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Abstract: For the site-specific incorporation of artificial components into RNA by transcription, an efficient,
unnatural base pair between 2-amino-6-(2-thiazolyl)purine (denoted as v) and 2-oxo(1H)pyridine (denoted
as y) was developed. The substrates of y and 5-substituted y were site-specifically incorporated into RNA
by T7 RNA polymerase opposite v in templates. The efficiency and fidelity of the v—y pairing in transcription
were as high as those of the natural A—T(U) and G—C pairings. Furthermore, RNAs containing two adjacent
y bases were also transcribed from DNA templates containing two v bases. This specific transcription
allows the large-scale preparation of artificial RNAs and can be combined with other systems to
simultaneously incorporate several different components into a transcript.

Transcription mediated by unnatural base pairs enables the(isoCf-13and xanthosinediaminopyrimidine® have been tested
site-specific incorporation of artificial components into RNA in transcription. Only one example of the incorporation of a
for generating novel RNA molecules with increased functional- functional component into RNA, using’-(6-aminohexyl)isoG
ity.12In addition, the combination of this specific transcription and 5-methyl-isoC, has been reported, and the yield of the
with conventional translation systems can expand the genetictranscript containin®-(6-aminohexyl)isoG was approximately
code toward the synthesis of proteins containing amino acid 50% of that for transcription using natural templates and
analogued For these purposes, the creation of unnatural base substrate$? There was no other extra base pair for the efficient,
pairs that are recognized and replicated by polymerases has bee_ﬁite-specific incorporation of a variety of artificial components
studied on the basis of several different concepts, relying on into RNA.

nonstandard hydrogen-bonding pattetfisshape comple- Recgntly, we o_IeveIop_ed unnatural base pairs of 2-amino-6-
mentarity’—° and hydrophobic interactiot:12 However, a few (N.N-dimethylamino)purine (denoted by) and 2-0xo(1H)-

. . S : pyridine (denoted by)!® and of 2-amino-6-(2-thienyl)purine
unnatural base pairs, such as isoguanine (is@§&cytosine (denoted bys) andy6 (Figure 1). These unnatural base pairs

were designed to employ different shape fitting and hydrogen-
bonding patterns from those of the natural base pairs, and they
exhibit high specificity in transcription. In particular, the fidelity

of they incorporation into RNA oppositein templates by T7
RNA polymerase is as high as that of the natural base
incorporations opposite the complementary bases. Using-the
pair, we have created an extra cod@mticodon interaction and
achieved the site-specific incorporation of an amino acid
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a of conformation 2, because the function of the & moiety of
sis similar to that of the methyl group in the 6-dimethylamino
group ofx (Figure 1b), and the efficiency and selectivity of the
H s—y pairing in transcription and replication are higher than those
N of the x—y pairing161° Thus, the replacement of the—Ei
</ moiety ofswith other electronegative atoms could improve the
/N incorporation efficiency ofy into RNA by transcription.
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Here, we have designed an unnatural base, 2-amino-6-(2-
thiazolyl)purine (denoted by) (Figure 1c), instead of, as a
pairing partner ofy. The two conformations of the base,
resulting from the free rotation of the 6-thiazolyl group, exhibit
similar electronegative effects on the pairing partners, thus
enhancing the transcription efficiency of tliey pairing over
that of thes—y pairing.

The 2-deoxyribonucleoside off (3) was synthesized by
coupling the 2-amino-6-toluenesulfonylpurine nucleoside de-
rivative (1) and 2-tributylstannylthiazot&21(47% overall yield
from 2-deoxyguanosined@G) in four steps, Scheme 1). It is
noteworthy that the '2deoxyribonucleoside3 exhibited a
fluorescence emission centered at 457 nm, characterized by two
major excitation maxima (295 and 364 nm), and its fluorescence
guantum yield (excitation at 363 nm) was 0.41 in ethanol. The
fluorescence emission of was stronger than that o (the
quantum yield was 0.23%. For the amidite synthesis, the
2-amino group was protected by a phenoxyacetyl group, and
the B3- and N?-protected nucleosidé was converted to the
phosphoramidit®. The 2-deoxyribonucleoside of was slightly
decomposed by treatments with concentrated ammonia for 6 h
at 55°C. Thus, for DNA synthesis, base-labile protection, using
phenoxyacetyl for Ap-isopropylphenoxyacetyl for G, and acetyl

l-y: R=I
Phey: R=© _ groups for C, was used,and deprotection of DNA fragments
_ _ was carried out for 23 h at 55°C with concentrated ammonia.
Figure 1. Unnatural base pair structures. Two conformations ofsthg Thev nucleotide in DNA fragments was more stable than that
pair (a), thex—y pair (b), and two conformations of the-y pair (c). The ted f the stability of the-al ib | id d
substrates of 5-modifiegl bases can be synthesized chemically. expecte rom . e stability o -deoxyribonucieoside, an
no decomposition of the DNA fragments was observed under

RNA molecules; ly functions as a photocrosslinking component the deprotection conditions. The coupling efficiency of the
or a rational phasing tool for X-ray crystallography, andyPh- amldlte ofv was more than 98% on a DNA synthesizer (Applied
stabilizes higher-ordered RNA structures. In addition, various Biosystems, CFA)- o o
functional substrates can also be derived chemically from the ~Before testing the base pairs in transcription, to assess the
nucleoside of ly. Thus, the method for the site-specific Selectivity and efficiency of the/—y pairing in polymerase
incorporation ofy and modifiedy bases into RNA would be a reactions, we determined the kinetic parameters of the single-
powerful tool for the creation of novel RNA molecules with Nucleotide insertion ofy and natural substrates into DNA
increased functionality. oppositev or s in templates, using the exonuclease-deficient
Although thes—y pairing exhibits high selectivity with T7 _Klenow fragment ofEscherichia colDNA polymerase_ I This
RNA polymerase, the transcription efficiency involving mey is because the assessment of unnatural base pairings by the
pair is 50-60% lower than that of native transcription mediated Kinetic parameters in replication is much easier than that in
by only the natural base pairs. In addition, this transcription transcription*:2>The single-nucleotide insertion experiments
cannot synthesize RNA molecules containing two adjagent ~Were carried out using the nucleoside triphosphate @/ TP)
bases. Thus, to develop more efficient base-pair-expanded®’ the natural bases and a partially double-stranded template
transcription systems, we have continued to improve the (35-mer, Table 1) containingors, with a primer labeled with
unnatural base pair. One of the problems ofshg pair is the 6-carboxyf|uoresge|n (20-mer), in which various ba}ses in the
two possible conformations sf caused by the free rotation of template were adjacent to theedd of the primer. The insertion
the thienyl group at position 6 of, as shown in Figure la. )
Either the electronegative sulfur atom of conformation 1 or the 0 I\F/Jled- ChgmHLt?t%OOg: 1Bl,. é221. i S H | Cheml990 27
C—H moiety of conformation 2 is located on the pairing surface @9 Pfaers: D- Ffeldt, A.-B.; Gronowitz, SJ. Heterocycl. Chem990 27,
)
)

(19) Fujiwara, T.; Kimoto, M.; Sugiyama, H.; Hirao, I.; Yokoyama,BSoorg.

—
N

with y, but both groups sterically prevent the pairing with the (21 g#g;rfesic%gi Egb%rg‘tlb T. J.; Matteucci, M. D.; Froehler, BJCAm.
natural bases. The sulfur atom of conformation 1 may be more (22) Hirao, I.; Harada, Y.: Kimoto, M.: Mitsui, T.; Fujiwara, T.; Yokoyama, S.

ici ifi iri i > i J. Am. Chem. So2004 126, 13298.
efficient for the SpeCIfIC pairing Wlﬂy than the G-H moiety (23) Schulhof, J. C.; Molko, D.; Teoule, Retrahedron Lett1987 28, 51.
(24) Vaught, J. D.; Dewey, T.; Eaton, B. E.Am. Chem. So2004 126, 11231.
(18) Endo, M.; Mitsui, T.; Okuni, T.; Kimoto, M.; Hirao, |.; Yokoyama, S. (25) Goodman, M. F.; Creighton, S.; Bloom, L. B.; PetruskaCdt. Rev.
Bioorg. Med. Chem. LetR004 14, 2593. Biochem. Mol. Biol.1993 28, 83.
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Scheme 1.

Synthesis of the Nucleoside and the Phosphoramidite of vé
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aConditions: (aYert-butyldimethylsilyl chloride, imidazole, DMF, 90%; (Ip}toluenesulfonyl chloride, BN, 4-(dimethylamino)pyridine, C4Cl,, 94%,;
(c) 2-tributylstannylthiazole, Pd(PB)a, LiCl, dioxane, 70%; (d), TBAF, THF, 80%; (e) (i) trimethylsilyl chloride, pyridine, (ii) 1-hydroxybenzotriazole,
phenoxyacetyl chloride, pyridine, GBN, 90%; (f) 4,4-dimethoxytrityl chloride, pyridine, 99%; (g) CIP(MNPr)(OCH,CH,CN), iPRLEtN, THF, 83%.
Abbreviations: TBDMS tert-butyldimethylsilyl; Ts,p-toluenesulfonyl; Pac, phenoxyacetyl; DMT, 4dimethoxytrityl.

Table 1. Steady-State Kinetic Parameters for Insertion of Single
Nucleotides into a Template-Primer Duplex by the
Exonuclease-Deficient Klenow Fragment?

primer 1 5'-ACTCACTATAGGGAGGAAGA

template 1 3'-TATTATGCTGAGTGATATCCCTCCTTCTNTCTCTT

template 2 3'-TATTATGCTGAGTGATATCCCTCCTTCTNTCTCGA

template nucleoside K Vinax efficiency

entry (N) triphosphate (uM) (% min~Y) (Vinax/K)?
1 template 1Y) y 210 (140% 40 (20) 1.9x 10°
2 template 1) T 280 (90) 1.9(0.7) 6.& 10°
3 template 1Y) C 370 (70) 21 (5) 5.% 10*
4 template 1Y) A 89 (25) 0.37(0.08) 4.% 10°
5 template 1y) G n.d¢ n.d¢
6  template 2¢) y 170 (40) 11(2) 6.5¢< 10
7 template 29) T 270 (40) 3.1(0.2) 1.k% 100
8 template 2¢) C 430(180) 18(9) 4.% 10
9  template 2¢) A 87 (27) 0.31(0.07) 3.6 10°
10 template 29) G n.d¢ n.d¢
11 template 1 (A) T 1.2(0.3) 3.5(1.3) 2:910°
12 template 1 (A) C 1600 (600) 2.5(1.3) 6103

a Assays were carried out at 3C for 1—20 min using %M template-
primer duplex, 3-66 nM enzyme, and 0:63000uM nucleoside triphos-
phate in a solution (1@L) containing 50 mM Tris-HCI (pH 7.5), 10 mM
MgClz, 1 mM DTT, and 0.05 mg/mL bovine serum albumfrStandard
deviations are given in parentheseslo inserted products were detected
after an incubation for 20 min with 15Q¢M nucleoside triphosphate and

50 nM enzymed The units of this term are % mid ML,

10% (Table 1, entry 7). Although the efficiency of the C
incorporation opposite (Vma/Km = 5.7 x 10%) (Table 1, entry
3) was slightly increased relative to that opposi{®ma/Km =
4.2 x 10% (Table 1, entry 8), the selectivity of the cognate
v—y pairing was 3.3-fold higher than that of the-C pairing,
and the selectivity of the—y pairing was only 1.5-fold higher
than that of thes—C pairing. Although the efficiency of thg
incorporation opposite was still 15-fold lower than that of
the T incorporation opposite A (Table 1, entry 11), they
pair was more effective than the representative unnatural base
pair between isoG and isoCthe y incorporation opposite
(VmaKm = 1.9 x 10°) was 2.7-fold higher than the isoG
incorporation opposite isS00/fa/Km = 7.0 x 10).12

The different selectivity and efficiency between they and
s—y pairings suggest the existence of both conformations (1
and 2) ofv ands in the single-stranded DNA templates. The
improvement of thes—y pairing indicates that the nitrogen of
conformation 2 ofv is favorable for the €H moiety of
conformation 2 of, for the selective pairing witl. To exclude
the pairing with T, the electronegative nitrogen atom of the
thiazolyl group is more effective than the-El moiety of the
thienyl group, and to sterically fit witly, the nitrogen of the
thiazolyl group may be favorable for the-@& moiety. In

of each substrate opposite each base in the template Wasaddltlon, the relative abundances of conformations 1 and 2 of

analyzed with an automated ABI 377 DNA sequencer with the

GeneScarsoftwaré® (Table 1).

The incorporation efficiency and selectivity of the'y pairing
were improved in comparison to those of #tey pairing. The
incorporation efficiency of @TP oppositev in the template
(VmadKm = 1.9 x 10P) was higher than that opposisg(Vma
Kuv = 6.5 x 10% (Table 1, entries 1 and 6). In contrast, the
misincorporation efficiencies of the natural dNTPs opposite
were mostly similar to those opposiégTable 1, entries 25
and 710). However, the efficiency of the T incorporation
oppositev (Vima!Km = 6.8 x 10%) (Table 1, entry 2) was slightly

decreased, in comparison to that opposi{¥/ma/Km = 1.1 x

(26) Kimoto, M.; Yokoyama, S.; Hirao, Biotechnol. Lett2004 26, 999.

8654 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005

v might differ from those o8, and this difference would affect
the selectivity and the efficiency of these base pairs in
replication. If conformation 2 o¥ and conformation 1 of are
dominant in solution, then the efficiencies of thancorporation
oppositeV (Vma/Km = 1.9 x 10°) and's (Vmad/Km = 6.5 x

10% would correlate with the van der Waals radii of the
heteroatoms in the 6-groups of these bases opposite the H6 of
y: the nitrogen (1.55 A) in the thiazolyl group efand the
sulfur (1.80 A) in the thienyl group oé. This correlation is
supported by analyses of another unnatural base, 2-amino-6-
(2-furanyl)purine (denoted bg);?” conformation 1 ob has the
smaller oxygen (1.52 A) in the furanyl group opposite the H6

(27) Hirao, I.; Fujiwara, T.; Kimoto, M.; Yokoyama, $ioorg. Med. Chem.
Lett. 2004 14, 4887.
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the 32P-labeled transcripts were analyzed on a gel (Figure 2b).
The relative yields of the full-length transcripts (17-mer)
containing oney base from thes template (N= s, temp35-1)
were~50% (Figure 2b, lanes 5 and 6). In contrast, the relative
yields of the 17-mer transcripts from thetemplate (N= v,
temp3%-1) (Figure 2b, lanes 2 and 3) were greatly increased
(~100%). Interestingly, even though abortive transcripts (12-
mer) were observed for lanes 2 and 3 with they pair, the
relative yields of the full-length transcripts were as high as that
obtained from the natural template €N A, temp35A-1) with

the natural NTPs (Figure 2b, lane 7).

Although the transcription of the template (temp351)
withoutyTP also yielded the 17-mer transcript by the incorpora-
tion of the natural substrates, mainly CTP, opposi{gigure
2b, lane 1; Table 2, entry 4), this misincorporation was
completely excluded by the addition §fTP. The faithfuly
incorporation oppositev was confirmed by a nucleotide-
composition analysi&16 of the 17-mer transcripts. For the
nucleotide-composition analysis, transcripts labeled witP?P]-
ATP were fully digested to nucleosidé@hosphates. Afterward,
the nucleotides were analyzed by 2D-TLC (Figure 2c), and the
amount of each nucleosidé-ghosphate was quantified (Table
2, entries +4). Since f-32P]JATP was used for labeling in
transcription, the ‘3phosphates of the nucleotides that became
the B-neighbor of A in the transcripts were labeled. Thus, the
digestion of the transcripts by RNase denerated one labeled
Ap, two labeled Gp’s, and a labeled nucleotide at position 13.

o ) » As shown in Figure 2c, among the pyrimidine substrates, only
Figure 2. T7 transcription mediated by the-y pairing. (a) Schemes of

the experiments. (b) Gel electrophoresis of transcripts using the templatesa spot corresponding tpwas Observeq I_n the tran;crlptlon of
(N=v, s, or A) with the natural NTPs (1 mM) in the presence (0.5 or 1 the Vv template (N= v), and thus no misincorporation of CTP

8 5'_ATAATACGACTCACTATAGGG
3! -TATTATGCTGAGTGATATCCCTTAGGGCTCNTCAC
temp3sN-1 (N=v, s or A) +1 +13  #7
T7 RNA polymerase
1 mM natural NTPs
0,0.50r 1 mM yTP
[a-2PJATP, 37°C, 3h

32p.L abeled 5 ' -GGGAAUCCCGAGN'AGUG (Fig. 2b)
lRNa.se T,

32p_| abeled Gp X 2 +Ap X 1 + N'p x 1 (Fig. 2c and Table 2, Entries 1-4)

N N

]
b=

b

0.5mMyTP| Il
1 mM yTP

=
™
3

S o5mMyTP| 0
2 1 mMyTP

Relative yields (%) 48

17-mere

12-mere

Ap

@

OYP

)
o Cp O
Gp Up

L]

—» 1Ist

—» 2nd N=v N=A

mM) or absence of the substrate pf{yTP). Transcripts were internally
labeled with p-32PJATP. The relative yields of each transcript were

determined by comparison to the yields of native transcripts from templates
consisting of the natural bases, and each yield was averaged from three

data sets. (c) 2D-TLC analysis of the labeled ribonucleosig#8sphates

and UTP oppositg occurred in the presence wf P. In addition,

in the transcription of the natural template €NA) with yTP,

no misincorporation ofyTP opposite the natural bases was
observed (Figure 2c, &= A). The quantification of each spot

obtained from the nuclease digestion of the transcripts (17-mer) (Figure on the 2D-TLC also confirmed the high fidelity of the-y

2b). The spots on the TLC were obtained from the 17-mer fragment

transcribed in the presence of 1 mMP.

of y, and the efficiency of thg incorporation opposite (Vmax
Ky = 2.4 x 10P) is slightly higher than that opposite This
suggests that the nitrogenwfs still somewhat large to fit well
with the H6 ofy, and thus, the efficiency of the—y pair is
also lower than that of the natural-A pair. However, the
smaller oxygen ob cannot effectively exclude the misincor-
poration of T ¥mafKm = 4.3 x 10%.27 Thus, the combination
of the size and the electronegativity of the nitrogen in the
thiazolyl group ofv might be suitable for conferring high
selectivity. Conformational analyses of the nucleosidesanid
sare in progress.

Since thev—y pair exhibited higher selectivity and efficiency
in replication than thes—y pair, we next examined the
incorporation ofy TP into RNA opposites in templates by T7
RNA polymerase. Transcription was carried out by using DNA
templates containing or s, in which the unnatural base was

pairing (Table 2, entries 1 and 2). Each nucleotide composition
agreed well with the theoretical number.

The transcription of templates containing two adjaceibhses
(temp3%-21) or twov bases separated by one T (temp22)
also yielded 17-mer transcripts containing twbases (Figure
3a,b, lanes 2 and 3). The relative yields of the transcripts were
71% for those containing two adjaceytbases and 90% for
those containing twgy bases separated by one A. In contrast,
the 17-mer transcripts containing twp bases were rarely
observed in the transcription eftemplates (Figure 3b, lanes 5
and 6). The high fidelity of this multiplg incorporation was
also confirmed by the nucleoside-composition analysis (Figure
3c and Table 2, entries 5 and 6). In the transcription of tewp35
22, containing twov bases separated by one T, the transcripts
were internally labeled withd-3?P]JATP or [0-*2P]JUTP, and
thus, after RNase sldigestion, each nucleosidé-ghosphate
of y was detected on 2D-TLC; the base at position 13 was
labeled with p-32P]ATP, and they base at position 15 was

located at a complementary site corresponding to position 13 labeled with p-*PJUTP (Figure 3c). The quantification of these
in the transcripts (Figure 2a). The sequences of the DNA Spots confirmed the site-specific insertion of bypthases (Table

templates (temp35N-1, N v, s, or A) were optimized to reduce

2, entries 5 and 6). The multiple incorporationy/afr modified

the addition of one or more nontemplated nucleotides at the Y bases into RNA will be useful for the creation of RNA

3'-terminus of the nascent transcriptafter 3 h oftranscription,

(28) Nacheva, G. A.; Berzal-Herranz, Eur. J. Biochem2003 270, 1458.

molecules with increased functionality and the expansion of the
genetic code. For example, the multiple labeling of RNA with
fluorescentyTP would enhance the detection sensitivity, and

J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005 8655
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Table 2. Nucleotide-Composition Analysis of T7 Transcripts
composition of nucleotides incorporated as 5' neighbor of A or U?

entry template [0-32P] NTP yTP (mM) Ap Gp Cp Up yp

1 temp3%-1 ATP yTP 1.0P[1]¢ 1.97[2] n.d¢[0] n.d. [0] 1.02[1]
(€] (0.01y (0.06) ©) (= (0.07)

2 temp35A-1 ATP yTP 1.01[1] 2.00[2] n.d. [0] 1.00[1] n.d. [0]
1) (<0.01) (0.02) ) (0.02) -

3 temp35A-1 ATP yTP 1.00[1] 1.99 (2] n.d. [0] 1.01[1] n.d. [0]
(0) (0.02) (0.03) €) (0.01) )

4 temp3¥-1 ATP yTP 1.08 [1] 2.02[2] 0.79 [0] 0.11 [0] n.d. [-]
0) (0.02) (0.01) (0.01) (0.01) -

5 temp3%-22 ATP yTP 1.00 [1] 1.97 [2] 0.01[0] 0.01[0] 1.02 [1]
(1) (<0.01) (0.01) €0.01) (<0.01) (0.01)

6 temp3y-22 UTP yTP 1.03[1] n.d. [0] 0.01[0] 0.01[0] 0.95[1]
(1) (0.01) ) (<0.01) (<0.01) (0.01)

7 temp3%-1 ATP IyTP 1.02[1] 1.95[2] 0.01 [0] 0.01 [0] 1.01[1]
(0.25) (0.03) (0.04) €0.01) (0.01) (0.06)

8 temp3¥-1 ATP I-yTP 1.00[1] 1.95[2] 0.01[0] 0.01[0] 1.03[1]
(0.5) (0.01) (0.01) £€0.01) (<0.01) (0.01)

9 temp3%-1 ATP I-yTP 1.00 [1] 1.95[2] 0.01[0] 0.01[0] 1.02 [1]
(1) (<0.01) (0.01) €0.01) (0.01) (0.01)

10 temp35A-1 ATP yTP 1.00 [1] 2.01[2] 0.01[0] 0.98 [1] 0.01[0]
(0.25) (0.03) (0.04) (0.01) (0.02) <0.01)

11 temp35A-1 ATP yTP 1.01[1] 2.02 2] 0.01 [0] 0.95[1] 0.02 [0]
(0.5) (0.02) (0.02) £€0.01) (0.01) €0.01)

12 temp35A-1 ATP yTP 1.01[1] 2.01[2] 0.01[0] 0.93[1] 0.04 [0]
1) (<0.01) (0.01) €0.01) (0.01) €0.01)

13 temp3y-1 ATP PhyTP 1.02 [1] 1.98 [2] 0.03 [0] 0.01[0] 0.96 [1]
(0.5) (0.01) (0.03) (0.01) (0.01) (0.01)

14 temp3y-1 ATP PhyTP 1.02 [1] 2.00[2] 0.03 [0] 0.01[0] 0.94[1]
(2) (0.01) (0.05) (0.01) €0.01) (0.06)

15 temp35A-1 ATP PhTP 1.00 [1] 2.00[2] 0.01[0] 0.99 [1] 0.01[0]
(0.5) (0.03) (0.03) £€0.01) (0.05) €0.01)

16 temp35A-1 ATP PlyTP 1.01[1] 2.01[2] 0.01 [0] 0.97 [1] 0.01 [0]
1) (0.01) (0.01) €0.01) (0.01) €0.01)

aComposition of nucleotides incorporated as\&ighbor of A (entries 5 and 7-16) or U (entry 6), as shown in Figures 2, 3, and Zhe values were
determined using the following formula: (radioactivity of each nucleotide)/[total radioactivity of all nucleotides(®phosphates)} (total number of
nucleotides at Sneighbor of p-3?P]NTP). ¢ The theoretical number of each nucleotide is shown in brack&sandard deviations are shown in parentheses.

€ Not detected.

an artificial codon containing two unnatural bases would from the Iy nucleoside. Actually, we succeeded in the syntheses
increase the specificity of the codeanticodon interaction,

relative to codons containing one unnatural base.

The modifiedy substrates, ¥TP'” and PhyTP 18 were also
incorporated into RNA oppositewith high efficiency (Figure
4). These transcription efficiencies mediated by\he pairing
(Figure 4b, lanes 1 and 4) were more than 2-fold higher than
those mediated by the-y pairing (Figure 4b, lanes 2 and 5).
The quantification of the nucleotide-composition analysis of the
transcripts (Figure 4c and Table 2, entriesl?) indicated that
the incorporation efficiency of yTP was higher than that of
yTP, and the slight misincorporation ofyIFP opposite A was
observed in the transcripts by using 0.5 or 1 mMTIP. This
tendency was shown in the T7 transcription usiag a template
base and ¥TP as a substrafé.This may happen because, as
shown with 5-substituted uracil derivativ&the introduction
of the electron-withdrawing iodine ingpstabilizes the hydrogen
bonding of the H-N1 position ofy with the N1 positions of
bothv and A. Thus, for the site-specific incorporation of TP
into RNA, the combination of 0.25 mM yTP with 1 mM
natural NTPs was sufficient (Table 2, entry 7). The site-specific
incorporation of PhyTP was also confirmed by the nucleotide-
composition analysis (Figure 4c and Table 2, entries 1If3).
One of the advantages of/lis that various functional substrates
(5-modifiedyTPs, such as Pi#TP) can be derived chemically

(29) Sanghvi, Y. S.; Hoke, G. D.; Freier, S. M.; Zounes, M. C.; Gonzalez, C.;
Cummins, L.; Sasmor, H.; Cook, P. Nucleic Acids Re<1993 21, 3197.
(30) Kawahara, S.; Wada, T.; Kawauchi, S.; Uchimaru, T.; Sekine\itleic

Acids Symp. Sel998 39, 123.
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and the site-specific incorporataion of other modifigdPs
linked with biotin or fluorescent reagents (unpublished data by
Hirao and Yokoyama), which will enable the site-specific
immobilization and fluorescent labeling of RNA molecules.

In this study, we have described the specificity and efficiency
of the unnatural—y pair for a base-pair-expanded transcription
system, for the site-specific incorporation yfor modifiedy
bases into RNA. In T7 transcription, tlve-y pair exhibits the
highest efficiency among the unnatural base pairs developed
thus far, such as the—y and isoG-isoC pairs. The DNA
templates containing thebases can be prepared and amplified
by PCR, using 3primers containing the bases. Since this
transcription system is quite efficient, it can be combined with
other unnatural base pairs, such as isoG and'&4Gr 2-amino-
6-(2-thienyl)purine ) and imidazolin-2-onezj.2? The fluores-
cent s base can be site-specifically incorporated into RNA
oppositez in templates. By using these unnatural base pairs,
various different modified bases derived frgmi’18isoG 1* and
s could be simultaneously incorporated into a transcript. In
addition, several different modified nucleotides of the natural
bases, such as-thodified nucleotided!32 modified bases*
and phosphorothioatécan be applied to the specific transcrip-
tion mediated by the unnatural base pairs by a T7 RNA

(31) Jellinek, D.; Green, L. S.; Bell, C.; Lynott, K.; Gill, N.; Vargeese, C.;
Kirshenheuter, G.; McGee, D. P. C.; Abesinghe, P.; Pieken, W. A.; Shapiro,
R.; Rifkin, D. B.; Moscatelli, D.; Janjise, NBiochemistryl995 34, 11363.

(32) Davis, K. A.; Lin, Y.; Abrams, B.; Jayasena, S. Rucleic Acids Res.
1998 26, 3915.
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a 5'-ATAATACGACTCACTATAGGG
3'-TATTATGCTGAGTGATATCCCTTAGGGCTCN N N3AC

temp35N-1, 1 7
temp35N-21, 8

+1
and tempasN-22 T7 RNA polymerase

1 mM natural NTPs and 1 mM yTP
[y**P]GTP, 37°C, 3h

5! —32pppGGGAAUCCCGAGN4N5N6UG (Fig. 3b)

a 5'-ATAATACGACTCACTATAGGG

E -TATTATGCTGAGTGATATCCCTTAGGGCTCNTCAC

temp35N-1 (N=v, s or A) +1 +13 +17
T7 RNA polymerase
1 mM natural NTPs
0, 0.25, 0.5 or 1 mM modified-yTP
[y-*P]GTP (Fig. 4b) or [a-**P]ATP(Fig. 4c)
37°C, 3h

32p.| abeled 5 ' ~GGGAAUCCCGAGN'AGUG (Fig. 4b)

b lRNaseTz
Dmpa g B E E % B E 32p_| abel 2+2pXx1+NW 1 (Fig. 4c and Table 2, Entries 7-16
N1N2N; N g R B & OB -Labeled Gp X pX px1 (Fig. . -18)
s :
Relative yields (%) 114 71 90 54 4 5 100 b Modified-yTP 0.5 mM Iy 0.5 mM Ph-y
17-MET | o Template . 'v s Al Ty s Al
Relative yields (%) 97 44 100 83 35 100
:Ilg-mer- - 17-MEre-| - i
-mer e
- e
12-mer s i i v
1 2 3 4 5 6 7 — il
12-mer » T E— e
C 5. ATAATACGACTCACTATAGGG 1 2 3 4 5 6
3'-TATTATGCTGAGTGATATCCCTTAGGGCTCVTVAC c
empDyEs T7 RNA polymerase  *13+15 Ap l-yp
1 mM natural NTPs and 1 mM yTP (@) o) - - -
[0-*P]ATP or [a-**P]UTP, 37°C, 3h = o °
32p_| abeled 5 ' -GGGAAUCCCGAGYAYUG ch? Cp (?J . Al -
lRNase Ty T :
— 3 2nd 0.25 mM I-y 0.25 mM I-y
32p.Labeled Gp X 2 + Ap X 1 +yp X 1 ([«-*P]JATP)(Table 2, Entry 5) N -V N = A
32p.Labeled Ap X 1 + yp X 1 ([0-PJUTP)(Table 2, Entry 6)
Ap o E
i Oo Ph-yp L J *
w0 ot @
Ap " o O & ) -
-
5 %e® | | * e . AP
= OCp, -
© —» 2nd 1 mM Ph- 1 mM Ph-
T Gp Up N=v ¥ N = A ¥
» 2nd [0-“PJATP [@-P]UTP Figure 4. Transcription with modifiedy bases. (a) Schemes of the

experiments. (b) Gel electrophoresis of transcripts containing modified
Figure 3. Transcription of the templates containing twar s bases. (a) I-y, and Phy, employing thev—y or s—y pairing. Transcription was carried
Schemes of the experiments. (b) Gel electrophoresis of transcripts usingout using 1 mM natural NTPs and 0.25, 0.5, or 1 mMTP or PhyTP,

the templates containing two or s bases Wi?h the natural NTPs (l_mM) and transcripts were labeled at thet&mini with [y-32P]GTP. (c) 2D-
andyTP (1 mM). Transcripts were labeled with-f2PJGTP. (c) Nucleotide- TLC analysis of the labeled ribonucleosidep®osphates obtained from
composition analysis of the transcript containing gueases. The transcripts  the nuclease digestion of the 17-mer RNA fragments transcribed with 0.25
were internally labeled withd-3?P]JATP or [o-*2P]JUTP. Each transcript mM I-yTP or 1 mM PhyTP.

was digested by RNase;,Tand the labeled nucleotides were detected by

2D-TLC. 4.6 mm, Eichrom Technologies). High-resolution mass spectra (HRMS)

| iar Th tural b d b . and electrospray ionization mass spectra (ESI-MS) were recorded on a
polymerase varian. ese un'na ur.a . gse an ase;paw JEOL HX-110 or JM 700 mass spectrometer and a Waters micromass
systems could overcome the serious limitation of the functional- zyip 4000 equipped with a Waters 2690 LC system, respectively.
ity of RNA_S, as compgred to that of proteins, and will f§C|I|tate_ Fluorescence measurements were made on a FP-6500DS spectrofluo-
advances in the creation of novel RNA molecules as diagnostic rometer (JASCO).

and therapeutic agents. 2-Tributylstannylthiazole. 221 To a solution of 2-bromothiazole (901

uL, 10 mmol) in ether (50 mL) was addedbutyllithium (1.58 M in
hexane solution, 6.3 mL, 10 mmol) a&f78 °C. The solution was stirred
General. Reagents and solvents were purchased from standard at —78 °C for 30 min. To the solution was added tributyltin chloride
suppliers without further purification. Reactions were monitored by thin- (2.7 mL, 10 mmol), and the reaction mixture was stirred at room
layer chromatography (TLC) using 0.25-mm silica gel 60 plates temperature for 30 min. The mixture was poured into a saturated NaCl
impregnated with 254-nm fluorescent indicator (Merék) NMR (270 solution. The organic phase was washed twice with the saturated NaCl,
MHz), 13C NMR (68 MHz), and®P NMR (109 MHz) spectra were dried with MgSQ, and evaporated in vacuo. The resulting brown
recorded on a JEOL EX270 magnetic resonance spectrometer. Purifica-solution (2-tributylstannylthiazole, 10 mmol) was used for the Pd-
tion of nucleosides was performed on a Gilson HPLC system with a mediated coupling reaction without further purification.
preparative C18 column (Waters Microbond Sphere, £509 mm). 2-Amino-6-(2-thiazolyl)-9-[2-deoxy-3,5-diO-(tert-butyldimethyl-
The triphosphate derivatives were purified with a DEAE-Sephadex A-25 gj\y|)-g-p-ribofuranosyljpurine (2). A mixture of 2-amino-60-(p-
column (300 15 mm) and a C18 column (Synchropak RPP, 250 to|yenesulfonyl)-9-[2-deoxy-3,5-db-(tert-butyldimethylsilyl)-b-
ribofuranosyl]purine 1)® (1.3 g, 2.0 mmol), Pd(PRh (116 mg, 0.1
mmol), 2-tributylstannylthiazole (3.7 g, 10 mmol), and LiCl (170 mg,
4.0 mmol) in dioxane (20 mL) was refluxed for 3.5 h. The reaction

Experimental Section

(33) Jhaveri, S.; Olwin, B.; Ellington, A. DBioorg. Med. Chem. Letl.998 8,
2285.
(34) Chelliserrykattil, J.; Ellington, A. DNat. Biotechnol2004 22, 1155.
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mixture was evaporated in vacuo, and the product was purified by silica The amount of enzyme used«86 nM), the reaction time (220 min),

gel column chromatography (1% methanol in L) to give 2 (790 and the gradient concentration of ANTP (03D00xM) were adjusted

mg, 70%). to give reaction extents of 25% or less. Reactions were quenched by
2-Amino-6-(2-thiazolyl)-9-(2-deoxyp-p-ribofuranosyl)purine (3). adding 10uL of a stop solution containing 95% formamide and 20

A solution of2 (790 mg, 1.4 mmol) in tetrahydrofuran (THF) (10 mL) mM EDTA, and the mixtures were immediately heated at@5or 3

was treated with a solutionfal M tetrabutylammonium fluoride min. The diluted products were analyzed on an automated ABI 377

(TBAF) in THF (4.2 mL, 4.2 mmol) at room temperature for 30 min. DNA sequencer equipped with tl@eneScarsoftware (version 3.0).

The solvent was evaporated in vacuo, and the product was purified by Relative velocities «) were calculated as the extents of the reaction

silica gel column chromatography (5% methanol inCH) and then divided by the reaction time and were normalized to the enzyme

purified by RP-HPLC (16-50% CHCN in H,O, 15 min) to give3 concentration (20 nM) for the various enzyme concentrations used. The

(372 mg, 80%) as a yellow solid. kinetic parametersiK andVmay) were obtained from HanedNoolf
2-N-Phenoxyacetyl-6-(2-thiazolyl)-9-(2-deoxy-p-ribofuranosyl)- plots of [ANTP]ko against [dNTP]. Each parameter was averaged from

purine (4). A solution of 3 (167 mg, 0.5 mmol) and trimethylsilyl three to six data sets.

chloride (460uL, 3.7 mmol) in pyridine (2.5 mL) was stirred at room T7 Transcription. Templates (13:M of a 35-mer coding DNA and

temperature for 25 min (solution A). A solution of phenoxyacetyl a 21-mer noncoding DNA) were annealed in a buffer containing 10
chloride (104uL, 0.8 mmol) and 1-hydroxybenzotriazole (120 mg, 0.9  mM Tris-HCI (pH 7.6) and 10 mM NaCl by heating at 96 and slow
mmol) in CHCN (240uL) and pyridine (24QuL) was stirred at 0C cooling to 4°C. Transcription was carried out in a buffer (20)

for 5 min (solution B). Solution A, precooled to @, was added to containing 40 mM Tris-HCI (pH 8.0), 24 mM Mggl2 mM spermidine,
solution B at 0°C, and then the reaction mixture was stirred at room 5mM DTT, 0.01% Triton X-100, 1 mM natural NTPs, 0, 0.5 or 1 mM
temperature overnight. The solution was cooled toC0and treated modified or unmodifiedy TP, 2uCi [y-32P]GTP, 2uM template, and
with 14% NHOH (440 uL) for 10 min. The reaction mixture was 50 units of T7 RNA polymerase (Takara, Kyoto). By the useyst3]-
separated with EtOAc and-B, and the organic phase was dried with  GTP, the transcripts were labeled only at thebd, which facilitated
Na,SQOs and evaporated in vacuo. The product was purified by silica the analyses of the yields. After an incubation at°87for 3 h, the

gel column chromatography (5% methanol in £13) to give 4 (211 reaction was quenched by the addition of a dye solution /2P
mg, 90%) as a white solid. containing 10 M urea and 0.05% BPB. The mixture was heated at 75
2-N-Phenoxyacetyl-6-(2-thiazolyl)-9-[2-deoxy-8-(4,4-dimethoxy- °C for 3 min, and the products were analyzed on a 20% polyacrylamide-

trityl)- f-p-ribofuranosyl]purine (5). Compound4 (211 mg, 0.45 7M urea gel.
mmol) was coevaporated with dry pyridine three times and was  Nycleotide-Composition Analysis in T7 Transcription516 Tem-
dissolved in pyridine (4.3 mL). To the solution was added-4,4  pjates (10uM) were annealed in 10 mM Tris-HCI buffer (pH 7.6)
dimethoxytrityl chloride (159 mg, 0.47 mmol), and the mixture was containing 10 mM NaCl by heating at & for 3 min and cooling to
stirred at room temperature for 3 h. The reaction mixture was poured 4 oc. Transcription was carried out in 40 mM Tris-HCI buffer (pH
into 5% NaHCQ in Hz0 and extracted with EtOAc. The organic phase g o 204L) containing 24 mM MgGJ, 2 mM spermidine, 5 mM DTT,
was washed with saturated NaCl three times, dried witbSis and 0.01% Triton X-100, 10 mM GMP, 1 mM natural NTPs—0 mM
evaporated in vacuo. The product was purified by silica gel column yTP or modifiedy TP, 2uCi [a-32P]ATP or [a-32P]JUTP (Amersham),
chromatography (CkCI/EtOAc= 1:1, V/V) to give5 (346 mg, 99%). 2 uM template, and 50 units of T7 RNA polymerase (Takara). After
2-N-Phenoxyacetyl-6-(2-thiazolyl)-9-[2-deoxy-£-(4,4-dimethoxy- an incubation fo3 h at 37°C, the reaction was quenched by the addition
trityl)- f-p-ribofuranosyl]purine 2-cyanoethyl-N,N-diisopropylphos- of 20 uL of the dye solution. This mixture was heated at°T5for 3
phoramidite (6). Compoundb (346 mg, 0.45 mmol) was coevaporated  in and then was loaded onto a 15% polyacrylamide-7 M urea gel.
with pyridine and THF three times each and was dissolved in THF The fy|l-length products were eluted from the gel with water and were
(2.3 mL). To the solution was addé&iN-diisopropylethylamine (DIEA) precipitated with ethanol and 0.05,43 units of E. coli tRNA. The
(117uL, 0.67 mmol) and 2-cyanoethy:N-diisopropylamino chloro- - transcripts were digested by 0.75 units of RNas@ff37°C for 70—
phosphoramidite (1106L, 0.49 mmol). The mixture was stirred at room 150 min, in 10uL of 15 mM sodium acetate buffer (pH 4.5). The
temperature for 1.5 h. The reaction was quenched by adding. 50 digestion products were analyzed by 2D-TLC using a Merck HPTLC
methanol. The solution was diluted with EtOAc/triethylamine (20 mL, plate (100x 100 mm) (Merck, Darmstadt, Germany) with the following
20:1, viv) and then washed with 5% NaHe¢and saturated NaCl three  geveloping solvents: isobutyric acid/NEIH/H0 (66:1:33 v/v/v) for
times. The organic phase was dried with,8@, and evaporated in  he first dimension, and isopropyl alcohol/HCY®I (70:15:15 viviv)
vacuo. The product was purified by silica gel column chromatography for the second dimension. The products on the gels and the TLC plates

(hexane/CHLCl, = 3:2, v/v containing 2% triethylamine) to gi(360 were analyzed by the Bio-imaging analyzer. The quantification of each
mg, 83%) as a white foam. _ _ _ _ spot was averaged from three to five data sets.

Steady-State Kinetics for the Single-Nucleotide Insertion Experi-
ments with the Klenow Fragment. Steady-state kinetic analyses for Acknowledgment. This work was supported by the RIKEN
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OH), which was diluted in a buffer containing 50 mM potassium . . . )
phosphate (pH 7.0), 1 mM DTT, and 50% glycerol. The mixture was Supporting Information Available: NMR and MS data for

incubated for more than 2 min. Reactions were initiated by adding 3 the nucleoside derivatives of and MS data for the d(T)
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