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ABSTRACT

Site-specific labeling of long-chain RNAs with de-
sired molecular probes is an imperative technique
to facilitate studies of functional RNA molecules.
By genetic alphabet expansion using an artifi-
cial third base pair, called an unnatural base
pair, we present a post-transcriptional modification
method for RNA transcripts containing an incorpo-
rated azide-linked unnatural base at specific posi-
tions, using a copper-free click reaction. The un-
natural base pair between 7-(2-thienyl)imidazo[4,5-
b]pyridine (Ds) and pyrrole-2-carbaldehyde (Pa) func-
tions in transcription. Thus, we chemically synthe-
sized a triphosphate substrate of 4-(4-azidopentyl)-
pyrrole-2-carbaldehyde (N3-PaTP), which can be site-
specifically introduced into RNA, opposite Ds in tem-
plates by T7 transcription. The N3-Pa incorporated in
the transcripts was modified with dibenzocyclooc-
tyne (DIBO) derivatives. We demonstrated the tran-
scription of 17-, 76- and 260-mer RNA molecules and
their site-specific labeling with Alexa 488, Alexa 594
and biotin. This method will be useful for preparing
RNA molecules labeled with any functional groups of
interest, toward in vivo experiments.

INTRODUCTION

RNA molecules have enormous versatility within living
organisms. Structural and biological studies of functional
RNA molecules will be facilitated by the site-specific label-
ing and probing of target RNAs without the loss of activ-
ity. The present methods for the chemical synthesis of la-
beled RNA molecules or post-transcriptional modifications
of RNA are very restrictive. Currently, chemical synthesis
is limited by the length of the RNA molecule, and post-
transcriptional modifications are applicable only to the site-
specific 5'- or 3'-terminal labeling of transcripts. In addition,

various types of modifications involve immense amounts of
time and effort to synthesize each modified component.

Meanwhile, progress in click chemistry has been increas-
ing the feasibility of RNA modifications (1-8). In partic-
ular, copper-free click chemistry between an azide com-
pound and a cyclooctyne reagent is becoming very popular
(9-12). However, phosphoramidite derivatives containing
azide groups are chemically unstable in nucleic acid chem-
ical synthesis (13-15). Thus, a method to embed an azide
component into RNA molecules at desired positions could
facilitate various modifications with any probes, and thus
contributing to functional RNA studies.

Recently, genetic alphabet expansion technology using
unnatural base pairs has rapidly advanced. By creating an
unnatural base pair that functions as a third base pair in
replication and transcription, an artificial fifth or sixth base
could be introduced into DNA and RNA molecules at de-
sired positions. Over the past 15 years, Benner’s, Romes-
berg’s and our group reported several types of unnatu-
ral base pairs that function as a third base pair in repli-
cation, transcription and/or translation (16-27). Among
them, we developed two types of unnatural base pairs, be-
tween 7-(2-thienyl)imidazo[4,5-b]pyridine (Ds) and 2-nitro-
4-propynylpyrrole (Px) (18,19) and between Ds and pyrrole-
2-carbaldehyde (Pa), that function in replication and tran-
scription (Figure 1A) (17,28,29). The Ds—Px pair exhibits
extremely high efficiency and specificity as a third base
pair in replication. However, the nucleotide of Px is rela-
tively unstable under basic conditions, and thus the Ds—
Pa pair is useful for the site-specific incorporation of the
Pa nucleotide into RNA by transcription, opposite Ds in
DNA templates. Thus, the combination of the Ds—Px pair
for the preparation of Ds-containing templates by poly-
merase chain reaction (PCR) with the Ds—Pa pair for tran-
scription enables the site-specific labeling of large RNA
molecules (Figure 1B) (29,30). Furthermore, we previously
reported that, by attaching an ethynyl group to the Pa
base, the triphosphate substrate of the ethynyl-Pa base
can be site-specifically incorporated into RNA opposite
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Figure 1. (A) Chemical structure of the Ds—Pa pair for T7 transcription and the Ds—Px pair for PCR amplification. (B) Scheme of the genetic alphabet
expansion for PCR involving the Ds—Px pair and T7 transcription using the Ds—Pa pair. (C) Chemical structure of N3-PaTP (Compound 6) for transcrip-

tion.

Ds in DNA templates, by transcription using T7 RNA
polymerase (31). The ethynyl-groups in the transcripts can
be modified by copper(I)-catalyzed azide-alkyne cycloaddi-
tion, using azide derivatives with functional groups. This
genetic alphabet expansion method using the ethynyl-Pa
base and Ds-containing DNA templates has high poten-
tial. However, the click reaction using copper is disadvan-
tageous for subsequent applications of the modified RNA
molecules, because the toxic copper contamination of the
oligonucleotides impedes in vivo applications (32-35).

Here, we present the site-specific labeling of transcripts by
the combination of genetic alphabet expansion and copper-
free click chemistry. We chemically synthesized a triphos-
phate of 4-(4-azidopentyl)-pyrrole-2-carbaldehyde (N3-Pa)
(Figure 1C) and performed the site-specific incorporation
of N3-PaTP into RNA, opposite Ds in templates, by T7
RNA polymerase. The N3-Pa-containing transcripts were
then efficiently modified with cyclooctyne-based probes.
This method enables the site-specific labeling of large RNA
molecules with any probes of interest.

MATERIALS AND METHODS
Chemical synthesis

'H-, 3C- and 3'P-NMR spectra of compounds dissolved in
CDCl3, DMSO-ds or D,O were recorded on a BRUKER
(300-AVM) magnetic resonance spectrometer. Coupling
constant (J) values are given in Hz and are correct to
within 0.5 Hz. All reagents were purchased from Aldrich,
Nacalai Tesque, TCI (Tokyo Chemical Industry Co., Ltd.)
and Wako (Wako Pure Chemical Industries, Ltd.). Thin-
layer chromatography was performed using TLC Silica Gel
60 F,s4 plates (Merck). Nucleoside derivatives were puri-
fied with a Gilson HPLC system using a preparative C18
column (w-BONDASPHERE, Waters, 19 mm x 150 mm).
The triphosphate derivatives were purified by chromatog-
raphy on a DEAE Sephadex A-25 column (300 mm x 15
mm) and a CI8 column (CAPCELL PAK MG III, SHI-
SEIDO, 4.6 mm x 250 mm). High resolution mass spec-
tra (HRMS) and electrospray ionization mass spectra (ESI-
MS) were recorded on a Varian 901-MS spectrometer and a
Waters micromass ZMD 4000 mass detector equipped with
a Waters 2690 LC system, respectively.



1-(B-D-Ribofuranosyl)-4-iodopyrrole-2-carbaldehyde (1)

1-(B-D-Ribofuranosyl)-4-iodopyrrole-2-carbaldehyde 1
was synthesized by coupling 4-iodopyrrole-2-carbaldehyde
(36) with  2,3,5-tri-O-benzyl-D-ribofuranosyl  chlo-
ride, which was prepared by the chlorination (37) of
2,3,5-tri-O-benzyl-D-ribofuranose, using CCly and
tris(dimethylamino)phosphane, followed by a treatment
with BBr; (31,17). The structure of 1 was confirmed by
nuclear magnetic resonance (NMR) and high resolution
mass spectroscopy.

1-(2,3',5'-O-Tri-tert-butyldimethylsilyl--D-
ribofuranosyl)-4-iodopyrrole-2-carbaldehyde (2)

tert-Butyldimethylsilyl chloride (TBDMSCI) (1.54 g, 10.20
mmol) was added to a solution of compound 1 (301 mg,
0.85 mmol) and imidazole (1.39 g, 20.40 mmol) in dry pyri-
dine (12 ml). The reaction mixture was stirred at room
temperature for 42 h, and the solvent was evaporated.
The residue was dissolved in CH,Cl,, and a saturated
NaHCOj; solution was added. The organic layer was ex-
tracted, dried with Na,SO4 and evaporated in vacuo. The
product was purified by silica gel column flash chromatog-
raphy and eluted by a gradient of CH,Cl, (0-100%) in
hexane to afford the 1-(2/,3',5'-O-tri-tert-butyldimethylsilyl-
B-D-ribofuranosyl)-4-iodopyrrole-2-carbaldehyde 2 (529.5
mg, 89%). The structure of 2 was confirmed by 'H NMR.
'H NMR (CDCls, 300 MHz) § 9.53 (s, 1H), 7.72 (s, 1H),
7.02 (d, J = 1.8 Hz, 1H), 6.52 (d, J = 4.8 Hz, 1H), 4.16-
4.07 (m, 3H), 3.96 (d, J = 11.4 Hz, 1H), 3.78 (d, J = 11.7
Hz, 1H), 0.99 (s, 9H), 0.92 (s, 9H), 0.84 (s, 9H), 0.18 (d, J =
1.8 Hz, 6H), 0.08 (d, / = 1.8 Hz, 6H), —0.02 (s, 3H), —0.16
(s, 3H).

1-(2',3',5'-O-Tri-tert-butyldimethylsilyl-pB-D-
ribofuranosyl)-4-(4-hydroxypentyl)-pyrrole-2-carbaldehyde
3

Compound 2 (529 mg, 0.76 mmol) was co-
evaporated with DMF three times. To a solution of 2,
tetrakis(triphenylphosphine)palladium (Pd(PPhjy)s) (46
mg, 0.04 mmol), Cul (23 mg, 0.12 mmol), trimethylamine
(TEA) (159 pl, 1.14 mmol) in DMF (6.2 ml) and 4-pentyn-
1-01 (106 w1, 1.14 mmol) were added. The reaction solution
was stirred at room temperature for 16 h. The product was
evaporated in vacuo, dissolved in EtOAc:hexane = 2:1 and
washed with brine. After drying with Na,SOy, the organic
extract was evaporated. The residue was purified by silica
gel column flash chromatography (eluted by a gradient of
MeOH (0-5%) in CH,Cl,) to give the crude compound
3 (422 mg, 86%). '"H NMR (CDCls, 300 MHz) & 9.51 (s,
1H), 7.85 (s, 1H), 6.94 (d, /= 1.8 Hz, 1H), 6.44 (d, J = 3.9
Hz, 1H), 4.19-3.97 (m, 4H), 3.81-3.77 (m, 3H), 2.49 (t, J =
6.9 Hz, 2H), 1.85 (quin, J = 6.6 Hz, 2H), 0.98 (s, 9H), 0.91
(s, 9H), 0.86 (s, 9H), 0.17 (d, J = 3.6 Hz, 6H) 0.07 (s, 6H),
0.01 (s, 3H), —0.06 (s, 3H).
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1-(2',3',5'-O-Tri-tert-butyldimethylsilyl-3-D-
ribofuranosyl)-4-(4-azidopentyl)-pyrrole-2-carbaldehyde
(O]

To an ice-cold solution of crude compound 3 (404 mg, max
0.62 mmol) in dry CH,Cl, (4.1 ml) was added diisopropy-
lethylamine (DIEA) (162 pl, 0.93 mmol). Methanesulfonyl
chloride (MsCl) (72 w1 0.93 mmol) was then added to the
above solution over a period of 5 min at 0°C. The reac-
tion solution was stirred for 5 h at room temperature. Brine
was added to the reaction mixture, which was then extracted
with CH,Cl,. The organic extract was dried with Na;SOy4
and evaporated. The crude mesylated product and NaNj
(202 mg, 3.10 mmol) were dissolved in dry DMF (4.1 ml).
The reaction mixture was stirred at room temperature for
17 h. The solvent was evaporated, and the product was dis-
solved in EtOAc:hexane = 2:1, and washed with H,O and
brine. After drying with Na,SOy, the organic extract was
evaporated. The residue was purified by silica gel column
flash chromatography (eluted by a gradient of CH,Cl, (0-
100%) in hexane) to afford the product 4 (357 mg, 73%, 2
steps total yield). 'H NMR (CDCls, 300 MHz) § 9.51 (s,
1H), 7.86 (s, 1H), 6.95 (s, 1H), 6.44 (d, J = 3.9 Hz, 1H),
4.21-4.00 (m, 4H), 3.80 (d, / = 11.4 Hz, 1H), 3.45 (t, J =
6.6 Hz, 2H), 2.47 (t, J = 6.9 Hz, 2H), 1.84 (quin, J = 6.9
Hz, 2H), 0.98 (s, 9H), 0.91 (s, 9H), 0.86 (s, 9H), 0.17 (d, J =
3.6 Hz, 6H), 0.09 (s, 6H), 0.02 (s, 3H), —0.06 (s, 3H).

B-D-Ribofuranosyl-4-(4-azidopentyl)-pyrrole-2-
carbaldehyde (5)

To a solution of compound 4 (271 mg, 0.40 mmol), a 1
M solution of TBAF in THF (7.5 ml) was added. After
2 h at room temperature, the reaction mixture was evapo-
rated in vacuo. The product was purified by silica gel col-
umn flash chromatography (eluted by a gradient of MeOH
(3-10%) in CH;,Cl,) and RP-HPLC (eluted by a gradient
of CH3CN (30-80%) in H,0) to give compound 5 (102
mg, 78%). 'H NMR (DMSO-ds, 300 MHz) 8 9.51 (s, 1H),
7.91 (s, 1H), 7.11 (s, 1H), 6.33 (d, J = 3.9 Hz, 1H), 5.32
(d, J = 5.7 Hz, 1H), 5.06 (br s, 2H), 4.01 (br s, 2H), 3.88—
3.84 (m, 1H), 3.69-3.51 (m, 2H), 3.45 (t, / = 6.9 Hz, 2H),
245 (t, J = 6.9 Hz, 2H), 1.75 (quin, J = 6.9 Hz, 2H).
3C NMR (DMSO-ds, 75 MHz) § 179.67, 131.24, 130.59,
126.34, 105.90, 89.58, 88.09, 84.56, 75.82, 74.65, 69.36,
60.60, 49.69, 27.52, 16.07. UV-vis spectrum (in EtOH, pH
7.0), Amax = 258 nm (e = 10.2 x 10%), 311 nm (¢ = 8.2
x 10%). HRMS (ESI) for C;sH;gsN4NaOs [M+Na]*: calcd,
357.1169; found, 357.1170.

Synthesis of nucleoside 5'-triphosphate (N3-PaTP) (6)

To a solution of compound 5 (0.1 mmol) and a pro-
ton sponge (33 mg, 0.15 mmol) in trimethyl phos-
phate (PO(OCH3)3) (500 pl) was added POCI; (12 pl,
0.13 mmol) at 0°C. The reaction mixture was stirred
at 0°C for 4 h. Tri-n-butylamine (120 wl, 0.5 mmol)
was added to the reaction mixture, followed by 0.5 M
bis(tributylammonium)pyrophosphate in a DMF solution
(1.0 ml, 0.5 mmol). After 50 min, the reaction was quenched
by the addition of 0.5 M tricthylammonium bicarbonate
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Scheme 1. Synthesis of compound 6 (N3-PaTP). Reagents: (a) TBDMSCI, imidazole in pyridine; (b) 4-pentyn-1-ol, Cul, Pd(PPh3)s, TEA in
DMF; (¢) MsCl, DIEA in CH;Cl, then NaN3 in DMF; (d) TBAF in THF; (e) POCl;, proton sponge in PO(OCHj3)3 then tri-n-butylamine,

bis(tributylammonium)pyrophosphate in DMF.

(TEAB, 500 wl). The resulting crude product was purified
by DEAE Sephadex A-25 column chromatography (eluted
by a linear gradient of 50 mM to 1 M TEAB), and then by
C18-HPLC (eluted by a gradient of CH3CN (20-50%) in
100 mM TEAA) to give compound 6 in a 34% yield from
compound 5. '"H NMR (D,O, 300 MHz) & 9.44 (s, 1H),
7.85 (s, 1H), 7.25 (s, 1H), 6.55 (d, J = 3.9 Hz, 1H), 4.45
(m, 2H), 4.31-4.25 (m, 3H), 3.51 (t, J/ = 6.6 Hz, 2H), 2.53
(t, J = 6.9 Hz, 2H), 1.87 (quin, J = 6.9 Hz, 2H). 3'P NMR
(D,0, 121 MHz) & —9.87 (d, J = 19.4 Hz, 1P), —10.61 (d,
J=19.4 Hz, 1P), —22.47 (t, J = 19.4 Hz, 1P). ESI-MS for
C5sHy0N4O14P3 [M-H]: caled, 573.00; found, 572.97. UV-
vis spectrum (in 10 mM sodium phosphate buffer, pH 7.0),
Amax = 258 nm (e = 10.3 x 10%), 311 nm (e = 7.6 x 10°%).

Biological experimental methods

DNA fragments containing Ds were chemically synthe-
sized with an automated DNA synthesizer (model 392,
PerkinElmer Applied Biosystems) or an Oligonucleotide
Synthesizer nS-8 (Gene Design) using phosphoramidites of
the natural and Ds bases (Glen Research). DNA fragments
consisting of only the natural bases were synthesized as de-
scribed above or purchased from Invitrogen or Gene De-
sign. The chemically-synthesized oligonucleotides were pu-
rified by gel electrophoresis.

DNA templates for T7 transcription

For the 17-mer RNA synthesis, the double-stranded
DNA templates (10 wM each of a 35-mer template strand
and a 2l-mer non-template strand) were annealed in
a buffer containing 10 mM Tris-HCI (pH 7.6) and 10
mM NaCl, by heating at 95°C and slow cooling to 4°C.
For tRNA synthesis, each 103-mer template DNA was
prepared by ligation of a phosphorylated 5'-oligo DNA

(48-mer) and non-phosphorylated 3’-oligo DNA (55-mer,
control, 35Ds, 47Ds or 59Ds) in the presence of a 70-mer
non-template DNA fragment (70-mer), with T4 DNA
ligase (Takara), at 16°C for 3 h, and then the ligated
103-mer product was purified by gel electrophoresis. The
double-stranded DNA templates (the 103-mer template
with the 70-mer non-template) were used for tRNA
transcription. The sequences of the DNA fragments
were as follows: 5-GCTCTCCCAACTGAGCTAAA
TCCGCTATAGTGAGTCGTATTATAGCTT-3¥ (5-
oligo, 48-mer), 5-UmGmGTGCGAATTCTGTGGATC
GAACACAGGACCTCCAGATCTTCAGTCTGGC-

3’ (3-oligo control, 55-mer), 5-UmGmGTGCGA
ATTCTGTGGATCGAACACAGGACCTCCAGA
TCTDsCAGTCTGGC-3" (3'-oligo 35Ds, 55-mer), 5'-
UmGmGTGCGAATTCTGTGGATCGAACACAGGD
SCCTCCAGATCTTCAGTCTGGC-3" (3'-oligo 47Ds,
55-mer), 5-UmGmGTGCGAATTCTGTGGDsTCG
AACACAGGACCTCCAGATCTTCAGTCTGGC-¥
(3’-oligo 59Ds, 55-mer), 5~ AAGCTATAATACGACTCA
CTATAGCGGATTTAGCTCAGTTGGGAGAGCGC
CAGACTGAAGATCTGGAGGT-3  (5-non-template
DNA, 70-mer), where Um = 2'-O-methyluridine and Gm
= 2’-O-methylguanosine. For the 260-mer RNA transcrip-
tion, a 282-bp double-stranded DNA fragment containing
the Ds-Px pair (3’- TDsC - 5) or a control fragment
consisting of natural bases only (3'- TAC - 5') was prepared
as described previously (30).

T7 transcription

Transcription for the 17-mer RNA was performed in a re-
action buffer (20 wl), containing 40 mM Tris-HCI (pH 8.0),
24 mM MgCl,, 2 mM spermidine, 5 mM DTT and 0.01%
Triton X-100, in the presence of 1 mM natural base sub-
strates (NTPs), 0, 1 or 3 mM Nj3-PaTP, 2 uM DNA tem-
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termined by comparison to the yields of native transcripts from a template
consisting of the natural bases, and each yield was averaged from three
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plate, and 50 U T7 RNA polymerase, unless otherwise in-
dicated. Transcription for the tRNA was performed in the
presence of 2mM natural NTPs, 0, 1 or 2mM N;-PaTP, and
0.5 .M DNA template, and transcription for the 260-mer
RNA was performed in the presence of 2mM natural NTPs,
0, 0.25, 0.5, 1.0 or 2.0 mM Nj3-PaTP, and 0.1 puM DNA
template. Internally 3>P-labeled transcripts for the 17-mer
or tRNA were prepared by transcription reactions includ-
ing 2 wCi [a-**P] ATP or 3 nCi [a-*?P] CTP (PerkinElmer),
respectively. To prepare transcripts labeled with 2P at the
5'-end, the gel-purified transcripts were labeled with [y-3>P]-
ATP (PerkinElmer) and T4 polynucleotide kinase (Takara),
after treatment with Antarctic phosphatase (New England
Biolabs). After transcription at 37°C for 3 h, the reaction
was quenched by adding an equal volume of denaturing so-
lution, containing 10 M urea in 1 x TBE. The mixtures
were heated at 75°C for 3 min, and the transcripts were puri-
fied by denaturing gel electrophoresis (15% PAGE-7 M urea
for 17-mer RNA, 10% PAGE-7 M urea for tRNA and 6%
PAGE-7 M urea for 260-mer RNA).

Nucleotide-composition analysis of T7 transcription

The gel-purified transcripts were digested by 0.075 U/l
RNase T2 (Sigma-Aldrich) at 37°C for 2 h, in 15 mM
sodium acetate buffer (pH 4.5). The digestion products were
analyzed by 2D-TLC, using an HPTLC plate (10 x 10 cm,
Merck) with the following developing solvents: isobutyric
acid-ammonia-water (66:1:33 v/v/v) for the first dimension,
and isopropyl alcohol-HCl-water (70:15:15 v/v/v) for the
second dimension. The TLC plates were analyzed with an
FLA-7000 bioimager (GE Healthcare). The quantification
of each spot was averaged from three data sets.

Click reaction

The click reaction was performed in reaction buffer (10
pl), containing 200 mM sodium phosphate (pH 7.0), gel-
purified transcript RNAs (5 pM for 17-mer RNA and
tRNA, 1 pM for 260-mer RNA), and 5-50 molar equiv-
alents of click reagents (Alexa Fluor 488-DIBO alkyne,
Alexa Fluor 594-DIBO alkyne or Biotin-DIBO alkyne; Life
Technologies). After an incubation at 37°C for 3, 5 or 19
h, the products were separated by gel electrophoresis and
analyzed with an FLA-7000 or LAS-4000 bioimager (GE
Healthcare).

Gel mobility shift assay

Biotinylated 260-mer transcripts were detected by gel mo-
bility shift assays, using streptavidin (Promega). Binding ex-
periments were performed in a reaction buffer (10 wl), con-
taining 10 mM Tris-HCI (pH 7.6), 50 mM NaCl, 10 mM
EDTA, 2 pmol 3?*P-labeled gel-purified RNA transcript,
and 100 pmol streptavidin. After an incubation at 20°C for
1 h, the products were separated by gel electrophoresis and
analyzed with an FLA-7000 bioimager.
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Table 1. Nucleotide-composition analysis of 17-mer transcripts

Entry Template (N)? N3-PaTP (mM)

Composition of nucleotides incorporated at 5’ neighbor of A

Ap Gp Cp Up Nj3-Pap
1 N=A 0 0.99% [11° (<0.01)d  1.95[2] (<0.01) 0.01[0] (<0.01) 1.04 [1](<0.01) n.d.c [0] (-)
2 1 1.04 [1](<0.01) 1.96 [2] (<0.01) 0.01[0](<0.01) 1.00 [1](<0.01) 0.01[0] (<0.01)
3 3 1.01 [1] (<0.01) 1.93[2] (<0.01)  0.01[0](<0.01)  1.03[1](<0.01)  0.02[0] (<0.01)
4 N = Ds 1 1.02[1] (<0.01) 2.03 2] (<0.01) 0.01[0] (<0.01) 0.02 [0] (<0.01) 0.93[1](<0.01)
5 3 1.02[1](<0.01) 2.00[2] (<0.01) 0.01[0](<0.01) 0.01 [0] (<0.01) 0.96 [1](<0.01)

4The sequence of each DNA template: 5-CACTNCTCGGGATTCCCTATAGTGAGTCGTATTAT-3'.
®The values were determined from the following formula: (radioactivity of each nucleotide)/[total radioactivity of all nucleotides (3’-monophosphates)] x
(total number of nucleotides at 5'-neighbor positions of the [a->2P] ATP incorporation sites).

“The theoretical number of each nucleotide is shown in brackets.
dStandard deviations are shown in parentheses.
¢Not detected.

RESULTS

Chemical synthesis of the nucleoside 5'-triphosphate of azide-
Pa (N3-PaTP)

N3-PaTP (6) was chemically synthesized from 1-(B-
D-ribofuranosyl)-4-iodopyrrole-2-carbaldehyde (1) in five
steps, including the protection of the hydroxyl groups of
the sugar moiety, the Sonogashira reaction with 4-pentyn-
1-ol, the alcohol conversion to azide and the triphosphory-
lation (Scheme 1). The total yield of 6 from 1 was ~14%.
The triphosphate 6 was purified by DEAE Sepharose and
C18 reversed phase HPLC column chromatographies. The
structures and purities of all of the products were confirmed
by 'H-and/or *'P-NMR and ESI-MS (Supplementary Fig-
ures S1-S6). The molar absorbance coefficient of N3-PaTP
(€ =10.3 x 10% at 258 nm, € = 7.6 x 10* at 311 nm) was
determined by the colorimetry of inorganic phosphates us-
ing molybdenum blue, after digestion of N3-PaTP by calf
intestine alkaline phosphatase. N3-PaTP was stable under
the conditions used for the synthesis, purification and de-
termination of the structural and physical properties.

T7 transcription using N3-PaTP and Ds-containing DNA
template (35-mer) and click reaction

We first examined the selectivity of the incorporation of Nj-
PaTP into RNA opposite Ds in templates by T7 transcrip-
tion. To determine the accuracy of the selectivity, full-length
transcripts (17-mer) were prepared by using 35-mer Ds-
containing DNA templates and analyzed by denaturing gel-
electrophoresis (17). Transcription was performed by using
1 mM natural base substrates (NTPs) and 0 or | mM Nj3-
PaTP, including 2 p.Ci [a-*P] ATP, with 2.5 units/ul T7
RNA polymerase at 37°C for 3 h. When using the short Ds-
containing DNA templates, the transcription efficiency in-
volving the unnatural base pair is generally lower, by around
45% in this case (Figure 2B, lane 4), relative to that us-
ing DNA templates consisting of only the natural bases
(Figure 2B, lane 1). As we previously reported (17,29,31),
the transcription efficiency with long DNA templates (>50-
mer) containing Ds is as high as that with natural base DNA
templates, as shown in later. In the absence of N3-PaTP,
the transcription efficiency was significantly reduced (Fig-
ure 2B, lane 3), and thus N3-PaTP was predominantly in-
corporated into RNA, opposite Ds in templates.

For the nucleotide-composition analysis, the transcripts
were digested by RNase T, to give nucleoside 3’-phosphates
(16,17). Since A is incorporated after the unnatural base po-
sition in the transcripts, the incorporated N3-Pa or misin-
corporated natural base nucleosides are labeled as 3'-32P-
phosphates by adding [a->’P] ATP in transcription (the
stars (*) in the sequence shown in Figure 2A indicate the
32P_labeled positions). After the digestion of transcripts by
RNase T, the labeled nucleoside 3’-phosphates were quan-
titatively analyzed by 2D-TLC (Figure 2C). When using the
Ds-containing template, 93% and 96% of N3-Pa were incor-
porated into the transcripts, in the presence of 1 and 3 mM
N;-PaTP, respectively (Table 1). When using the template
consisting of only the natural bases, no N3-Pa was observed
in the digested products, even in the transcription using 3
mM Nj3-PaTP. Therefore, N3-PaTP was selectively incorpo-
rated opposite Ds in the template.

Next, we examined the copper-free click reaction of the
transcripts (17-mer), using the fluorescent Alexa Fluor 594-
DIBO Alkyne (the dibenzocyclooctyne derivative of Alexa
594, Alexa 594-DIBO) (Figure 2A). For the click reac-
tion, we used the transcripts obtained by T7 transcription
in the presence of 1 mM Nj3-PaTP and NTPs. The tran-
scripts (5 pM) were treated with 5 or 10 molar equivalents
of Alexa 594-DIBO, in 200 mM sodium phosphate buffer
(pH 7.0) at 37°C for 5 h. The products were analyzed by
gel-electrophoresis (Figure 3A). Both the reacted and un-
reacted transcripts were identified from their radioactivities
on the gel (**P-detection in Figure 3A), and Alexa 488 was
detected by 532-nm excitation (Ex 532 nm in Figure 3A).
Most of the transcripts were reacted with at least five molar
equivalents of the DIBO reagent (lane 8§ in Figure 3A), and
no products were observed from the transcripts obtained
by using the natural-base template in the presence of Nj-
PaTP (lanes 5 and 6 in Figure 3A), confirming that Ns-
PaTP is rarely misincorporated into RNA opposite the nat-
ural bases in templates. From the 3*P-detection band den-
sities of the gel, around 93% of the transcripts were reacted
with five molar equivalents of the DIBO reagent. Since the
incorporation selectivity of N3-PaTP was 93% when using 1
mM N3-PaTP and NTPs, all of the N3-Pa in the transcripts
could be modified.

We also examined the copper-free click reaction of the
17-mer transcripts with Alexa 488-DIBO and biotin-DIBO
(Figure 3B). Alexa 488 was detected by 473-nm excita-
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532 nm/emission filter O580). (B) Post-transcriptional modification of 17-mer transcripts containing N3-Pa with Alexa 488, Alexa 594 or biotin reagent.
32P-labeled 17-mer transcripts (5 wM) were modified with each click reagent (25 or 50 WM Alexa 488-DIBO, Alexa 594-DIBO or Biotin-DIBO) at 37°C for
5-19 h. Products were fractionated on a 20% denaturing polyacrylamide gel containing 7 M urea and were detected by their radioactivity (*P-detection)
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sets.

tion. The reactivity of biotin-DIBO was lower than those of
Alexa 488- and 594-DIBO, and increasing the molar equiv-
alents (10 eq.) of the DIBO reagent and the reaction time
(19 h) improved the reactivity (lane 12 in Figure 3B).

Site-specific labeling of tRNA molecules containing N3-Pa by
the copper-free click reaction

Since we confirmed the high incorporation selectivity of
N3-PaTP and the high reactivity of N3-Pa for the copper-
free click reaction using short RNA fragments (17-mer),
we next performed the site-specific labeling of a tRNA
molecule, as a longer transcript (76-mer). To incorpo-
rate N3-Pa specifically at positions 35, 47 and 59 in yeast

tRNAPP transcripts, we prepared each DNA template con-
taining Ds (35Ds, 47Ds and 59Ds) by ligation, using chem-
ically synthesized DNA fragments. We introduced 2'-O-
methyl-ribonucleosides at two positions from the 5'-termini
of the template strands, to reduce the by-products obtained
by non-templated nucleotide additions during T7 transcrip-
tion (38). Transcription was performed in the presence of
0, 1 or 2 mM Nj3-PaTP and 2 mM NTPs. After purifica-
tion by denaturing gel-electrophoresis, the transcripts were
reacted with 10 molar equivalents of each DIBO reagent,
Alexa 488-DIBO or Alexa 594-DIBO, at 37°C for 5 h, and
the fluorescently-labeled products were fractionated on a gel
and analyzed (Figure 4).
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Each position of the tRNA was effectively labeled with
Alexa 488 and Alexa 594. The labeling efficiencies of each
transcript obtained by using 2 mM N3-PaTP (lanes 13-15
and 18-20 in Figure 4) were higher than those obtained by
using 1 mM Nj3-PaTP (lanes 3-5 and 8-10 in Figure 4).
Slight misincorporations of N3-PaTP opposite the natural
bases were also observed (lanes 2, 7, 12 and 17 in Figure 4).
To determine the precise incorporation selectivity of Nj-
PaTP at different concentrations (1 or 2 mM) during tran-
scription, the transcripts obtained using the 47Ds and 59Ds
templates were subjected to nucleotide-composition analy-
ses (Figure 5 and Table 2). When using 1 mM N3-PaTP, the
incorporation selectivity was around 85-86%, and when us-
ing 2 mM Nj3-PaTP, the incorporation selectivity increased
to around 93-95%. However, the misincorporation rates
were also increased with the higher concentration of Nj3-
PaTP (Table 2), as shown in lanes 2, 7, 12 and 17 in Fig-
ure 4. The misincorporation rates per base were 0.059% and
0.12% for transcription reactions in the presence of 1 mM
and 2 mM N;-PaTP, respectively.

Transcription and site-specific labeling of the 260-mer RNA

To demonstrate the wide range of applications of this label-
ing method, we examined the transcription of a much longer
RNA molecule (260-mer) and its specific labeling at posi-
tion 43. For the transcription, a 282-bp double-stranded

DNA template containing Ds was prepared by fusion PCR,
involving another set of an unnatural base pair between Ds
and Px that exhibits high fidelity in PCR, using a plasmid
DNA (Figure 6A) (30). To evaluate the misincorporation
of N3-PaTP opposite natural bases in the long template, we
also prepared a control 282-bp double-stranded DNA tem-
plate consisting of only the natural base pairs. T7 transcrip-
tion was performed using these templates with different
concentrations (0, 0.25,0.5, 1.0 or 2.0 mM) of N3-PaTP and
2 mM natural NTPs, at 37°C for 3 h. After transcription, the
transcripts were purified by denaturing gel electrophoresis.
The 5’-phosphate of the transcripts was removed by phos-
phatase, and then the 5'-terminus of each transcript was *2P-
labeled with T4 polynucleotide kinase and [y-*P] ATP, for
further analysis.

The 3?P-labeled transcripts (1 wM) were reacted with 50
molar equivalents of DIBO reagents (Alexa 594-DIBO or
biotin-DIBO) at 37°C for 5 h (for Alexa 594-DIBO) or for
19 h (for biotin-DIBO), and the modified transcripts were
analyzed by denaturing gel electrophoresis (Figure 6B for
Alexa 594 modification and Figure 6C for biotinylation).
The presence of higher concentrations of N3-PaTP during
the transcription of the Ds-containing DNA template in-
creased the labeling efficiency with Alexa 594-DIBO (lanes
6-9 in Figure 6B). Simultaneously, the misincorporation
rates of N3-PaTP opposite the natural bases also increased
with the higher N3-PaTP concentrations, as shown in the
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Table 2. Nucleotide-composition analysis of tRNA transcripts

Entry Template N3-PaTP (mM) Composition of nucleotides incorporated at 5" neighbor of C

Ap Gp Cp Up Nj3-Pap
1 control 0 2.982 [3]P (<0.01)°  4.01 [4] (<0.01) 3.98 [4] (<0.01) 6.03 [6] (0.02) n.d.c [0] (-)
2 control 1 2.99 [3] (0.02) 4.05 [4] (<0.01) 3.92[4] (0.01) 6.02 [6] (0.01) 0.01 [0] (<0.01)
3 47Ds 1 3.04 [3] (<0.01) 4.04 [4] (<0.01) 4.00 [4] (<0.01) 5.07 [5] (<0.01) 0.86 [1] (<0.01)
4 59Ds 1 3.03[3] (<0.01) 4.08 [4] (<0.01) 3.96 [4] (<0.01) 5.09 [5] (<0.01) 0.85[1](<0.01)
5 control 0 2.96 [3](0.01) 4.04 [4] (0.01) 3.93[4] (0.01) 6.06 [6] (0.01) n.d. [0] (-)
6 control 3 2.97[3](0.01) 4.05[4](0.01) 3.95[4](0.01) 6.02 [6] (0.01) 0.02[0] (0.01)
7 47Ds 3 2.99 [3] (<0.01) 4.08 [4](0.01) 3.95[4](0.03) 5.05[5]1(0.01) 0.93[1](0.01)
8 59Ds 3 2.98[3](0.02) 4.06 [4] (0.01) 3.93[4] (0.01) 5.08 [5] (<0.01) 0.95[1](0.02)

4The values were determined from the following formula: (radioactivity of each nucleotide)/[total radioactivity of all nucleotides (3’-monophosphates)] x

(total number of nucleotides at 5'-neighbor positions of the [a->2P] CTP incorporation sites).

PThe theoretical number of each nucleotide is shown in brackets.
¢Standard deviations are shown in parentheses.
dNot detected.

Alexa 594-DIBO modification of the transcripts from the
control DNA template (lanes 1-5 in Figure 6B).

To estimate the incorporation selectivity of N3-PaTP op-
posite Ds and the misincorporation rate of N3-PaTP op-
posite the natural bases in transcription, we quantified the
biotin-labeled transcripts prepared with biotin-DIBO, by
gel-shift assays using streptavidin (Figure 6C). When us-
ing 0.25, 0.5, 1.0 and 2.0 mM Nj3-PaTP, the selectivities of
the N3-Pa incorporation opposite Ds were 60%, 70%, 79%
and 86%, respectively (lanes 11-18 in Figure 6C), and the
misincorporation rates were 0.015%, 0.023%, 0.042% and
0.077% per base, respectively (lanes 1-10 in Figure 6C).

At a glance, the selectivity and misincorporation rates were
lower than those of the tRNA transcripts. This might be be-
cause of the low reactivity of biotin-DIBO. Thus, even for
long RNA molecules, the Ds and Nj3-Pa base pair system
functions with high selectivity in transcription and post-
transcriptional modification by the copper-free click reac-
tion.

DISCUSSION

We developed a site-specific post-transcriptional modifica-
tion method by the genetic alphabet expansion system, us-
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ing the Ds—Pa pair combined with copper-free click chem-
istry. The chemically synthesized nucleoside 5'-triphosphate
of the azide-conjugated unnatural Pa base was very sta-
ble under physiological conditions, and was efficiently and
selectively incorporated into RNA opposite Ds in tem-
plates by T7 transcription. The incorporated N3-Pa in
transcripts can be modified by copper-free click chem-
istry with any DIBO derivatives. Due to the difficulties
of phosphoramidite synthesis with azide-nucleoside deriva-
tives (13-15), the chemical synthesis of RNA containing

azide groups is very limited. Thus, our unnatural base pair
system would be very useful for the site-specific incorpora-
tion of azide groups into RNA. Furthermore, long RNA
molecules (more than 200 bases) could be modified by this
system, within the constraint of the base pairing fidelity. For
the transcription of long RNA molecules, their DNA tem-
plates can be prepared and amplified by PCR involving the
Ds—Px pair, as shown in Figure 6A.

When using an equivalent molar ratio of the natural and
N;3-Pa base substrates, the incorporation selectivity of Nj-



PaTP opposite Ds is 85-86% and the misincorporation rate
of N3-PaTP opposite the natural bases is 0.059% per base.
This fidelity is very similar to our previous data for the bi-
otinylated PaTP, with 90% selectivity and a 0.059% misin-
corporation rate (17). Furthermore, these unnatural base
misincorporation rates are lower than those of the non-
cognate pairings among the natural bases. Our previous
data for the misincorporation rate of biotinylated uridine
S’-triphosphate (UTP) opposite the natural bases, except for
A, showed 0.138% per base in T7 transcription under simi-
lar conditions (17). This natural base misincorporation rate
is equivalent to that (0.12% per base) in the transcription
using 2 mM N3-PaTP and 2 mM natural NTPs, in which
the selectivity of N3-PaTP opposite Ds increases to 93-95%.
Thus, depending on the desired objectives, the molar ratio
between the unnatural and natural base substrates should
be adjusted. If the modification efficiency is important, then
the combination of 2 mM N;3-PaTP and 2 mM natural base
NTPs should be chosen. In contrast, if a single modification
is required, such as for analyzing a single RNA molecule,
then reducing the N3-PaTP concentration is recommended.

The ability to incorporate a new variable unit into
biopolymers will stimulate researchers’ imagination.
Fluorescently-labeled RNA molecules are useful to exam-
ine interactions with other fluorescently-labeled molecules,
such as tRNA-ribosome and tRNA-rRNA interactions
in translation, by fluorescence resonance energy transfer
(FRET) in an in vitro system (39). The injection of labeled
RNA molecules into a cell will allow observations of the
localization of functional RNA molecules at the single
cell level (40). However, our method is still just shy of
being applicable to single-molecule analyses using labeled
large RNA molecules, like TRNA, because of the slight
misincorporation of N3-Pa opposite natural bases.

An advantage of the unnatural base pair system is that it
can be applied to in vivo experiments. Recently, Romesberg’s
group demonstrated the introduction of an artificial DNA
containing their unnatural base pair into Escherichia coli
(24). Thus, our RNA modification method could be used
for analyzing the localization of target RNA molecules that
are expressed in a cell: by transcription with N3-PaTP us-
ing a cell in which the Ds—Px pair is introduced into a spe-
cific position of a target gene, the target transcripts modified
with N3-Pa could be observed by histological staining using
DIBO fluorescence. To realize this in vivo imaging, an effi-
cient incorporation method of fluorescent click chemistry
reagents into cells without any negative effects should be
developed in the future.

We now have two sets of labeled RNA molecules, in
which one has Nj3-Pa at a desired position and another
has ethynyl-linked Pa (Eth-C4-Pa) that we previously re-
ported (31). The combination of N3-Pa and Eth-C4-Pa in
two RNA molecules might be fixed by clicking each other
through the intermolecular RNA-RNA interaction. By us-
ing the mixture of N3-PaTP and Eth-C4-PaTP in transcrip-
tion, the tertiary structure of a single RNA molecule could
be fixed between two incorporation sites with a 50% chance
if the sites between N3-Pa and Eth-C4-Pa are spatially close
each other.

Another type of double-labeling in a single RNA
molecule is also possible by this Ds—Pa pair transcription
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system. Modified Ds bases, as well as Ds, can be incor-
porated into a specific position of transcripts, opposite Pa
in templates, by T7 transcription (41,42). One of the mod-
ified Ds bases is a strongly fluorescent 7-(2,2’-bithien-5-
yl)-imidazo[4,5-b]pyridine (Dss) base (excitation max.: 370
nm, emission max.: 442 nm) (41,43), and FRET experi-
ments of functional RNA molecules can be performed by
site-specific double-labeling with Dss and other fluorescent
groups with an excitation range of 440-550 nm, such as Cy3
and Alexa 555, which can be introduced into an N3-Pa po-
sition in transcripts. Another unnatural base, 2-amino-6-
thienylpurine (s), is also fluorescent (excitation max.: 352
nm, emission max.: 434 nm) and can be incorporated into
RNA opposite Pa by T7 transcription (42,44). The double-
labeling of functional RNA molecules by the combination
of fluorescent-Pa and s is in progress.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

Grant-in-Aid for Scientific Research [KAKENHI
26248043] from the Ministry of Education, Culture, Sports,
Science and Technology; Japan Science and Technology
Agency (JST) Precursory Research for Embryonic Science
and Technology (PRESTO). Funding for open access
charge: RIKEN Center for Life Science Technologies.
Conflict of interest statement. None declared.

REFERENCES

1. Rostovtsev,V.V., Green,L.G., Fokin,V.V. and Sharpless,K.B. (2002) A
stepwise huisgen cycloaddition process: copper(I)-catalyzed
regioselective ‘ligation’ of azides and terminal alkynes. Angew. Chem.
Int. Ed. Engl., 41, 2596-2599.

2. Tornoe,C.W., Christensen,C. and Meldal,M. (2002) Peptidotriazoles
on solid phase: [1,2,3]-triazoles by regiospecific copper(I)-catalyzed
1,3-dipolar cycloadditions of terminal alkynes to azides. J. Org
Chem., 67, 3057-3064.

3. Burley,G.A., Gierlich,J., Mofid,M.R., Nir,H., Tal,S., Eichen,Y. and
Carell, T. (2006) Directed DNA metallization. J. Am. Chem. Soc., 128,
1398-1399.

4. Gramlich,P.M., Warncke,S., Gierlich,J. and Carell,T. (2008)
Click-click-click: single to triple modification of DNA. Angew. Chem.
Int. Ed. Engl., 47, 3442-3444.

5. Jao,C.Y. and Salic,A. (2008) Exploring RNA transcription and
turnover in vivo by using click chemistry. Proc. Natl. Acad. Sci.
US.A., 105, 15779-15784.

6. Salic,A. and Mitchison,T.J. (2008) A chemical method for fast and
sensitive detection of DNA synthesis in vivo. Proc. Natl. Acad. Sci.
US.A., 105, 2415-2420.

7. Hong, V., Presolski,S.I., Ma,C. and Finn,M.G. (2009) Analysis and
optimization of copper-catalyzed azide-alkyne cycloaddition for
bioconjugation. Angew. Chem. Int. Ed. Engl., 48, 9879-9883.

8. Rao,H., Tanpure,A.A., Sawant,A.A. and Srivatsan,S.G. (2012)
Enzymatic incorporation of an azide-modified UTP analog into
oligoribonucleotides for post-transcriptional chemical
functionalization. Nat. Protoc.,7, 1097-1112.

9. Langereis,M.A., Feng,Q., Nelissen,F.H., Virgen-Slane,R., van der
Heden van Noort,G.J., Maciejewski,S., Filippov,D.V., Semler,B.L.,
van Delft,F.L. and van Kuppeveld,F.J. (2014) Modification of
picornavirus genomic RNA using ‘click’ chemistry shows that
unlinking of the VPg peptide is dispensable for translation and
replication of the incoming viral RNA. Nucleic Acids Res., 42,
2473-2482.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv638/-/DC1

6676 Nucleic Acids Research, 2015, Vol. 43, No. 14

20.

21.

22.

23.

24.

25.

26.

27.

. Winz,M.L., Samanta,A., Benzinger,D. and Jaschke,A. (2012)

Site-specific terminal and internal labeling of RNA by poly(A)
polymerase tailing and copper-catalyzed or copper-free
strain-promoted click chemistry. Nucleic Acids Res., 40, 78.

. Takemoto,H., Miyata,K., Ishii,T., Hattori,S., Osawa,S.,

Nishiyama,N. and Kataoka,K. (2012) Accelerated polymer-polymer
click conjugation by freeze-thaw treatment. Bioconjug. Chem., 23,
1503-1506.

. Jayaprakash,K.N., Peng,C.G., Butler,D., Varghese,J.P.,, Maier,M.A.,

Rajeev,K.G. and Manoharan,M. (2010) Non-nucleoside building
blocks for copper-assisted and copper-free click chemistry for the
efficient synthesis of RNA conjugates. Org. Lett., 12, 5410-5413.

. Jawalekar,A.M., Meeuwenoord,N., Cremers,J.S., Overkleeft,H.S.,

van der Marel,G.A., Rutjes,F.P. and van Delft,F.L. (2008)
Conjugation of nucleosides and oligonucleotides by [3+2]
cycloaddition. J. Org. Chem., 73, 287-290.

. Wada,T., Mochizuki,A., Higashiya,S., Tsuruoka,H., Kawahara,S.,

Ishikawa,M. and Sekine,M. (2001) Synthesis and properties of
2-azidodeoxyadenosine and its incorporation into
oligodeoxynucleotides. Tetrahedron Lett., 42,9215-9219.

. Fomich,M.A., Kvach,M.V., Navakouski,M.J., Weise,C.,

Baranovsky,A.V., Korshun,V.A. and Shmanai,V.V. (2014) Azide
phosphoramidite in direct synthesis of azide-modified
oligonucleotides. Org Lett., 16, 4590-4593.

. Hirao,I., Ohtsuki, T., Fujiwara,T., Mitsui,T., Yokogawa,T., Okuni,T.,

Nakayama,H., Takio,K., Yabuki,T., Kigawa,T. et al. (2002) An
unnatural base pair for incorporating amino acid analogs into
proteins. Nat. Biotechnol., 20, 177-182.

. Hirao,I., Kimoto,M., Mitsui, T., Fujiwara,T., Kawai,R., Sato,A.,

Harada,Y. and Yokoyama,S. (2006) An unnatural hydrophobic base
pair system: site-specific incorporation of nucleotide analogs into
DNA and RNA. Nat. Methods, 3, 729-735.

. Kimoto,M., Kawai,R., Mitsui,T., Yokoyama,S. and Hirao,l. (2009)

An unnatural base pair system for efficient PCR amplification and
functionalization of DNA molecules. Nucleic Acids Res., 37, el4.

. Yamashige,R., Kimoto,M., Takezawa, Y., Sato,A., Mitsui,T.,

Yokoyama,S. and Hirao,I. (2012) Highly specific unnatural base pair
systems as a third base pair for PCR amplification. Nucleic Acids
Res., 40, 2793-2806.

Kimoto,M., Yamashige,R., Matsunaga,K., Yokoyama,S. and
Hirao,l. (2013) Generation of high-affinity DNA aptamers using an
expanded genetic alphabet. Nat. Biotechnol., 31, 453-457.
Malyshev,D.A., Seo,Y.J., Ordoukhanian,P. and Romesberg,F.E.
(2009) PCR with an expanded genetic alphabet. J. Am. Chem. Soc.,
131, 14620-14621.

Seo,Y.J., Matsuda,S. and Romesberg,F.E. (2009) Transcription of an
expanded genetic alphabet. J Am. Chem. Soc., 131, 5046-5047.
Malyshev,D.A., Dhami,K., Quach,H.T., Lavergne,T.,
Ordoukhanian,P, Torkamani,A. and Romesberg,F.E. (2012) Efficient
and sequence-independent replication of DNA containing a third
base pair establishes a functional six-letter genetic alphabet. Proc.
Nat. Acad. Sci. U.S.A., 109, 12005-12010.

Malyshev,D.A., Dhami,K., Lavergne,T., Chen,T., Dai,N.,
Foster,J.M., Correa,l.R. Jr and Romesberg,F.E. (2014) A
semi-synthetic organism with an expanded genetic alphabet. Nature,
509, 385-388.

Yang,Z., Sismour,A.M., Sheng,P., Puskar,N.L. and Benner,S.A.
(2007) Enzymatic incorporation of a third nucleobase pair. Nucleic
Acids Res., 35, 4238-4249.

Yang,Z., Chen,F., Alvarado,J.B. and Benner,S.A. (2011)
Amplification, mutation, and sequencing of a six-letter synthetic
genetic system. J. Am. Chem. Soc., 133, 15105-15112.

Sefah,K., Yang,Z., Bradley,K.M., Hoshika,S., Jimenez,E., Zhang,L.,
Zhu,G., Shanker,S., Yu,E., Turek,D. et al. (2014) In vitro selection

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

with artificial expanded genetic information systems. Proc. Natl.
Acad. Sci. US.A., 111, 1449-1454.

Kimoto,M. and Hirao,I. (2010) Site-specific incorporation of extra
components into RNA by transcription using unnatural base pair
systems. Methods Mol. Biol., 634, 355-369.

Morohashi,N., Kimoto,M., Sato,A., Kawai,R. and Hirao,I. (2012)
Site-specific incorporation of functional components into RNA by an
unnatural base pair transcription system. Molecules, 17, 2855-2876.
Kimoto,M., Yamashige,R., Yokoyama,S. and Hirao,I. (2012) PCR
amplification and transcription for site-specific labeling of large RNA
molecules by a two-unnatural-base-pair system. J. Nucleic Acids,
2012, 230943.

Ishizuka,T., Kimoto,M., Sato,A. and Hirao,l. (2012) Site-specific
functionalization of RNA molecules by an unnatural base pair
transcription system via click chemistry. Chem. Commun., 48,
10835-10837.

Baskin,J.M., Prescher,J.A., Laughlin,S.T., Agard,N.J., Chang,P.V.,
Miller,I.A., Lo,A., Codelli,J.A. and Bertozzi,C.R. (2007) Copper-free
click chemistry for dynamic in vivo imaging. Proc. Natl. Acad. Sci.
US.A., 104, 16793-16797.

Kennedy,D.C., McKay,C.S., Legault,M.C., Danielson,D.C.,
Blake,J.A., Pegoraro,A.F., Stolow,A., Mester,Z. and Pezacki,J.P.
(2011) Cellular consequences of copper complexes used to catalyze
bioorthogonal click reactions. J. Am. Chem. Soc., 133, 17993-18001.
Benders,A.A., Li,J., Lock,R.A., Bindels,R.J., Bonga,S.E. and
Veerkamp,J.H. (1994) Copper toxicity in cultured human skeletal
muscle cells: the involvement of Na+/K(+)-ATPase and the
Na+/Ca(2+)-exchanger. Pflugers Arch., 428, 461-467.
Stubinitzky,C., Cserep,G.B., Batzner,E., Kele,P. and
Wagenknecht,H.A. (2014) 2’-Deoxyuridine conjugated with a
reactive monobenzocyclooctyne as a DNA building block for
copper-free click-type postsynthetic modification of DNA. Chem.
Commun., 50, 11218-11221.

Mitsui, T., Kimoto,M., Sato,A., Yokoyama,S. and Hirao,l. (2003) An
unnatural hydrophobic base, 4-propynylpyrrole-2-carbaldehyde, as an
efficient pairing partner of 9-methylimidazo[(4,5)-b]pyridine. Bioorg.
Med. Chem. Lett., 13, 4515-4518.

Rosemeyer,H. and Seela,F. (1988) Stereoselective Synthesis of
Pyrrolo[2,3-D]Pyrimidine a-D-Ribonucleosides and
b-D-Ribonucleosides from Anomerically Pure D-Ribofuranosyl
Chlorides - Solid-Liquid Phase-Transfer Glycosylation and
I>N-NMR Spectra. Helv. Chim. Acta, 71, 1573-1585.

Kao,C., Rudisser,S. and Zheng,M.X. (2001) A simple and efficient
method to transcribe RNAs with reduced 3’ heterogeneity. Methods,
23, 201-205.

Capece,M.C., Kornberg,G.L., Petrov,A. and Puglisi,J.D. (2015) A
simple real-time assay for in vitro translation. RNA, 21, 296-305.
Tokunaga,M., Imamoto,N. and Sakata-Sogawa,K. (2008) Highly
inclined thin illumination enables clear single-molecule imaging in
cells. Nat. Methods, 5, 159-161.

Kimoto,M., Mitsui,T., Yokoyama,S. and Hirao,I. (2010) A unique
fluorescent base analogue for the expansion of the genetic alphabet. J.
Am. Chem. Soc., 132, 4988-4989.

Kimoto,M., Mitsui,T., Harada,Y., Sato,A., Yokoyama,S. and
Hirao,l. (2007) Fluorescent probing for RNA molecules by an
unnatural base-pair system. Nucleic Acids Res., 35, 5360-5369.
Kimoto,M., Mitsui,T., Yamashige,R., Sato,A., Yokoyama,S. and
Hirao,l. (2010) A new unnatural base pair system between
fluorophore and quencher base analogues for nucleic acid-based
imaging technology. J. Am. Chem. Soc., 132, 15418-15426.
Hikida,Y., Kimoto,M., Yokoyama,S. and Hirao,l. (2010) Site-specific
fluorescent probing of RNA molecules by unnatural base-pair
transcription for local structural conformation analysis. Nat. Protoc.,
5, 1312-1323.



