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Summary

A photo-sensitive ribonucleotide of 5-iodo-2-oxo(1H)
pyridine (ly) capable of site-specific incorporation into
transcripts was developed. The site-specific ly incor-
poration into RNA was achieved by T7 transcription
mediated by unnatural base pairing between ly and its
partner, 2-amino-6-(2-thienyl)purine (s). By this spe-
cific transcription, ly was incorporated into an anti-
(Raf-1) RNA aptamer, which binds to human Raf-1 and
inhibits the interaction between Raf-1 and Ras. Pro-
tein-dependent photo-dimerization of the aptamer
was observed when ly was located at specific posi-
tions in the aptamer, showing that the site-specific
incorporation of the photo-sensitive component into
RNA achieves highly specific crosslinking. This spe-
cific transcription mediated by the unnatural base pair
would be a powerful tool for generating high-affinity
RNA ligands and for analyzing RNA-RNA and RNA-
protein interactions, as well as for constructing RNA-
based nanostructures.

Introduction

Transcription that enables the site-specific incorpora-
tion of unnatural components into RNA facilitates the
development of RNA molecules with novel functionality
[1, 2]. This specific transcription is achieved by the third
base pair working with the natural A-T(U) and G-C base
pairs in transcription. The unnatural base pair can medi-
ate the site-specific incorporation of the functional com-
ponents carried by nucleoside triphosphates of the un-
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natural base. In comparison to the conventional methods
using modified ribonucleotides in place of one of the
natural ribonucleotides [2-10], such as 5-substituted
uracil nucleotides, or by chemical RNA synthesis, the
specific transcription would be a more powerful tool for
generating RNA catalysts and ligands with high specific-
ity and functionality, for site-specific labeling, and for
creating immobilizing RNAs.

Until recently, the isoguanine-isocytosine (isoG-isoC)
and xanthosine-diaminopyrimidine pairs were the only
unnatural base pairs functioning with the natural base
pairs in transcription [11, 12]. For example, the substrate
of isoG was specifically incorporated into RNA by T7
RNA polymerase opposite isoC in templates. Using this
base pair system, the site-specific incorporation of the
6-aminohexyl derivative of isoG into a small RNA frag-
ment (10-mer) was performed [13]. Although the 6 posi-
tion of isoG is an appropriate site for connecting with
functional groups, a more suitable site is the 5 position
of pyrimidines and their analogs. Many 5-substituted
pyrimidines and the analogs can be synthesized via
5-halo derivatives [3, 6, 7, 10, 14-22]. In addition, since
the 5 position does not take part in the base pair forma-
tion, the transcription efficiency for the incorporation of
the 5-substituted pyrimidines is relatively high [6, 18].
Thus, the site-specific incorporation of isoC or diamino-
pyrimidine derivatives into RNA might serve many uses.
However, the substrates of these 2-aminopyrimidines
cannot be incorporated into RNA [11] because they lack
the 2-keto group, which is important for recognition by
T7 RNA polymerase [23]. Therefore, the further develop-
ment of unnatural base pairs to which functional groups
are easily introduced enables the creation of various
RNA molecules with increased functionality.

We recently developed unnatural base pairs between
2-amino-6-N,N-dimethylaminopurine (x) and 2-oxo(1H)
pyridine (y), and 2-amino-6-(2-thienyl)purine (s) and y
[24-27], which were designed by combining the con-
cepts of hydrogen-bonding patterns [12] and shape
complementarity (Figure 1) [28, 29]. The x-y and s-y pairs
worked with the natural A-T(U) and G-C base pairs in
transcription [25, 27]. The substrate of y (yTP) was site
specifically incorporated into RNA opposite s or x in
templates by T7 RNA polymerase. In particular, the tran-
scriptional specificity of the s-y pairing was as high as
those of the natural base pairings, and the s-y pair was
utilized in a cell-free transcription-translation system for
the site-specific incorporation of an amino acid analog
into a protein [27]. Thus, the nucleoside substrates of
5-substituted y would be useful for the specific tran-
scription to prepare RNA molecules with novel function-
ality. In addition, the site-specific incorporation of heavy
atoms, such as iodine and bromine, into RNA would
facilitate X-ray crystallography of large RNA molecules
and RNA-protein complexes. Here, we report the syn-
thesis of the nucleoside 5'-triphosphate of 5-iodo-2-
oxo(1H)pyridine (ly), which has the potential to function
as a photoactivated crosslinking component as well as
an intermediate for further modification of the 5 position.
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Figure 1. Unnatural Base Pairs between 2-Amino-6-(2-Thienyl)Pu-
rine (s) and 2-Oxo(1H)Pyridine (y: X = H) Derivatives (ly: X = iodo)
in Comparison with a Noncognate s-T Pair

The bulky 6-thienyl group of s prevents the noncognate s-T (B) and
s-C pairings, but the relatively small hydrogen at the 6-position of y
maintains the shape complementarity of the s-y and s-ly pairings (A).

To examine the crosslinking ability, we performed the
specific incorporation of lyTP into an RNA ligand (so-
called aptamer).

Results and Discussion

The ribonucleoside of 5-iodo-2-oxo(1H)pyridine (ly) was
derived from the ribonucleoside of y (Figure 2). The iodin-
ation of the nucleoside of y was accomplished by heat-
ing at 100°C for 12 hr with a mixture of iodine and potas-
sium iodide under alkaline conditions [30] to give the
nucleoside of ly (34%). Although the yield was relatively
low, the unreacted nucleoside of y (53%) was recovered
from the reaction mixture. The product [3-(3-D-ribofura-
nosyl)-5-iodo-2-oxo(1H)pyridine] was characterized by
'H-NMR, ®*C-NMR, and mass spectrometry. The '"H-NMR
spectrum of the base moiety indicated the introduction
of iodine to the 5-position of y; the H5 signal (6.21 ppm,
t, 1H, J = 6.8 Hz) of y had disappeared, and the chemical
shifts of the H6 and H4 protons had changed from 7.58
ppm and 7.32 ppm to 7.77 ppm and 7.58 ppm, respec-
tively. The UV spectrum of the ly nucleoside displayed
an absorption maximum of 318 nm, which was shifted
from that of y (\,.x = 300 nm). The nucleoside of ly (1
mM) in 10 mM Tris-HCI (pH 7.6) was completely decom-
posed (t;, = 12 min) by irradiation at 302 nm for 1 hr,
suggesting the potential of ly as a crosslinking reagent.
The ribonucleoside was converted to the nucleoside
5’-triphosphate (lyTP) to function as a substrate in T7
transcription. The molar absorption coefficient of IlyTP
(1.2 X 10% at 260 nm and 5.5 X 10% at 318 nm) at pH 7.0
was determined by quantitative analysis of the phospho-
rus in the compound [31].

First, the specific incorporation of lyTP into RNA was
assessed using short DNA templates (35-mer, temp35s
containing an unnatural s base and temp35A consisting
of the natural bases as a control) from which 17-mer
transcripts were obtained. The 35-mer template strands
included the promoter sequence for T7 RNA polymerase

followed by a short sequence consisting of C and T,
except for s or A at position +11, and G at position +16
(Figure 3A). These template strands were annealed with
a 21-mer nontemplate strand, and the transcription was
carried out by T7 RNA polymerase with 1 mM natural
NTPs, 10 mM GMP, and 0.1 pCi/ul [a-*2P]JATP in the
presence or absence of lyTP (0, 0.25, 0.5, or 1 mM) at
37°C for 3 hr. The nucleotides that became the 5’ neigh-
bor of A in the products were labeled at the 3' phos-
phates, because [«-*?P]JATP was used for internal label-
ing in transcription (Figure 3A). Then, the transcripts
were digested with RNase T,, and the resulting labeled
nucleoside 3' monophosphates, including the nucleo-
tide opposite s, were analyzed by 2D thin-layer chroma-
tography (2D-TLC) [25, 27] (Figure 3B and Table 1, en-
tries 1-7).

The nucleotide composition analysis of the transcripts
confirmed the specific incorporation of ly into RNA op-
posite s in the templates (Figure 3B and Table 1). On
the 2D-TLC, a spot corresponding to the nucleotide of ly
(lyp) appeared only from the transcription using temp35s
(Figure 3B). Quantification of the spots on the 2D-TLC
indicated that the incorporation efficiency of lyTP was
higher than that of yTP [27]; the combination of 0.25
mM IlyTP with 1 mM natural NTPs was sufficient for the
specific lyTP incorporation opposite s (Table 1, entry
7). This high efficiency resulted in the subtle misincorpo-
ration of lyTP opposite natural bases in the templates,
when the concentration (1 mM) of lyTP was equivalent
to those of the natural NTPs (1 mM) (Table 1, entry 1).
The specificity was improved by decreasing the concen-
tration (0.25 mM) of IyTP (Table 1, entries 3 and 7). In
this assay, the composition of Gp was relatively small
in comparison to the theoretical number. However, this
did not result from the s-y pairing in transcription, be-
cause this tendency also appeared in the natural tran-
scription using the control template, temp35A, in the
absence of IlyTP (Table 1, entry 4).

Next, we incorporated ly into an RNA aptamer to ex-
amine the photo-crosslinking ability of the RNA aptamer
in the presence of its target molecule. For this purpose,
we chose an anti-(Raf-1) aptamer (100-mer), which was
obtained by in vitro selection as an RNA ligand that binds
to the human Raf-1 protein and inhibits the interaction
between Raf-1 and Ras [32]. Enzymatic and chemical
experiments indicated that the aptamer forms a
psuedoknot-type structure (Figure 4A) [32]. The sub-
strate, lyTP, was incorporated within specific positions
(positions 84, 87, 92, or 84 and 92) of the 3’ single-
stranded region of the aptamer (Figure 4A). The site-
specific incorporation of s into DNA templates can be
achieved by PCR ampilification using 3’ primers con-
taining s at specific positions (Figure 4B). The internally
labeled transcripts obtained by T7 transcription in the
presence or absence of lyTP were analyzed by gel elec-
trophoresis (Figure 4C). In consideration of the high effi-

Figure 2. Synthesis of lyTP
-0-P—0 X Conditions: (a) |,, Kl, Na,CO;, H,0, (b) POCl,,

o- o proton sponge in PO(OCH,),;, and then tri-
WO OH n-butylamine, bis(tributylammonium)pyrophos-
phate in DMF.
lyTP
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Non-template strand 5'-d(ATAATACGACTCACTATAGGG)

Template strand
N = s (temp35s)
or A (temp35A)

Full-length product (17-mer)

*P-Labeled nucleotides

3-d(TATTATGCTGAGTGATATCCCTCCTTCTNTCTCGT)

1

T7 RNA polymerase

Figure 3. T7 Transcription Employing the s-ly
Pairing

Schemes of the experiments (A) and two-
dimensional TLC (B) for nucleotide-composi-
tion analyses of transcripts. The quantitative
data are shown in Table 1, entries 1-7.
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ciency of lyTP, the transcription was carried out with
0.25 mM lyTP and 1 mM natural NTPs. The relative yields
of the transcripts containing one ly nucleotide at posi-
tion 84, 87, or 92 (Figure 4C, lanes 4, 6, and 8, respec-
tively) were 56%-69% as compared to that of the natural
transcript from the original template (Figure 4C, lane 1).
Even in the transcription using the template containing
two s bases (Figure 4C, lane 10), the transcript con-

taining two ly nucleotides was obtained with a 33%
yield relative to the natural transcript. The transcription
efficiencies in the absence of lyTP were lower than those
in the presence of lyTP, and the transcriptions were
partially paused at the positions opposite s in the tem-
plates (Figure 4C, lanes 3, 5, 7, and 9).

The site-specific incorporation of IlyTP into the ap-
tamer was confirmed by the nucleotide composition

Table 1. Nucleotide Composition Analysis of T7 Transcripts

Composition of Nucleotides Incorporated as 5’ Neighbor of A or G

Gp

Cp

Up

lyp

[a-2P]  IyTP

Entry  Template NTP (mM) Ap?

1 temp35A ATP 1 1.02° [1]° (0.03)¢
2 temp35A ATP 0.5 1.03 [1] (0.02)
3 temp35A ATP 0.25 1.05 [1] (0.04)
4 temp35A ATP 0 1.04 [1] (0.02)
5 temp35s ATP 1 1.05 [1] (0.02)
6 temp35s ATP 0.5 1.06 [1] (0.02)
7 temp35s ATP 0.25 1.05 [1] (0.01)
8 temp119 ATP 0 6.03 [6] (0.13)
9 temp119 ATP 0.25 6.06 [6] (0.17)
10 temp119 GTP 0 7.94 [8] (0.09)
11 temp119 GTP 0.25 7.85 [8] (0.09)
12 temp119s84 ATP 0.25 5.97 [6] (0.13)
13 temp119s84 GTP 0.25 7.97 [8] (0.16)
14 temp119s87 ATP 0.25 6.01 [6] (0.24)
15 temp119s87 GTP 0.25 7.83 [8] (0.11)
16 temp119s92 ATP 0.25 5.12 [5] (0.20)
17 temp119s92 GTP 0.25 7.04 [7] (0.13)
18 temp119s84s92  ATP 0.25 5.07 [5] (0.02)
19 temp119s84s92  GTP 0.25 7.02[7] (0.12)

0.94 [1] (0.01)
0.94 [1] (0.01)
0.94 [1] (0.02)
0.92 [1] (0.02)
0.92 [1] (0.02)
0.93 [1] (0.01)
0.93 [1] (0.01)
5.86 [6] (0.13)
5.87 [6] (0.18)
4.92 [5] (0.02)
4.94 [5] (0.14)
5.84 [6] (0.15)
5.01 [5] (0.10)
5.83 [6] (0.17)
4.86 [5] (0.15)
5.94 [6] (0.13)
5.00 [5] (0.03)
5.73 [6] (0.03)
4.94 [5] (0.13)

3.99 [4] (0.02)
3.98 [4] (0.02)
3.96 [4] (0.05)
4.00 [4] (0.01)
4.04 [4] (0.04)
3.99 [4] (0.01)
4.02 [4] (0.01)
7.06 [7] (0.04)
6.86 [7] (0.12)
4.11 [4] (0.09)
413 [4] (0.12)
7.03 [7] (0.01)
3.05 [3] (0.11)
6.08 [6] (0.17)
4.10 [4] (0.10)
7.01 [7] (0.21)
4.19 [4] (0.08)
6.82 [7] (0.22)
3.08 [3] (0.09)

1.03 [1] (0.01)
1.04 [1] (0.02)
1.05 [1] (0.02)
1.04 [1] (0.02)
0.02 [0] (0.01)
0.03 [0] (0.01)
0.03 [0] (0.01)
6.06 [6] (0.15)
6.13 [6] (0.14)
5.03 [5] (0.06)
5.00 [5] (0.26)
6.06 [6] (0.17)
5.04 [5] (0.11)
6.05 [6] (0.25)
5.13 [5] (0.27)
5.85 [6] (0.14)
4.85 [5] (0.05)
6.28 [6] (0.26)
5.05 [5] (0.14)

0.02 [0] (0.01)
0.01 [0] (0.01)
<0.01 [0] (<0.01)
ND®

0.98 [1] (0.02)
0.99 [1] (0.03)
0.97 [1] (0.01)
ND

0.10 [0] (0.03)
ND

0.08 [0] (0.03)
0.11 [0] (0.04)
0.93 [1] (0.03)
1.04 [1] (0.01)
0.09 [0] 0.04

0.08 [0] (0.03)
0.95 [1] (0.04)
0.13 [0] (0.01)
1.92 [2] (0.12)

Transcription was carried out using a solution (20 w.l) containing 2 pM of template for temp35A and temp35s or ~0.13 .M of template for the
temp119 series, 1 mM each natural NTP, 2 pCi of [«-*2P]ATP or [a-**P]GTP, 10 mM GMP, and 50 units of T7 RNA polymerase at 37°C for

3-6 hr.

2Composition of nucleotides incorporated as 5’ neighbor of p*A or p*G, as shown in Figures 2 and 3.
®The values were determined using the following formula: (radioactivity of each nucleotide)/[total radioactivity of all nucleotides (3'-
monophosphates)] X (total number of nucleotides at 5’ neighbor of A or G).

°The theoretical number of each nucleotide is shown in brackets.
dStandard deviations are shown in parentheses.
¢Not detected.
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g.d Uu —@— (A) The secondary structure of the anti-
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AL oA ~ (B) Schemes of the T7 transcription. The tem-
= lTT transcription plates containing s at specific positions
c A with lyTP (temp119s84, s87, s92, and s84s92) were
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Nucleotide composition analysis containing s.
(C) Gel electrophoresis of transcripts ob-
C tained by using [«-**PJATP and templates
positionsof s nos 84 87 92  84/92 lacking s (lanes 1 and 2; temp119) or con-
WIE . s m = m o my g taining s at positions 84 (lanes 3 and 4;
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g c 92 (lanes 7 and 8; temp119s92), or 84 and
100-mer oW - w - 92 (lanes 9 and 10; temp119s84s92) in the
92-mer - = presence or absence of lyTP (0.25 mM).
gz-mg - - (D) Two-dimensional TLC for nucleotide-
composition analyses of transcripts labeled
with [a-*?P]ATP or [a-*?P]GTP. The quantita-
tive data are shown in Table 1, entries 8-19.
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analysis (Figure 4D and Table 1, entries 8-19). Tran-
scripts were labeled internally with [a-32P]JATP or
[«-*?P]GTP, because the insertion positions of ly were
located at the 5’ side of either A or G. When the tran-
scripts were labeled with [«-*?P]GTP, guanosine 3',5'-
diphosphate (pGp) was generated from the 5’ terminal
guanosine of the transcripts, and the spot correspond-
ing to pGp was observed on 2D-TLC. As shown in Figure
4D, a high specificity of ly incorporation was observed
in the 2D-TLGC; the transcript from temp119s84 yielded
a spot corresponding to the nucleoside 3’ phosphate
of ly (lyp) only by labeling with [«-*?P]GTP, and the tran-
script from temp119s87 gave the spot corresponding
to lyp only by labeling with [«-*?P]JATP. Furthermore,
quantification of the TLC spots also showed the site-
specific ly incorporation into the transcripts opposite
s in the templates (Table 1, entries 12-19). A few ly
misincorporations into the aptamers opposite natural
bases in the templates were observed (Table 1, entries
9,11,12,15, 16, and 18), and the values of the ly compo-
sition in the transcripts were 0.08-0.13. However, these
misincorporations correspond to only 0.3%-0.6% per

position in the transcripts as determined by the following
formula: (the ly composition)/(total numbers of nucleo-
tide at 5’ neighbor of A or G) X 100 (%).
Photo-crosslinking of the anti-(Raf-1) aptamers con-
taining ly at specific positions was performed by irradia-
tion at 312 nm for 1 hr at 4°C in the presence of GST-
RBD, the Ras binding domain of Raf-1 as a fusion form
with glutathione S-transferase [33]. Prior to irradiation,
these aptamers were 5' labeled with [y-*?P]JATP, and
then after irradiation the products were analyzed by
gel electrophoresis (Figure 5A). We observed that the
aptamers containing ly at position 84 (aptamer ly84) or
87 (aptamer ly87) gave a clear band corresponding to
a photo-crosslinked product (Figure 5A, lanes 6 and
8). In contrast, the photo-crosslinking of the aptamers
containing ly at position 92 or positions 84 and 92 (Figure
5A, lanes 10 and 12) was much less efficient than those
at position 84 or 87. The photo-crosslinking of the non-
modified aptamers comprising only the natural bases
(Figure 5A, lanes 2 and 4) or the aptamer containing
5-iodouridines (IU) in place of uridines at random posi-
tions, which was prepared by a conventional method
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[34], was also inefficient (Figure 5A, lane 14). These re-
sults indicate that the site-specific ly incorporation into
the aptamer is important for photo-crosslinking.

To identify the photo-crosslinked product of the ap-
tamer, we did further experiments using the aptamers
ly84 and ly87. The photo-crosslinked products were also
obtained by the reaction of the aptamers in the absence
of GST-RBD, although the efficiency was much lower
than that in the presence of GST-RBD (Figure 5B, lanes
1 and 5). After the treatments of the photo-crosslinked
product with proteinase K or phenol (Figure 5B, lanes
3, 4, 7, and 8), no change of the band was observed on
the gel. Thus, these results indicate that the product
was not generated by crosslinking between the aptamer
and the protein. The mobility of the product band on
the gel was close to that of a 200-mer oligoribonucleo-
tide (data not shown). Therefore, we concluded that the
photo-crosslinked product was obtained by dimeriza-
tion of the aptamer.

We then determined the photo-crosslinking sites of

Figure 5. Photo-Crosslinking Experiments of

ly84 ly87
4+ 4+t the Anti-(Raf-1) Aptamers Containing ly at
o+ -+ 4+ Specific Positions
X E x g (A) Photo-crosslinking was performed by us-
- = ing RNAs transcribed from the original tem-

plate (temp119) lacking s with four natural
NTPs (native), from the original template with
the natural NTPs (1 mM) and lyTP (0.25 mM)
(ly), from the templates containing s at the
specific positions with the natural NTPs (1
mM) and lyTP (0.25 mM) (ly84, ly87, ly92, and
ly84/92), and from the original template with
34 6678 the natural NTPs (1 mM) and 5-iodoUTP (0.4
mM) (IU). The RNAs ly84, ly87, ly92, and ly84/
92 were obtained from the templates
temp119s84, temp119s87, temp119s92, and
temp119s84/92, respectively. Prior to UV irra-
diation, solutions containing the 3?P-labeled
RNA (20 nM) and GST-RBD (300 nM) were
incubated at 37°C for 30 min to form the
RNA:GST-RBD complexes. The solutions
were then irradiated by using a 312 nm transil-
luminator on ice for 1 hr. Products were de-
tected on an 8% polyacrylamide gel with 7 M
urea for analysis.
(B) Analysis of the crosslinked products. After
UV irradiation, the solutions were incubated
with proteinase K (PK) or extracted with phe-
nol/CHCI; (phenol).
(C) RNase T1 mapping. The autoradiograms
show the partially digested fragments of the
5'-end-labeled crosslinked or uncrosslinked
RNAs. Enzymatic probing: alone, RNA in the
RNase T1 reaction buffer only; OH, alkaline
hydrolysis; T1, RNase T1. RNA: XL(1:19), the
crosslinked product between the 5'-end-
labeled aptamer comprising only the natural
bases (wt*) and the nonlabeled aptamer ly87
(molar ratio in the crosslinking reaction,
wt*:ly87 = 1:19); XL(1:9), the crosslinked
product between wt* and the nonlabeled ly87
(molar ratio in the crosslinking reaction,
wt*:ly87 = 1:9); aptamer (UV+), the gel-puri-
fied wt* after UV irradiation; aptamer (UV-),
wt* without UV irradiation. Arrows mark posi-
tions 89 and 93, highlighting the photo-cross-
linking sites.

the aptamer ly87 by RNase T1 mapping. For this map-
ping, the photo-crosslinking was performed in the pres-
ence of GST-RBD with the mixture of the 5'-32P-labeled
aptamer comprising only the natural bases (wt*) and the
nonlabeled aptamer ly87. The photo-crosslinked dimer
between wt* and ly87 was purified by gel electrophore-
sis and was partially digested with RNase T1. The
digested products were analyzed by denaturing gel
electrophoresis (Figure 5C). The digested fragments
containing nucleotides crosslinked to ly87 were ex-
pected to appear as bands migrating more slowly than
the uncrosslinked fragments on the gel. As shown in
Figure 5C, the intensities of the bands corresponding
to the fragments 1-83 (G83), 1-85 (G85), especially 1-89
(G89), and 1-93 (G93) of the photo-crosslinked dimer
(Figure 5C, lanes 7 and 13) were much lower than those
of uncrosslinked RNAs (Figure 5C, lanes 3, 6, and 12). No
clear differences in the band intensities were observed
between lanes 1-3 and lanes 4-6, which were derived
from wt* with and without UV irradiation, respectively.
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B Crosslinked product (XL) of
anti-(Raf-1) aptamer (ly87)

A Anti-(Raf-1) aptamer
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XL:(GST—RBD):,b [t oot
aptamer:GST-RBD B XL-GST-RRD P bt
XL
aptamer [T
er-w228 o-w288
GST-RBD (nM) GST-RBD (nM)

Figure 6. Gel Mobility-Shift Assays

Binding of the anti-(Raf-1) aptamer with GST-RBD (A) and the cross-
linked product of ly87 with GST-RBD (B). Approximately 10 nM of
the anti-(Raf-1) aptamer or the crosslinked product of aptamer ly87
(XL) was applied with 0-100 nM GST-RBD on a native gel. The bands
corresponding to the anti-(Raf-1) aptamer, the aptamer:GST-RBD
(1:1) complex, XL, the XL:GST-RBD (1:1) complex, and the XL:(GST-
RBD), (1:2) complex are indicated on the left.

Thus, the lower intensities of the G83, G85, G89, and
G93 bands in lanes 7 and 13 depend on the photo-
crosslinking with the aptamer ly87.

RNase T1 mapping indicated that the crosslinking
sites of ly87 are located near the 3’ single-stranded
region of the aptamer at positions around 83-100. This
is quite consistent with the aptamer structure and func-
tion; the region from positions 1-80 formed the pseu-
doknot structure, and the region from positions 81-100
was neither involved in folding nor important for binding
to GST-RBD (Figure 4A) [32]. In fact, no photo-cross-
linked product was observed from the crosslinking of
the nonlabeled aptamer ly87 with the *?P-labeled 1-80
fragment of the aptamer comprising only the natural
bases (aptamer ly87:1-80 fragment = 9:1 molar ratio)
in the presence of GST-RBD (data not shown). These
results support the photo-crosslinking at the 3’ single-
stranded region of the aptamers.

This dimerization of the aptamers was stimulated in
the presence of the protein. This may be a consequence
of the protein dimerization; the GST moiety of the protein
is apt to dimerize in solution [35], and this allows the
two aptamers, each bound to the RBD moiety, to ap-
proach each other. Conversely, the photo-crosslinked
dimer of the aptamer was expected to bind to two mole-
cules of GST-RBD. Indeed, efficient complex formation
between the crosslinked aptamer and the two GST-RBD
molecules was observed by a gel-shift assay (Figure
6B). The (1:1) complex between the ordinary anti-(Raf-1)
aptamer and the GST-RBD was observed on the gel
(Figure 6A). In contrast, the crosslinked aptamer (10 nM)
easily formed the (1:2) complex with an excess amount
of GST-RBD (>10 nM) (Figure 6B). This indicates that
the photo-crosslinking does not disturb the binding of
the dimer aptamer with the protein, supporting the
crosslinking between the aptamers at their 3'-terminal
regions.

The photo-crosslinking of the anti-(Raf-1) aptamers
containing ly at specific positions shows that such
photo-crosslinking would be useful for analyzing the
quaternary structures of proteins. The crosslinked di-
mer-aptamer could be used as a scaffold for promoting
the dimerization of proteins and for constructing RNA-
based nanostructures [36-38]. In addition, RNA photo-

crosslinking experiments can provide meaningful infor-
mation for RNA association into more complex, higher-
ordered structures. For example, in ¢»29 viral procapsid
formation, the distance information obtained by the site-
specific photo-crosslinking of the multiplex of DNA-
packaging RNA (pRNA) was used as constraints in com-
puter modeling of the three-dimensional structure of the
pPRNA complex [39].

At present, RNA aptamers with photo-crosslinking
ability (photoaptamers) have been prepared by tran-
scription using 5-iodouridine triphosphate in place of
UTP, and thus all of the uridines in the aptamers are
substituted with 5-iodouridine [8, 9, 40, 41]. Photoap-
tamers can form a specific covalent bond with their
target molecules, and nonspecific binding can be re-
duced by stringent washing of the complexes. In com-
parison to this conventional method, the site-specific
incorporation of the photo-crosslinking component into
aptamers could increase the specificity to the target
molecules by site-specific crosslinking and reduce the
aptamer damage caused by an excess of photo-sensi-
tive components in the aptamers. To develop efficient
RNA aptamers that can covalently crosslink with a target
molecule, we are currently carrying out in vitro selec-
tions of RNA photoaptamers containing ly.

Significance

The photo-sensitive component, 5-iodo-2-oxo(1H)pyr-
idine (ly), can be incorporated into RNA at desired
positions by T7 transcription involving the unnatural
s-y base pairing. The DNA templates containing s can
be prepared by PCR using a 3’ primer containing s at
the desired positions. Thus, this specific transcription
is much easier than the chemical synthesis of RNA
for preparing RNAs with novel functionality, and the
transcripts might have more efficient and specific
functionalities than those obtained by the random in-
corporations of functional components in place of the
natural nucleotides. Here, we have shown the impor-
tance of the photo-sensitive component incorporation
within specific positions in the RNA aptamer for effec-
tive crosslinking. RNAs containing the photo-sensitive
ly would be useful for the studies of RNA-RNA and
RNA-protein interactions and for the tight binding of
aptamers to target molecules by photo-crosslinking,
toward diagnostic and therapeutic applications of
RNA photoaptamers [40, 41]. In addition, the site-spe-
cific crosslinking between RNA molecules might be
useful for constructing RNA-based nanostructures
and could provide useful information about complex,
higher-ordered structures [36-39]. The RNA molecules
containing ly at specific positions could also be used
as rational phasing tools for X-ray crystallography of
RNA molecules and RNA-protein complexes. Further-
more, a range of functional components can be de-
rived chemically from ly, and these could be also incor-
porated into RNA site specifically. Thus, the specific
transcription mediated by the s-y pair should be a
powerful tool for developing a wide range of novel
functional RNAs.
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Experimental Procedures

3-(B-D-ribofuranosyl)-2-oxo(1H)pyridine was synthesized according
to a previously reported method [25, 42]. 'H-NMR (270 MHz), *C-
NMR (68 MHz), and *'P-NMR (109 MHz) spectra were recorded on
a JEOL EX270 magnetic resonance spectrometer. Purification of
nucleosides was performed on a Gilson HPLC system with a prepar-
ative C18 column (Waters Microbond Sphere, 150 X 19 mm). Tri-
phosphates were purified on a DEAE-Sephadex A-25 column (300 X
15 mm) followed by a Gilson HPLC system with an analytical column
(Synchropak RPP, 250 X 4.6 mm, Eichrom Technologies). High reso-
lution mass spectra (HRMS) and electrospray ionization mass spec-
tra (ESI-MS) were recorded on a JEOL HX-110 mass spectrometer
and a Waters ZMD 4000 LC/MS system, respectively.

Synthesis of 3-(B-D-Ribofuranosyl)-5-lodo-2-

Oxo(1H)Pyridine

A mixture of iodine (382 mg, 1.5 mmol) and potassium iodide (438
mg, 2.6 mmol) in water (12 ml) was added to a solution of 3-(3-D-
ribofuranosyl)-2-oxo(1H)pyridine (228 mg, 1.0 mmol) in 0.1 M Na,CO,
(12 ml). The reaction mixture was stirred at 100°C for 12 hr in a
sealed vessel. After cooling to room temperature, NH,CI (200 mg)
was added to the reaction mixture. The solution was washed with
CH,Cl,, and then the water layer was concentrated in vacuo. The
product [3-(3-D-ribofuranosyl)-5-iodo-2-oxo(1H)pyridine, 118 mg,
34%] and the unreacted raw material [3-(3-D-ribofuranosyl)-2-
oxo(1H)pyridine, 121 mg, 53%] were purified by reversed-phase
HPLC with a gradient from 4% to 15% (6 min) and then 15% to 30%
(6 min) CH,CN in H,0. 'H-NMR (270 MHz, DMSO-d6): 5 11.90 (s, 1H),
7.77 (d, 1H, J = 2.4 Hz), 7.58 (d, 1H, J = 2.4 Hz), 5.12 (d, 1H, J =
4.3 Hz), 4.97 (t, 1H, J = 5.4 Hz), 4.73 (d, 1H, J = 4.9 Hz), 4.63 (d,
1H, J = 4.0 Hz), 3.80 (m, 3H), 3.61 (dd, 1H, J = 2.6, 12.4 Hz), 3.45
(dd, 1H, J = 3.5, 12.4 Hz). *C-NMR (68 MHz, DMSO-d6): § 160.00,
143.83, 138.97, 132.88, 83.40, 80.26, 74.56, 70.46, 65.38, 61.06.
HRMS (FAB, 3-NBA matrix) for C,,H,3sNOsl (M + 1): calcd., 353.9838;
found, 353.9844.

Synthesis of 3-(B-D-Ribofuranosyl)-5-lodo-2-

Oxo(1H)Pyridine 5’-Triphosphate

To a solution of 3-(3-D-ribofuranosyl)-5-iodo-2-oxo(1H)pyridine (35
mg, 0.1 mmol) and a proton sponge [43] (33 mg, 0.15 mmol) in
trimethyl phosphate (500 pl), POCI; (12 wl, 0.13 mmol) was added
at 0°C. The reaction mixture was stirred at 0°C for 5 hr. Tri-n-butylam-
ine (120 pl, 0.5 mmol) was added to the mixture, followed by 0.5 M
bis(tributylammonium)pyrophosphate in a DMF solution (1.0 ml, 0.5
mmol). After 5 min, the reaction was quenched by the addition of
0.5 M triethylammonium bicarbonate (TEAB, 500 pl). The resulting
crude product was purified by DEAE Sephadex A-25 column chro-
matography (eluted by a linear gradient of 50 mM to 1 M TEAB) and
then by C18-HPLC (eluted by a gradient of 0% to 30% CH;CN in
100 mM triethylammonium acetate). '"H-NMR (270 MHz, D,0): 5 7.87
(s, 1H), 7.60 (s, 1H), 4.80 (d, 1H, J = 3.8 Hz), 4.03 (m, 5H), 3.03 (q,
18H, J = 7.3 Hz), 1.11 (t, 27H, J = 7.3 Hz). *'P-NMR (109 MHz, D,0):
3 —10.34 (d, 1H, J = 20.1 Hz), —10.93 (d, 1H, J = 20.1 Hz), —22.89
(t, 1H, J = 20.1 Hz). ESI-MS for C,,H,,INO,,P; (M — 1): calcd., 591.87;
found, 591.70.

Oligonucleotides

Oligodeoxynucleotides were synthesized by standard phosphor-
amidite chemistry on a DNA synthesizer (model 392, PE Applied
Biosystems). PCR primers for the dsDNA encoding the anti-(Raf-1)
RNA aptamer were as follows (T7 promoter region is underlined and
s denotes 2-amino-6-(2-thienyl)purine): 39.45, 5'-GGTAATACGACT
CACTATAGGGAGTGGAGGAATTCATCG; 29.45, 5'-GCAGAAGCTT
GCTGTCGCTAAGGCATATG; 29.45s84, 5'-GCAGAAGCTTGCTGT
CsCTAAGGCATATG; 29.45s87, 5'-GCAGAAGCTTGCTsTCGCTAA
GGCATATG; 29.45s92, 5'-GCAGAAGCsSTGCTGTCGCTAAGGCAT
ATG; 29.45s84/92, 5'-GCAGAAGCSTGCTGTCsCTAAGGCATATG.

Preparation of Templates for T7 Transcription

Template DNAs for the anti-(Raf-1) RNA aptamer were amplified
from the aptamer-encoding pCR II-TOPO vector, TOPO-9A [32],
by PCR using a 5’-end primer (39.45) and a 3'-end primer (29.45,

29.45s84, 29.45s87, 29.45892, or 29.45s84/92). PCR was carried out
in 10 mM Tris-HCI buffer (pH 8.3) with 50 mM KCI, 1.5 mM MgCl,,
0.2 mM each dNTP, 1 uM each primer, 1 ng/pl TOPO-9A digested by
BamHI (Takara Shuzo) and 0.025 U/l Taq DNA polymerase (Takara
Shuzo) on a PTC-100 Program Thermal Controller (MJ Reseach,
Inc., Waltham, MA). The conditions were 15 or 20 cycles of denatur-
ation at 94°C for 0.5 min, primer annealing at 40°C for 0.5 min, and
primer extension at 60°C for 1 min, followed by an incubation at
60°C for 5 min. The PCR products were extracted with phenol/
chloroform, precipitated with ethanol, and then resuspended in 10
mM Tris-HCI buffer (pH 7.6) containing 10 mM NaCl.

T7 Transcription

The specific transcription employing the s-ly pair was carried out
on a 20 pl scale with 40 mM Tris-HCI buffer (pH 8.0) with 5 mM DTT,
24 mM MgCl,, 2 mM spermidine, 0.01% Triton X-100, 10 mM GMP,
1 mM each NTP, 0-1 mM IyTP, 0.1 pCi/pl [a-*P]JATP or [«-*P]GTP,
4 pl of the template DNA, and 2.5 U/pl T7 RNA polymerase (Takara
Shuzo) [25, 27]. After incubation for 3-6 hr at 37°C, the reaction was
quenched by the addition of an equal volume of dye solution (10 M
urea, 0.05% bromophenol blue). The mixture was heated at 75°C
for 3 min and then loaded onto a 20% (for 17-mer RNAs) or 8% (for
100-mer RNAs) denaturing polyacrylamide gel containing 7 M urea.
The transcripts on the gel were analyzed with a Bio-imaging analyzer
(BAS-2500, Fuji Photo Film Co., Ltd., Tokyo).

Nucleotide Composition Analysis of T7 Transcripts

The nucleotide composition analysis of the transcripts was per-
formed according to the literature [25, 27]. After purification by gel
electrophoresis, the transcripts were digested by RNase T, (Sigma)
(0.375 U/pl) in 15 mM sodium acetate buffer (pH 4.5) containing 1.5%
glycerol at 37°C overnight. The digested products were analyzed
by two-dimensional TLC, and the spots on the TLC plates were
quantitated with the BAS-2500.

Photo-Crosslinking

Photo-crosslinking was carried out in 96-well microtiter plates using
a 312-nm, broad-band UV transilluminator (TVC-312R/J; Spectron-
ics Corp., Westbury, NY). RNA labeled with *2P at the 5’ end (final
20 or 100 nM) was mixed with the Ras binding domain of Raf-1
fused with glutathione S-transferase (GST-RBD) (20 or 300 nM) in
binding buffer (PBS with 5 mM MgCl,, buffer A) containing 160
rg/ml bovine serum albumin (BSA, Sigma), 1 mM DTT, and 7.3%
glycerol, and then the mixture was incubated for 30 min at 37°C.
After the incubation, the reaction mixtures (40-120 pl) were placed
on ice and were irradiated for 1 hr with the UV transilluminator at a
distance of about 1 cm from the samples. The samples were covered
with the polystyrene lid of the microtiter plate to shield them from
wavelengths below 300 nm. After irradiation, the products were
analyzed on an 8% polyacrylamide gel containing 7 M urea. Protease
digestion of the crosslinked products was carried out by a treatment
with 1 pg/ml of proteinase K for 1 hr at 65°C after irradiation.

RNase T1 Mapping

The anti-(Raf-1) aptamer labeled with *P at the 5’ end (wt*) was
mixed with the nonlabeled aptamer ly87 (molar ratio of wt*:ly87 =
1:9 or 1:19) in buffer A. The RNA solution (200 nM) was incubated
with an equal volume of the GST-RBD solution (200 nM) for 30 min
at 37°C. Then, the solution was UV irradiated for 1 hr as described
above. After irradiation, the RNAs were extracted with phenol/chlo-
roform and precipitated with isopropyl alcohol. The crosslinked and
uncrosslinked RNAs were then separated and purified by gel elec-
trophoresis. Alkaline digestion was performed in 50 mM sodium
carbonate (pH 9.0), 1 mM EDTA, and 0.25 mg/ml E. coli tRNA for 6
min at 90°C. RNase T1 digestion (0.1 unit/pl) was performed in
20 mM sodium citrate (pH 5.0), 7 M urea, 1 mM EDTA, 0.025%
bromophenol blue, and 0.25 mg/ml E. coli tRNA for 12 min at 55°C.
The digested samples were analyzed on an 8% polyacrylamide gel
containing 7 M urea.

Gel Mobility-Shift Assay
The %P-labeled anti-(Raf-1) aptamer and the crosslinked products
(approximately 0.8 pmol) in the binding buffer (20 pl) were mixed
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with the binding buffer (20 wl) containing Escherichia coli tRNA (100
rg/ml, Sigma) and were left for 5 min at room temperature. An
aliquot (5 pl) was mixed with the GST-RBD solution (0-200 nM, 5
wl) in the binding buffer containing 160 mg/ml BSA, 1 mM DTT, and
10% glycerol, and then the mixture was incubated for 30 min at
37°C. The RNA-protein interaction was analyzed by electrophoresis
on a native 5% polyacrylamide gel (39:1) in 12.5 mM Tris-125 mM
glycine buffer at room temperature.
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