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Site-specific functionalization of RNA molecules by an unnatural
base pair transcription system via click chemistry

A site-specific labeling method for large RNA molecules, by
combining the unnatural base pair transcription system and the
post-transcriptional modification using click chemistry has been
developed.

See Ichiro Hirao et al.,
Chem. Commun., 2012, 48, 10835.
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Site-specific functionalization of RNA molecules by an unnatural base
pair transcription system via click chemistryfi§

Takumi Ishizuka,” Michiko Kimoto,”” Akira Sato® and Ichiro Hirao*“®
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Toward new biotechnology by genetic alphabet expansion, we
developed an efficient site-specific labeling method for large RNA
molecules. The combination of unnatural base pair transcription
and post-transcriptional modification by click chemistry enables
simple RNA labeling with a wide variety of functional groups at
desired positions, in a one-pot reaction.

The interest of many researchers has been focused on the
development of methodologies for site-specific modifications
at defined positions in functional RNA molecules, which
would be useful to clarify their biological functions. The site-
specific modification of large functional RNA molecules, such
as coding, non-coding, and artificial RNA species including
riboswitches, ribozymes and aptamers, has become an attractive
topic because of its potential to enable the simple visualization
of their local structural properties in solution.! Although a
combination of direct chemical synthesis and enzymatic ligation
is the present mainstream approach, it is still a time-consuming
and complex task to prepare RNA fragments with long chains.
Other methods for terminal or internal labeling at a specific
position of RNA are still restricted, and efficiently adjusting the
labeling positions is difficult.?

A newly developed method, an unnatural base pair system,
enables the site-specific incorporation of extra components
into RNA molecules by transcription mediated by an artificial
third base pair. If the unnatural base pair works along with the
natural A-T(U) and G—C base pairs in transcription, then an
unnatural base substrate could be incorporated as an extra base
at specific positions in RNA molecules, opposite the counter-
part of the unnatural base in a DNA template, by transcription.

Several unnatural base pairs for in vitro transcription have been
reported so far.'**> Among them, we developed a hydrophobic
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unnatural base pair between 7-(2-thienyl)-imidazo[4,5-b]pyridine
(Ds) and pyrrole-2-carbaldehyde (Pa), as a third base pair working
in replication and transcription (Fig. 1a).¥** Both unnatural base
substrates (DsTP and PaTP) are complementarily incorporated
into transcripts by T7 RNA polymerase, with high selectivity
(>95%). In addition, modified PaTPs linked via a propynyl
linker to functional molecules, such as amino groups, fluoro-
phores, and biotin, are also site-specifically incorporated into
RNA molecules. Long DNA templates containing Ds are easily
prepared by combining chemical synthesis and PCR amplification
using another pairing partner of Ds, 2-nitro-4-propynyl-pyrrole
(Px), which exhibits high efficiency and selectivity in PCR.>
Here, we present a modified version of transcription using
the Ds—Pa pair, involving a post-transcriptional modification
by click chemistry® (Fig. 1a), a simple and versatile labeling
method for large RNA molecules. Although the previous
Ds—Pa pair transcription system is a potential tool for the
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Fig. 1 An unnatural Ds—Pa base pair system for generating site-
specifically labeled RNA molecules. (a) Overview of the combination
of the specific transcription involving the Ds—Pa pair using ethynyl-
modified Pa substrates and the post-transcriptional modification of
the transcripts by the click reaction with functional azide reagents.
R = ethynyl-modified position. (b) Chemical structures of Eth-PaTP (1)
and Eth-C4-PaTP (2).
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site-specific labeling of large RNA molecules, some modified
Pa substrates with bulky functional groups reduce the trans-
cription efficiency and selectivity.* Thus, we first incorporate
Pa modified with ethynyl groups into RNA by T7 transcription
mediated by the Ds—Pa pairing, and then post-transcriptionally
modify the transcripts by copper(i)-catalyzed azide-alkyne
cycloaddition, using azide derivatives with functional groups.
The clickable Pa substrates are efficiently and site-specifically
incorporated into transcripts opposite Ds by T7 RNA poly-
merase, and a wide variety of functional groups can be intro-
duced by the following post-transcriptional modification.

We chemically synthesized two types of clickable Pa sub-
strates, Eth-PaTP and Eth-C4-PaTP (1 and 2, Fig. 1b), which
were prepared from the ribonucleoside derivatives of the
4-ethynyl-linked Pa base (Fig. S1, ESI§). The ribonucleoside,
1-(B-p-ribofuranosyl)-4-iodopyrrole-2-carbaldehyde, was reacted
with trimethylsilyl acetylene or 1,7-octadiyne by Sonogashira
coupling, using tetrakis(triphenylphosphine) palladium, copper(1)
iodide and triethylamine. After deprotection of the trimethylsilyl
group, both nucleoside derivatives were converted to the
5'-triphosphates by a conventional method.” The products were
purified by DEAE Sephadex column chromatography and C18
reversed-phase HPLC. The structures of substrates 1 and 2 were
confirmed by 'H and *'P NMR and high resolution mass
spectrometry (see ESI§). Their molar absorption coefficients (&)
were determined by quantitative analysis of the phosphorus in the
compound,® and the UV spectra are shown in Fig. S2 (see ESIS).

The incorporation efficiency and selectivity of substrates 1
and 2 by T7 transcription were examined by our conventional
method, using chemically-synthesized DNA templates (35-mer)
containing Ds.¥** Full-length transcripts (17-mer) were obtained
with 40-50% relative yields when using 1 mM substrate 1 or 2
and 1 mM natural NTPs, and the efficiency was boosted to 74%
by increasing the concentration of 2 (2 mM) (Fig. S3, ESI§). The
site-specific incorporation of each unnatural substrate in the
transcripts was confirmed by a 2D-TLC nucleotide-composition
analysis of the transcripts (Fig. S4, ESIS), and their incorporation
selectivities were as high as 99%, irrespective of the differences
between substrates 1 and 2 (Table S1, ESI§). In addition, in the
transcription using a natural-base template (N = A in Fig. S4,
ESI§) in the presence of substrate 1 or 2, no unnatural base
nucleotide corresponding to 1 or 2 was observed on the 2D-TLC
of the transcript digestion. Therefore, these modified Pa sub-
strates were site-specifically incorporated into the transcripts,
only opposite Ds in the templates, by T7 RNA polymerase.

The post-transcriptional modification by the click reaction
was first examined by using internally->*P-labeled 17-mer
transcripts (5 pM), containing Eth-Pa or Eth-C4-Pa at posi-
tion 13 by treatments with fluorescent-dye azide reagents, such
as Alexa Fluor 488 azide (488-N3) and Alexa Fluor 594 azide
(594-N3) or Biotin-Nj3 (each 0-250 pM). The click reaction was
performed in the presence of a water-soluble copper(1) stabi-
lizing ligand, tris[1-(3-hydroxypropyl-1H-1,2,3-triazol-4-yl)-
methyllamine (THPTA, 500 pM) (see ESI§),* together with
CuSO, (100 pM) and sodium ascorbate (I mM) in 100 mM
sodium phosphate buffer (pH 7.0) at 37 °C for 3 h, and the
products were analyzed on a gel (Fig. S5 and S6, ESI§). The
modification efficiency with Eth-C4-Pa was higher than that
with Eth-Pa, and Eth-C4-Pa in the RNA fragment was
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Fig. 2  Site-specific labeling of a tRNA transcript containing Eth-C4-Pa.
(a) Experimental scheme for post-transcriptional labeling by the click
reaction. Eth-C4-Pa was incorporated at position 33 in the tRNA
molecule (75-mer) by T7 transcription using DNA templates (N = Ds
or G), and the transcript was modified with several azide reagents. (b)
The tRNA transcripts (75-mer) containing Eth-C4-Pa were labeled
with 488-N; or 594-Nj. (c) Fluorogenic click reaction of the tRNA
transcript. (d) Gel-mobility shift assay for the analysis of biotinylated
transcripts with streptavidin. (e) Sequence analysis of the tRNA
transcripts containing biotinylated or non-biotinylated Pa at position
33 in tRNA. The transcripts labeled with [y->*P]ATP were partially
digested with RNase T1 (T1) or with alkali (AL). A portion of the
partially alkali-digested transcripts was treated with streptavidin magnetic
beads to capture the RNA fragments containing biotin-modified Pa
(AL + SA).

completely modified with a 10-fold molar excess of 488-Nj,
594-Nj; or Biotin-Nj; reagent (Fig. S5, ESI§). Under the same
conditions, transcripts consisting of only the natural bases
were not modified (Fig. S5, ESI§ lanes 6 and 12), indicating
that the ethynyl moiety attached to the Pa base was selectively
modified with these azide reagents. We also confirmed the site-
specific incorporation of the modified Pa substrates opposite
Ds by the post-transcriptional modification, using transcripts
synthesized in the presence of either substrate 1 or 2 with the
natural-base template (N = A in Fig. S6, ESI§), in which no
modified products were observed.

The versatility of this transcription and post-transcriptional
modification system was examined by the site-specific labeling
of tRNA molecules (75-mer) (Fig. 2a). We prepared tRNA
transcripts’ containing Eth-C4-Pa at position 33, by T7 RNA
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polymerase in the presence of 2 mM substrate 2 and the
natural-base NTPs (Fig. S7, ESI§). The gel-purified transcript
(3 pM) was then treated with either the 488-Nj3 or 594-N;
reagent (90 uM each), and the products were analyzed on a gel
(Fig. 2b). Only the tRNA transcripts obtained from the
Ds-containing DNA template with substrate 2 were labeled
with the fluorescent azide reagents. The modification with non-
fluorescent 3-azido-7-hydroxycoumarin'® yielded its fluorescent
product, which emitted at 480 nm upon 358 nm irradiation
(Fig. 2¢).

The site-specific modification of the tRNA molecules was
confirmed by using biotinylated products (Fig. 2d and e). The
modification of the tRNA transcript with the biotin azide
reagent was examined by a gel-shift assay, and about 90% of
the transcripts were shifted by binding streptavidin (Fig. 2d).
The 5'-*P-labeled transcripts with or without the biotin
modification were digested under alkaline conditions, and half
of the digested products were treated with streptavidin-coated
magnetic beads to remove the biotinylated fragments. The
remaining fragments were then analyzed by gel electrophoresis
(Fig. 2e). The positions of each band on the ladder were
determined by comparison with the ladder yielded by G-specific
nuclease T1 digestion. On the lane without the streptavidin
treatment of the digested products obtained by biotin modifica-
tion, the fragment ladders larger than 33-mer were considerably
shifted (Fig. 2e, lane 5) as compared to the control ladder
(Fig. 2e, lane 2), and on the lane with the streptavidin treatment,
the ladders larger than 33-mer disappeared (Fig. 2e, lane 6).
These results indicated the site-specific biotin labeling at posi-
tion 33 of the tRNA transcript.

In conclusion, we have developed a site-specific labeling
method for large RNA molecules, by combining the unnatural
base pair transcription system and the conventional click
reaction of Cu(1)-catalyzed azide-alkyne cycloaddition. The
modification efficiency is significantly improved, relative to
that using amino-linked unnatural bases>® in oligonucleotides
with N-hydroxysuccinimides. A variety of functional groups
including bulky groups can be site-specifically and efficiently
introduced into RNA molecules. This labeling method is
performed by a one-pot T7 transcription reaction involving
the Ds—Pa pair, the ethanol precipitation of transcripts, and
click reaction with functional azide reagents (Fig. S8, ESIS).
Thus, this labeling method could be used for a wide range of
applications with site-specifically labeled RNA molecules.
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