
through RNA interference (RNAI) and as a biosynthetic precursor to miRNAs.9 Dicer and
Drosha are the enzymes responsible for initiating these processes through their nuclease
activity. RNAI is started by cleavage of long dsRNA by Dicer to create short dSRNA
fragments known as siRNAs.10 Through different pathways, siRNA and miRNA perform
gene silencing by intercepting the translation of mRNA in the cell. RNA helicases also
recognize dsRNA. Brr2 is an RNA helicase that plays an essential role in pre-mRNA
splicing.1! It catalyzes the ATP-dependent unwinding of the U4/U6 dsRNA structure. This is
an essential step in the assembly of a catalytically-active spliceosome.

For the study of the interaction of dsSRNA-modifying enzymes and for the development of
new tools for biochemical studies and RNA nanotechnology,12-14 chemical tools to create
crosslinked dsRNA are of great importance. However, the study of the RNA-RNA crosslink
formation15-18 js still limited due to the complicated synthesis and the instability of RNA,
while the DNA-DNA and DNA-RNA crosslink formation has been well studied and
developed.1%-27 An effective RNA-RNA crosslink formation is mostly achieved using photo-
affinity reagents that require activation by UV light. Thionucleosides such as 6-
thioguanosinel® and 4-thiouridinel” were reported to be photo crosslinking agents for RNA-
RNA crosslinking. Crosslinking using thionucleotides has been mainly applied in the study
of complex RNA such as tRNA or ribosomal RNA. Since the thionucleotides can crosslink
only with the close contact-base by [2+2] photocycloaddition onto the 5, 6 double bond of
pyrimidines, they have been used to identify the close contact-sites in folded RNA. However,
due to this reaction site, this crosslinking method is unsuitable to form less distorted natural-
like dsRNA. In recent developments, covalent bond formation at the terminus of siRNA was
reported using p-cyanostilbenes or p-stilbazoles as the photo crosslinking moiety.18
Exposure of the oligonucleotides containing this group to UV light will induce [2+2]
photocycloaddition, resulting in a crosslinked siRNA that is resistant toward nuclease
activity.

In our previous study, we developed interstrand crosslinking bases, i.e., 2-amino-6-
vinylpurine (AVP) and 6-vinylpurine (VP). Oligonucleotides conjugated with AVP or VP
can undergo a selective crosslinking reaction with cytosine (C) or uracil (U) on the
complementary strand.28-32 We expected that RNA containing VP will undergo an efficient
crosslinking reaction with uracil (U) or cytosine (C) base of the complementary strand when
at the proximal position (Fig. 1). Importantly, our designed VP can react with a chemically
unmodified natural base and form a simple, two-carbon crosslink with no attachment of
other bulky groups, thus reducing the potential of significant distortion of the native dSRNA
structure. In this paper, we report on the synthesis of a less distorted native-like crosslinked
duplex RNA using VP-containing RNA and further discuss the properties of the crosslinked
dsRNA.

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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2. Results and discussion

2.1. Synthesis of 6-vinylpurine (VP)-containing RNA

The synthesis of SMe-protected VP controlled pore glass (CPG) precursor and a
phosphoramidite precursor is shown in Scheme 1. The 5’-hydroxyl group of the
commercially-available 6-chloropurine riboside was protected with a DMTr group.
Vinylation by Stille coupling followed by S-methylation was performed to produce
compound 3. For incorporating VP at the 3" end position of the RNA, a CPG precursor was
synthesized by coupling compound 3 with CPG that had previously been succinylated to
give 4 and 5 (Scheme 1A).33 As for incorporating VP in the middle and at the 5" end
position, from compound 3 TBS protection at the 2" position continued with phosphitylation
to give the phosphoramidite precursor 7 (Scheme 1B).

Using CPG 4 and 5 and the phosphoramidite precursor 7, 6 different oligoribonucleotides
(ORNSs) were synthesized on a DNA/RNA synthesizer. The ORN sequences used in this
study are shown in Table 1. After incorporation of the VP precursor into the
oligonucleotides, deprotection and CPG cleavage were carried out under ultramild
conditions using ammonium hydroxide/ethanol (3:1) at 30 °C for 12 h to avoid undesirable
amination of the S-methyl group (Scheme 2). The 2’-O-TBS group was then removed with
TEA-3HF. Oligonucleotide purification was performed using 20% polyacrylamide gel
electrophoresis.

After gel purification, HPLC analysis was performed on each of the synthesized ORNSs. The
HPLC profiles in Figure 2 show three types of compounds confirmed by MALDI-TOF mass
spectroscopy (Table S1). ORN-B having a sulfoxide group was obtained by the auto
oxidation of the S-Me group in ORN-A. ORN-C is a byproduct resulting from amination of
the S-Me group that occurs due to ammonium hydroxide used in the deprotection step.
ORN-C was not clearly observed when VP was incorporated at the middle position.

ORN-A having an S-Me group was converted into ORN-B by oxidation using magnesium
monoperoxyphtalate (MMPP) (Scheme 3), then confirmed by HPLC and MALDI-TOF mass
spectroscopy. The HPLC profile and MALDI-TOF mass spectroscopy have also confirmed
the byproduct sulfonyl compound resulting from over oxidation of the S-Me by MMPP (Fig.
S1). VP conversion was performed using 50% acetic acid at 37 °C for 3 h. The product was
confirmed by MALDI-TOF mass spectroscopy (Fig. S2). The ORN-D was used for the
crosslinking reaction without further purification.

2.2. Crosslinking reaction in RNA duplex

First, the crosslinking reaction condition screening was performed using four different
conditions by altering the pH and temperature of the reaction; (i) pH 7, 37 °C; (ii) pH 7,

50 °C; (iii) pH 5, 37 °C; (iv) pH 5, 50 °C (Fig. 3, 4). The synthesized VVP-containing
oligonucleotides (2 pM) and complementary RNA strand (1 uM) were dissolved in 50 mM
of MES (pH 7.0) or MES (pH 5.0) containing 100 mM NaCl, then incubated at 37 or 50 °C
for 24 h. The crosslink formation in the duplex RNA was analyzed by polyacrylamide gel
electrophoresis (PAGE). The condition giving the best crosslinking yield was used for a time
course experiment (Fig. 3, 4).

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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The results of the crosslinking reaction condition screening and time course experiments for
the model sequence ORN1-3 are shown in Figure 3. For ORN1-ORN10 having U as the
target, the conditions that gave a relatively high yield were pH 7, 50 °C and pH 5, 50 °C;
whereas for ORN1-ORN9 having C as the target, the best yield was observed at pH 5, 37 °C
(Fig. 3A). In
25166131225166028825166336025166233625166540825166438425166643225166745625
1668480251669504251670528251671552251672576251673600the time course experiment
for ORN1 with the U target, we used milder conditions (pH 7, 50 °C) for the crosslinking.
The time course showed that the crosslinking yield after 96 h for ORN1-ORN10(U) was at
52% and ORN1-ORN9(C) was at 46% (Fig. 3D). For ORN2, a 12 mer sequence of ORN
having VP at the middle position, both U and C as the target gave a high yield at pH 5 and
50 °C (Fig. 3B). The time course showed that ORN2 rapidly undergoes a crosslinking
reaction for both the target U and C. The crosslinking yield after 96 h was at 77% for
ORN2-ORN9(U), while ORN2-ORN11(C) was at 80% (Fig. 3E). The gel image for the
crosslinking reaction of ORN2-ORN9(U) is shown in Figure 3F and one clear new band was
observed. As for ORN3 having VP at the 5" position, the crosslinking yield was not more
than 10% for any tested condition (Fig. 3C). Since the yield was insufficiently high, a time
course experiment was not performed for this sequence.

For providing further information in the application of this crosslinking method, we next
performed the same crosslinking formation toward the longer 22 mer sequences of ORN
having VP at 3’, the middle, and 5” end positions (Fig. 4). The sequence of ORN is reported
as the substrate with the highest turnover rate by ADAR2.3435 The crosslinking reaction
result for ORN4 and ORNS5 showed a similar tendency with the model sequences ORN1 and
ORN2. However, the maximum yields were considerably low, even after 96 h of reaction,
the yields were only 27% for ORN4 and 25% for ORNS5 (Fig. 4D, E). On the other hand, the
crosslinking formation at ORN6 gave the best yield among all the sequences. Condition
screening has shown that ORNG effectively crosslinked at pH 5, 50 °C followed by pH 7,

50 °C (Fig. 4C). An incredibly satisfying yield of 87% was obtained at pH 7, 50 °C and 75%
yield at pH 5 after 96 h of reaction (Fig. 4F).

From the obtained data, we concluded that, in general, an effective crosslinking reaction
with a cytosine base requires acidic conditions (pH 5) whereas for U, heat is required

(50 °C). However, the crosslinking yields strongly depend on the sequence. In our previous
study with the 2"-OMe type ORN, we observed a similar sequence dependency.32 We
hypothesized that one of the reasons for the sequence dependency was due to the different
lifetime of VP in each sequence. Since the decomposition of VP was not observed from the
MALDI-TOF mass measurements (Table S1), we considered that VP would become inactive
by an intramolecular reaction. In order to investigate the ratio of inactive VP, the reaction of
VP with glutathione was pursued by MALDI-TOF mass spectroscopy. ORNL1, 3, and 6 were
investigated because they showed considerably different yields regardless of the similarity of
VP position. The inactive products cannot react with glutathione, that is, the reaction yield
with glutathione should be low. The yield for ORN3 was quite low compared to the other
two sequences, suggesting that ORN3 has less active VP than the others, which is probably
due to an unexpected intramolecular reaction within ORN3 (Fig. S3). More effort is required

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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in the development of this crosslinking approach to overcome these sequence effects. This
may be accomplished with effective additives3® or modification of the complimentary base,
for example, using thiouracil instead of uracil.3°

2.3. Alkali mediated foot-printing of crosslinked dsRNA

The position of the crosslink formation inside the dsSRNA was determined by performing
alkali mediated foot-printing. In order to obtain the crosslinking products of ORN2-
ORN9(U), ORN2-ORN11(C) and ORN6-ORN13 on a large scale, we purified the
crosslinking products by HPLC. The HPLC profile showed that the crosslinked dsRNA had
a longer retention time compared to the complementary ORN, and the VVP-containing ORN
was almost completely consumed (Fig. S4). The crosslinking products were confirmed by
MALDI-TOF mass spectroscopy.

To the crosslinked dsRNA was added a solution of K,CO3z in MeOH with 5% H,0 (45 mM).
The reaction was carried out at 30 °C for 4 h. Random cleavage of the ORN will reveal the
crosslinking site in the dsRNA. The alkali mediated foot-printing result with the crosslinked
ORN2-ORNS9(U) is shown in Figure 5. Based on the PAGE analysis, short fragments of 1 nt
to 6 nt and long fragments of more than 12 nt were observed, but not 7 nt-11 nt fragments.
These results indicate that VP is crosslinked to the 7 base in the complementary stand. The
crosslinked ORN2-ORN11(C) alkali mediated foot-printing analysis showed a similar result
as with ORN2-ORN9(U) (Fig. S5). Therefore, the crosslinking site of ORN2-ORN11(C)
was also at the 7t base, which is the expected C base target.

As for the crosslinked ORN6-ORN13, the alkali mediated foot-printing experiment showed
that the crosslinking occurred at the expected position (Fig. S6). PAGE analysis revealed all
the possible fragments except for the 2274 fragment. This result indicated that crosslinking
of ORNSG occurred at the 22"d base, which is the expected U base target.

2.4. Melting temperature and CD spectra of crosslinked dsRNA

Melting temperature measurements were performed to provide insight into the crosslinked
dsRNA thermodynamic stability compared to the natural dSRNA. The melting temperature
measurements of ORN2-ORN9(U) and ORN2-ORN11(C) are shown in Figures 6A and 6B.
Curves shown with a dotted line on the graph are the melting temperature curve of the
natural duplex with their melting temperature values obtained as 70.5 °C and 59.6 °C,
respectively, for ORN2(X=A)-ORN9(U) and ORN2(X=A)-ORN11(C). It should be noted
that the natural duplex with ORN11(C) has a lower 7y, than that with ORN9(U) because it
contains one base mismatch at the C target position. Interestingly, no absorbance changes
characteristic of the duplex melting were observed for the crosslinked duplex ORN2-
ORN9(U) and ORN2-ORN11(C) (solid lines, Figures 6A and 6B). One possible explanation
is that denaturation of the crosslinked dsRNA to single stranded RNA does not occur at
temperatures below 95 °C. These results imply that crosslinking the dsSRNA has significantly
increased its thermodynamic stability.

Melting temperature measurements for ORN6-ORN13 are shown in Figure 6C. This duplex
is an ADAR2 substrate RNA with an internal loop near the reactive adenosine and with a

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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crosslink formed from VP at the 5" end position. The natural duplex, ORN6(X=A)-ORN13,
had a melting temperature value of 55.6 °C. After the crosslink was formed, the melting
temperature value of the dsRNA significantly increased to 82.6 °C. A melting temperature
increase by a value of 27 °C shows that the crosslink formation, regardless of the position,
can significantly increase the thermodynamic stability of the dsRNA.

Circular dichroism (CD) spectra were obtained to provide information regarding the
conformational properties of the crosslinked dsRNA. Prior to the measurement, both the
natural and crosslinked dsRNA samples were reannealed by heating at 90 °C for 5 min, then
gradually cooling to room temperature. The CD spectra of the typical dsSRNA with its A
conformation is characterized by a dominant positive band at 260 nm and a negative band at
210 nm.37 For the crosslinked duplexes, ORN2-ORN9(U), ORN2-ORN11(C), and ORN6-
ORNZ13, the CD spectra showed almost no difference from those of the natural dsRNA,
indicating that the crosslinking formation does not disturb the dSRNA natural
conformational properties (Figs. 7A, B, C).

2.5. Competitive binding assay with ADAR2

In order to validate our hypothesis that the crosslink formation does not disrupt the nature of
the dSRNA, a competitive binding assay was performed with the dSRNA-binding enzyme,
ADAR?2. The complex of the human ADAR2 bound to a 32P-labeled natural duplex
ORNGB(X=A)-ORN14 was resolved from the free duplex RNA using a non-denaturing PAGE
gel. Either the unlabeled natural or crosslinked duplex, ORN6-ORN14, was then used as a
competitor for formation of the labeled complex, and the I1Csq for inhibition of the complex
formation was measured for each duplex (Fig. S7).

The results are plotted in Figure 8 and the 1Cggs for the two duplexes were calculated from
these data. The result shows that the natural duplex RNA had an 1C5q = 330 £ 55 nM
whereas the crosslinked 1Csg = 270 + 73 nM. Thus, the crosslinked dsRNA has nearly the
same binding affinity for ADAR as the natural one, showing that the crosslinked dsRNA is
well tolerated by the enzyme. This experiment confirms that our crosslinked duplex
preserved the natural traits of the dsRNA.

3. Conclusion

We have successfully developed a native-like crosslinked dsRNA with our designed reactive
base vinylpurine (VP). Two types of VP precursors, a phosphoramidite and a CPG precursor,
were successfully synthesized and both VP precursors were incorporated into the RNA
sequences at several different positions. We observed effective crosslinking with cytosine
under acidic conditions, whereas for U, heating was required. We confirmed that the
crosslinking occurred at the expected target by performing alkali facilitated foot printing.

The crosslinked duplex melting temperature ( 7,) and CD spectra were obtained and
compared to that of the natural oligonucleotides. The melting temperature of the crosslinked
dsRNA showed a substantial increase compared to that of the natural duplex suggesting that
by inducing crosslinking via VP, a much more stable dsRNA can be obtained. Moreover, a
great similarity was found in the CD spectra of the crosslinked dsRNA and natural dsSRNA

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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implying that even after the crosslink formation, the native conformation of dsRNA is
maintained. To further strengthen this point, a competitive binding experiment with the
dsRNA-binding enzyme, ADAR2, was performed. Our result showed that the crosslinked
dsRNA has nearly the same binding affinity as the natural dsSRNA, confirming that our
crosslinked dsRNA is well recognized by ADAR2. One of the advantages of this dSRNA
crosslinking method is that, in principle, crosslink formation can be easily performed with
the chemically unmodified natural RNA. The potential to form a less distorted native-like
stable dsRNA will find application in biochemical studies for dsSRNA-binding enzymes and
RNA nanotechnology. For example, the crosslinking would be useful to develop a new
inhibitor for dSRNA-binding enzymes since the crosslinking leads to increase the resistance
toward nuclease activity. In addition, duplex stabilization could allow for short duplex
inhibitors to be used. The less distorted RNA-RNA crosslinking will be also useful to form
thermally stable RNA nanostructures as well as previously reported DNA-DNA crosslinked
nanostructures,38:39

4. Materials and methods

4.1. General

The H-NMR spectra (400 MHz) and 32P-NMR (162 MHz) were recorded by a Bruker 400
spectrometer. The 1H-NMR spectra (600 MHz) and 13C-NMR spectra (150 MHz) were
recorded by a Bruker AVANCE 111 600 spectrometer. High resolution electrospray mass
analysis was performed by a Bruker MicrOTOFQ Il. The MALDI-TOF mass analysis was
performed by a Bruker autoflex speed mass spectrometer.

4.2. Synthesis of SMe-protected VP CPG and phosphoramidite precursor

4.2.1. Synthesis of 9-(5-O-dimethoxytrityl-D-ribofuranosyl)-6-chloropurine (1)
—6-Chloropurine riboside (1.0 g, 3.5 mmol) was co-evaporated with acetonitrile and
pyridine, then dissolved in pyridine (10 mL). To the solution was added DMTrCI (2.4 g, 7.0
mmol), and the mixture was stirred at RT for 1 h. The reaction mixture was then diluted with
ethyl acetate (50 mL), washed with water (50 mL) and brine (100 mL). The organic layer
was dried over Nap,SOy4, then concentrated under reduced pressure. The crude was purified
by column chromatography (Hexane:Ethyl acetate = 1:1—1:3—1:6—Ethyl acetate only
containing 1% pyridine) to give 1 as a yellow foam (1.74 g, 85%). 1H-NMR (400 MHz,
CDCl3) & (ppm) 8.69 (1H, s), 8.37 (1H, s), 7.27-26 (3H, m), 7.19-17 (6H, m), 6.74 (4H, dd,
J=1.6,8.8 Hz), 6.05 (1H, d, J=5.6), 5.04 (1H, brs), 4.86 (1H, t, /= 5.2 Hz), 4.47 (1H, dd, J
=5.2,6.0 Hz), 4.39 (1H, dd, /= 3.2, 6.0 Hz), 3.76 (6H, s), 3.45 (1H, dd, /= 10.8, 3.6 Hz)
3.35 (1H, dd, J=10.8, 3.2 Hz), 3.25 (1H, brs). 13C-NMR (150 MHz, CDCl5) & (ppm) 158.7,
151.7, 151.6, 151.0, 144.3, 144.0, 135.4, 132.5, 130.1, 130.0, 128.0, 127.1, 113.3, 90.9,
86.9, 85.9, 75.9, 72.4, 63. 5, 55.4. ESI-HRMS (/m/2) calcd for C13HogCIN4Og (M+H)
*589.1848, found 589.1864.

4.2.2. Synthesis of 9-(5-O-dimethoxytrityl-D-ribofuranosyl)-6-vinylpurine (2)—
To a solution of 1 (0.77 g, 1.3 mmol) in DMF were added PdCI,(PPh3), (92 mg, 0.13 mmol)
and tributyl(vinyl)tin (0.57 mL, 2.0 mmol). The reaction mixture was stirred at 85° C for 40
min and then allowed to cool at room temperature. The reaction mixture was diluted with

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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CH>Cl, (70 mL) and washed with saturated aqueous NaHCO3 (70 mL) and brine (100 mL).
The organic layer was dried over Na,SOy, concentrated under reduced pressure and purified
by column chromatography (CH,Cl,:MeOH = CH,Cl, only— 49:1— 29:1— 9:1
containing 1% pyridine) to give 2 as a brown foam (0.53 g). The product was immediately
used for next reaction.

4.2.3. Synthesis of 9-(5-O-dimethoxytrityl-D-ribofuranosyl)-6-(2-
methylthioethyl)purine (3)—To a solution of 2 (0.53 g, 0.91 mmol) in acetonitrile (4
mL) was added CH3SNa (0.32 g, 0.22 mmol) which was dissolved in water (0.4 mL), and
the mixture was stirred at RT for 3 h. The reaction mixture was diluted with CH,Cl, (15
mL) and washed with water (70 mL) and brine (100 mL). The organic layer was dried over
Na,SQy, concentrated under reduced pressure and purified by column chromatography
(CHCI3:MeOH = CHCI3 only— 49:1— 29:1— 9:1 containing 1% pyridine) to give 3 as an
orange foam (0.48 g, 60% in two steps). 1H-NMR (600 MHz, CDCl3) & (ppm) 8.85 (1H, s),
8.32 (1H, s), 7.27-26 (2H, m), 7.20-16 (7H, m), 6.74 (4H, dd, J= 9.0, 2.4 Hz), 6.04 (1H, d,
J=5.4),5.71 (1H, d, J=2.4), 4.85 (1H, td, /= 6.0, 3.6 Hz), 4.45 (1H, m), 4.43 (1H, dd, J=
6.0, 3.0 Hz), 3.77 (6H, s), 3.52 (2H, td, J= 7.2 4.8 Hz), 3.46 (1H, dd, J=10.8, 3.6 Hz), 3.29
(1H, dd, J=10.8, 3.6 Hz), 3.27 (1H, d, J=2.4), 3.10 (2H, t, J= 7.2 Hz), 2.18 (3H, 5). 13C-
NMR (150 MHz, CDCls3) & (ppm) 161.4, 158.7, 151.8, 150.1, 149.7, 144.4, 142.6, 135.5,
135.4,133.8, 130.1, 128.0, 127.1, 113.3, 90.8, 86.7, 86.1, 76.0, 72.7, 63.5, 55.3, 32.9, 32.1,
15.6. ESI-HRMS (/71/2) calcd for C34H36N406S (M+H)* 629.2428, found 629.2428.

4.2.4. Synthesis of 9-(5-O-dimethoxytrityl-2/3-O-succinylated-LCAA-CPG-D-
ribofuranosyl)-6-(2-methylthioethyl)purine (4 and 5)

Preparation of succinylated LCAA-CPG: LCAA-CPG (0.5 g, 76 pmol) in a vial was
slowly stirred in a solution of 3% trichloroacetic acid in CH,Cl, (4.5 mL) at room
temperature for 4 h. The LCAA-CPG filtered off and washed first with 9:1
triethylamine:diisopropylethylamine (50 mL), then with CH,Cl, and ether. The activated
support was dried under vacuum for 2 h. Into the vial containing the acid-activated LCAA-
CPG was added succinic anhydride (0.1 g, 1.0 mmol) and 4-dimethyl aminopyridine (4-
DMAP, 20mg, 0.16 mmol). Anhydrous pyridine (3 mL) was added via a syringe, and the
vial was shaken at room temperature for 20 h. The CPG was filtered off, washed
successively with pyridine, CH,Cl, and ether. The succinylated CPG was dried under
vacuum for 3 h.

Nucleoside succinylated LCAA-CPG coupling: The succinylated CPG (0.1 g, ~16 pmol)
in a vial was co-evaporated with acetonitrile three times, then dried overnight under vacuum.
To the vial were added EDC (0.62 g, 400 umol), 4-DMAP (2.4 mg, 20 umol), and pyridine
(0.6 mL). To this solution, precursor 3 that was coevaporated with ACN, vacuumed
overnight and diluted in pyridine (0.6 mL) and N,N-diisopropylethylamine (DIPEA, 20.9
pL) were added and the solution was shaken at room temperature for 48 h.
Pentachlorophenol (26.6 mg, 0.1 mmol) was added and the mixture was shaken for an
additional period of 19 h. The CPG was washed using pyridine, CH,Cl,, and ACN in a small
amount and dried under vacuum for 1 h. Piperidine (2.5 mL) was added and the mixture was
shaken for 1 h, then washed with a small amount of pyridine, CH,Cl,, and ACN dried under

Bioorg Med Chem. Author manuscript; available in PMC 2018 May 25.
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vacuum for 3h. Cap A (0.5 mL) and cap B (0.5 mL) were added and the mixture was shaken
for 3 h at room temperature, washed with a small amount of pyridine three times, CH,Cl,
three times, THF and ether, then it was dried under vacuum overnight to give 4 and 5 as a
dark orange powder (86 pmol/g loading, 56%).

4.2.5. Synthesis of 9-(5-O-dimethoxytrityl-2-O-tert-butyldimethylsilyl)-6-(2-
methylthioethyl)purine (6)—Compound 3 (0.58 g, 0.92 mmol) was co-evaporated with
acetonitrile, and then the dried residue was dissolved in THF (4 mL). To the solution were
added pyridine (371 uL, 4.6 mmol), AgNO3 (240 mg, 1.4 mmol) and TBDMSCI (249 mg,
1.65 mmol), and the mixture was stirred for 3 h at room temperature. The reaction mixture
was diluted with CH,Cl, (50 mL), filtered through celite, and washed with NaHCO3 (50mL)
and brine (50 mL). The organic layer was dried over Na;SO,, concentrated under reduced
pressure and purified by column chromatography (Hexane/Ethyl acetate = 9:1— 6:1—
4:1— 3:1— 1:1— Ethyl acetate only, containing 1% pyridine) to give 6 as an orange foam
(412 mg, 61%). IH-NMR (600MHz, CDCl3) & (ppm) 8.81 (1H, s), 8.27 (1H, s), 7.45 (2H, d,
J=9.0 Hz), 7.34 (4H, dd, J=9.0, 0.6 Hz), 7.27-26 (3H, m), 6.81 (4H, dd, /= 11.4, 2.4 Hz),
6.11 (1H, d, /=5.4),5.01 (1H,t, J=5.4 Hz), 4.36 (1H, dd, J= 4.2, 9.0 Hz), 4.29 (1H, dd, J
=9.0, 7.2 Hz), 3.79 (6H, s), 3.55-51 (3H, m), 3.39 (1H, dd, J=13.6, 4.2 Hz), 3.10 (2H, t, J
=5.4 Hz), 2.71 (d, J= 4.2 Hz), 2.18 (3H, 5), 0.83 (9H, 5), —0.02 (3H, 5), —0.17 (3H, ). 13C-
NMR (150 MHz, CDCls) & (ppm) 160.8, 158.7, 152.6, 150.8, 144.7, 142.8, 135.7, 133.5,
130.2,128.2,128.1, 127.1, 113.3, 88.3, 86.8, 84.3, 75.8, 71.6, 63.4, 55.4, 32.9, 32.2, 25.7,
18.0, 15.6, —4.9, —5.1. ESI-HRMS (m/2) calcd for C4oHg5oN4OgSSi (M+H)* 743.3293,
found 743.3293.

4.2.6. Synthesis of 9-(5-O-dimethoxytrityl-3-O-(N,N-diisopropyl-2-
cyanoethylphosphoramidyl)-2-O-tert-butyldimethylsilyl-D-ribofuranosyl)-6-(2-
methylthioethyl)purine (7)—Compound 6 (120.0 mg, 0.162 mmol) was co-evaporated
with acetonitrile and dissolved in CH,Cl, (1 mL). To the dry residue were added DIPEA
(170 pL, 0.98 mmol) and phosphoramidite (90 pL, 0.40 mmol), and the mixture was stirred
at RT for 1 h. The reaction mixture was then quenched with NaHCO3 (20 mL), and extracted
three times with EtOAc (20 mL). The combined organic layers were washed with brine (20
mL), dried over Nap;SQy, and concentrated under reduced pressure. The residue was purified
by silica gel column chromatography (Hexane/Ethyl acetate = 4:1 —3:1 —2:1 —1:1,
containing 1% pyridine) to give 7 as a pale orange foam (141 mg, 92%). 31P NMR (162
MHz, CDCls): & (ppm) 151.0, 149.0. ESI-HRMS (1/2) calcd for C49HggNgO7PSSi (M+H)
*943.4372, found 943.4372.

4.3. Synthesis and purification of SMe-protected VP-containing oligonucleotides

The ORNSs were synthesized following standard protocols on a DNA/RNA synthesizer.
Cleavage from the solid support and deprotection were accomplished under a mild condition
with NH,4OH:EtOH for 12 h at 30°C, followed by TBS deprotection by incubation with
trimethylamine trihydrofluoride (TEA-3HF) (125 pL) in DMSO (100 pL) for 2.5 h at 65°C.
The reaction mixture was desalted by an NAP-10 column (GE Healthcare). The ORNs were
then purified by gel electrophoresis (20% polyacrylamide) in 1x TBE buffer. The extract
was filtered and desalted by a Sep-pak C-18 Cartridge (Waters Co.). Further purification was
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carried out by HPLC. The purified ORNs were treated with Zip-tip (Merck-Millipore), and
then MALDI-TOF mass spectroscopy was measured. The concentration of the ORNs was
determined by UV absorption at 260 nm.

4.4. General procedure for crosslinking reaction

30 uM of ORN-B (5 pL, 150 pmol) and acetic acid (5 puL) were mixed, and the mixture was
incubated at 37°C for 3h. The mixture was evaporated to dryness, and then water (10 pL)
was added. 15 pM of RNA-D having a vinyl group (1 pL, 15 pmol, final 2 pM) was
combined with 10 uM of the RNA target (0.75 uL, 7.5 pmol, final 1 yM) and MES buffer
(pH 7.0 or 5.0, final 50 mM) containing NaCl (final 100 mM). After incubation, a part of the
reaction mixture was collected in a small tube and quenched with loading buffer (80%
formamide, 10 mM EDTA). The collected reaction mixture was analyzed by denaturing 16%
polyacrylamide gel electrophoresis containing 20% formamide, run at 300V x 45 mins to 1
hour in 1x TBE buffer. The FAM-labelled RNAs were visualized and quantified with
FLA-5100 (Fujifilm Co., Tokyo, Japan).

4.5. Alkali mediated foot-printing

To the duplex RNA (0.13 uM) was added K,CO3 diluted in MeOH with 5% H50 (45 mM).
The reaction was carried out at 30°C for 4 h. The reaction solution was neutralized by the
addition of 0.5M of TEAA (20 pL) and 1M of HCI (0.5 pL) and then analyzed by denaturing
16% polyacrylamide gel electrophoresis containing 20% formamide, run at 300V x 45 mins
to 1 hour in 1x TBE buffer. The FAM-labelled RNAs were visualized with FLA-5100
(Fujifilm Co., Tokyo, Japan).

4.6. Melting temperature (T,;) measurement

The duplex RNA (0.2 uM, natural or crosslinked) in 50 mM of MES buffer (pH 7.0)
containing 100 mM NaCl was transferred to a microquartz cell with a 1-cm path length. The
melting temperature was then measured under UV absorption at 260 nm from 25°C to 95°C
at the rate of 1°C/min. The measurements were carried out 3 times per each sample, and
averaged for obtaining the final value. The melting temperature measurement was performed
by a DU-800 (BECKMAN-COULTER) equipped with a temperature controller.

4.7. Circular Dichroism (CD) measurement

The CD spectra were measured using 1 uM duplex RNA (natural or crosslinked) in 20 mM
phosphate buffer (pH 7.0) containing 100 mM NaCl at 25°C by a J-720WI (JASCO Co.,
Hachioji, Japan) equipped with a Peltier temperature controller.

4.8. Competitive binding assay with ADAR2

ORNZ14 (30 pmol) was 5’-end-labeled by incubating the oligonucleotide with T4
polynucleotide kinase and [y-32P] ATP (6000 Ci mmol™1) for 37 °C for 1 h. Sample was
filtered through a G25 column and purified on a 19% (w/v) denaturing polyacrylamide gel.
The labeled RNA was visualized by storage phosphor autoradioradiography, excised,
crushed, and soaked overnight at 4°C using a solution containing 500 nM NH4OAC and 0.1
mM EDTA. The sample was ethanol precipitated, washed with 70% (v/v) ethanol,
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lyophilized to dryness, and dissolved in nuclease-free water. ORN6(X=A) and ORN14
duplex was hybridized in a 1:1 ratio in 1x TE buffer and 0.1 M NaCl by heating to 95 °C for
5 minutes and slow cooling to 30 °C.

Samples containing 63 nM hADAR2, 2.8 nM 32P-labeled, ORN6(X=A) and ORN14 duplex
and different concentrations of unlabeled natural or crosslinked ORN6-ORN14 duplex
(1000, 500, 250, 125, 62.5, 31.25, 15.6, 7.81, and 0 nM) were equilibrated in 20-mM Tris-
HCI, pH 7.0, 6% glycerol, 0.5 mM DTT, 60 mM KCI, 20 mM NaCl, 0.1 mM 2-
mercaptoethanol, 1.5 mM EDTA, 0.003% NP-40, 160-units/ml RNasin, 100-pg/ml BSA and
1.0-pg/ml yeast tRNA for 30 min at 30 °C. Samples were run on a 6% 80:1 native
polyacrylamide gel at 16V/cm for 45 min, dried at 80 °C for 1 hr and imaged on a Typhoon
Trio Variable Mode Image from GE Healthcare. Bands were quantified by volume
integration using ImageQuant software such that all radioactive signal not found in the free
RNA band was quantified as bound RNA. The data were fitted to the following equation:
m4+((m1-m4)/(1+(m0/m3)"*m2)) where m0 = concentration of competing RNA, m1 =
curve maximum, m2 = slope, m3 = ICgsg and m4 = curve minimum. 1Csq assays were carried
out in triplicate. Reported ICgq values are average of individual assays and error reported is
standard deviation of the individual 1Csq values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RNA containing crosslinking base 6-vinylpurine (VP). Expected crosslinking reaction of

RNA containing VP with cytosine (C) (top), and with uracil (U) (bottom) on the
complementary RNA strand.
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(A) HPLC profile of ORN1
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Figure 2.
HPLC profiles of (A) ORN1 and (B) ORN2.
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Figure 3.
Crosslinking reaction with the model sequence ORN1-3. Condition screening with (A)

ORNZ1, (B) ORN2 and (C) ORN3. The reaction was performed in MES buffer (50 mM. pH
7.0 or 5.0) containing NaCl (100 mM) at 37 or 50 °C for 24 h. Time course of crosslinking
reaction of (D, blue square) ORN1-ORN10(U), pH 7, 50 °C, (D, red circle) ORN1-
ORNB9(C), pH 5, 37 °C, (E, blue square) ORN1-ORN9(U), pH 5, 50 °C, (E, red circle)
ORN1-ORN11(C), pH 5, 50 °C. (F) Gel image of crosslinking formation of ORN2-
ORN9(U).
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Figure 4.
Crosslinking reaction with the ADAR substrate sequence ORN4-6. Condition screening

with (A) ORN4, (B) ORN5 and (C) ORNG. The reaction was performed in MES buffer (50
mM. pH 7.0 or 5.0) containing NaCl (100 mM) at 37 or 50 °C for 24 h. Time course of
crosslinking reaction of (D) ORN4-ORN13, pH 7, 50 °C, (E) ORN5-ORN13, pH 5, 37 or
50 °C, (F) ORN6-ORN13, pH 5 or 7, 50 °C.
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Figure 5.
Alkali mediated foot printing of crosslinked ORN2-ORN9(U). 1: ORNO9, 2: crosslinked

duplex ORN2-ORN9(U), 3: after reaction with ORNO, 4: after reaction with crosslinked
duplex ORN2-ORN9(U).
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Melting temperature measurement of dsSRNA. A: ORN2-ORN9(U) duplex, B: ORN2-
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ORN11(C) duplex, C: ORN6-ORN13 duplex. Natural duplex and crosslinked duplex are
shown as dotted line and solid line, respectively.
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A: ORN2-ORN9(U) duplex. B: ORN2-ORN11(C) duplex.
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CD measurement of dSRNA. A: ORN2-ORN9(U) duplex, B:
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C: ORN6-ORN13 duplex.
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ORN2-ORN11(C) duplex, C:

ORNG6-ORN13 duplex. Natural duplex and crosslinked duplex are shown as dotted line and

solid line, respectively.
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Figure 8.
Competitive binding assay result with ADAR2 enzyme. red: native dsRNA,; blue:
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crosslinked dsRNA.
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Scheme 1.

Synthesis of CPG (4 and 5) and phosphoramidite (7): (&) DMTrCI, pyridine, 88%; (b)
tributylvinyltin, PACl,(PPh3),, DMF, 77%; (c) NaSMe, H,0, DMF, 84%; (d) Succinylated
CPG support, EDC, DMAP, DIPEA, pyridine, 56%; (e) TBSCI, AgNOs, THF, 56%; (f)
Pr,NP(CI)OCH,CH,CN, DIPEA, CH,Cly, 92%.
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Scheme 2.
RNA synthesis and purification. (2) RNA synthesizer, (b) NH4OH/EtOH (3:1), 30 °C, 12h;

(c) TEA-3HF, 65 °C, 2.5 h.
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Scheme 3.

Synthesis of VP-containing ORN-D. (a) MMPP, H,0, RT, 30 min, (b) 50% AcOH, 37°C,

3h.
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Table 1

ORN sequences used in this study

entry Sequences (5°-3")

ORN1 ACAGCAGGCGCX

ORN2 ACAGCXGGCGCG

ORN3 XCAGCAGGCGCG

ORN4 ACUGAACCACCAAUGUGGGGAX
ORN5 ACUXAACCACCAAUGUGGGGAA
ORNG6 XCUGAACCACCAAUGUGGGGAA
ORN7 ACAGCAGGCGCG

ORN8 ACUGAACCACCAAUGUGGGGAU
ORN9 FAM-CGCGCCUGCUGU

ORN10 | FAM-UGCGCCUGCUGU

ORN11 | FAM-CGCGCCCGCUGU

ORN12 | FAM-CGCGCCUGCUGC

ORN13 | FAM-UUCCCCACAUUAGACGUUCAGU
ORN14 | UUCCCCACAUUAGACGUUCAGU
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