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Abstract: Toward the site-specific incorporation of amino acid analogues into proteins, a two-unnatural-
base-pair system was developed for coupled transcription—translation systems with the expanded genetic
code. A previously designed unnatural base pair between 2-amino-6-(2-thienyl)purine (denoted by s) and
pyridin-2-one (denoted by y) was used for the site-specific incorporation of yTP into RNA opposite s in
templates by T7 RNA polymerase. For the site-specific incorporation of STP into RNA, a newly developed
unnatural base, imidazolin-2-one (denoted by z), is superior to y as a template base for pairing with s in
T7 transcription. The combination of the s-y and s-z pairs provides a powerful tool to prepare both
y-containing mRNA and s-containing tRNA for efficient coupled transcription—translation systems, in which
the genetic code is expanded by the codon—anticodon interactions mediated by the s-y pair. In addition,
the nucleoside of s is strongly fluorescent, and thus the s-z pair enables the site-specific fluorescent labeling
of RNA molecules. These unnatural-base-pair studies provide valuable information for understanding the
mechanisms of replication and transcription.

Introduction to a cell-free translation system for the incorporation of
3-iodotyrosine into a peptide.In this translation system,
however, the mMRNA and tRNA containing the unnatural bases
were prepared by laborious chemical synthesis. Although the
isoG can be incorporated into RNA opposite isoC by T7
transcription, the isoC incorporation into RNA is not useful,
due to the instability of isoCTP and the misincorporation of T

The creation of unnatural base pairs for the expansion of the
genetic alphabet and code allows us to incorporate various
unnatural, functional components into nucleic acids and proteins
at desired positions:2 For this purpose, unnatural base pairs
that have exclusive selectivity and work together with the natural

ﬁ;nz(lgt)'oﬁn;reic .F:érs in replication, transcription, and by the tautomerization of iso&.On the other hand, recent
_' quired. . studies of unnatural hydrophobic base analogues, such as
Previous efforts pursued the use of unnatural base pairs, Sucr‘kl-methylbenzimidazole and 2,4-difluorotoluene, revealed that
as isoG and isoC, with hydrogen-bonding pgttergs different from o steric effects between pairing bases are important for DNA
those of the natural WatserCrick base pairS.© These un- o jications Although hydrophobic base pairs are also potential
natural base pairs functioned with moderate selectivity in .oqidates for unnatural base paha! there have been no
replication and transcription, and the isoG-isoC pair was applied reports on transcription mediated by hydrophobic base pairs.
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b CHs especially A, are partially incorporated into RNA opposite

— ‘s\o N templates (Figure 1c), and the incorporation fidelitsopposite
NS T y was reduced by 7980%. Consequently, this insufficient
= N
Y

selectivity ofs incorporation oppositg hampers the transcrip-

/N SN S tional preparation of RNA fragments containisg
<N ’ s/ HT To overcome this problem with they pair, we designed
/ N '|“ imidazolin-2-one (denoted k) as an efficient pairing partner
H of s (Figure 1d). The shape fitting between the five-membered

ring of z ands was expected to be better than that between the
six-membered ring of ands. Although the hydrogen bonding
H_ H betweens and z is less effective than that betwesrandy,

N ) both the hydrogen bonding and shape fitting in the noncognate
/N | A\N“' G-z and Az pairs (Figure 1e) should be much less effective
<N ) than those in the G-and Ay pairs (Figure 1c). As compared
/ N to the six-membered ring of, the loose fitting of the five-
membered ring of with the natural purines may not effectively
exclude water molecules on the pairing surface of A or G in

d — \ e replication® Thus, thes-z pairing was expected to be more
NS ,H"N/Z\\N H_ _H H’N/T\ selective tha_n_the-y pairing. Ht_ere, we compare thg potenFiaI
\r ~ . N of the sz pairing to thesy pairing through experiments in
/N | SN 0 /N >N 4 transcription and replication, and by the thermal stability of the
<N s)\ _H < ‘ A) sz pair in duplex DNA. We also report the synthesis of tRNA
/ N '|" /N N containings in the anticodon, by T7 transcription mediated by
H

thes-z pairing, and discuss the two-unnatural-base-pair system

Figure 1. Cognate unnatural base pairs and their noncognate pairs: the for the expansion of the genetic code.
cognatesy (a), noncognates-T (b) and Ay (c), cognates-z (d), and

noncognate Az (e) pairs. Results and Discussion

By combining the concepts of hydrogen-bonding patterns and ~ 1he 2-deoxyribonucleoside of was synthesized by the
steric interactions, we previously developed an unnatural basedlycosidation of 1-chloro-2-deoxy-3,5-@-toluoyl-o-p-eryth-
pair between 2-amino-6-(2-thienyl)purine (denotedspyand ropentofuranose and trimethylsilylated imidazolin-2-one with
pyridin-2-one (denoted by) (Figure 1a)t415The bulky thienyl SnCh(SCheme 1). Aﬁer deprotect.ion of the tpluoyl groups, both
group ofs effectively excludes the pairing with natural bases, the f-isomer ando-isomer were isolated with total yields of
enabling the specific pairing betwesandy (Figure 1a,b). The 19 and 24%, respectively. These structures were confirmed by
sy pair functions specifically in DNA duplex formation, HNMR and mass spectrometry; tfidgsomer generated NOEs
replication, translation, and especially transcription. The sub- Petween Hland H4, and H1 and H2', unlike thea-isomer
strate ofy (denoted by TP) can be site-specifically incorporated  (S€€ Supporting Information). Furthermore, thied NMR
by T7 RNA polymerase into RNA oppositsn templates, and ~ SPectrum of theg-isomer was identical to that of the product
the incorporation fidelity ofy opposites is more than 95%. obtained by a different synthesis route, in which gesomer
Using the sy pair, we created an extra codeanticodon was derived from thg-p-ribonucleoside of!” by deoxygen-
interaction and achieved the site-specific incorporation of an ation of the 2-hydroxy group'® For DNA chemical synthesis,

amino acid analogue, 3-chlorotyrosine, into the human Ha-Ras the base moiety was protected with a diphenylcarbamoyl group,
protein by coupled transcriptiertranslation in a cell-free ~ and then the nucleoside was converted to the amidite. The

systems (see Figure 4). stability of the z nucleoside in DNA fragments, under the
deprotection conditions after DNA synthesis, was tested using
| the trimer, d(&T), and no decomposition was observed after
treatment with concentrated NBH at 55°C for 6 h. DNA
templates (35-mer and 104-mer) containigere synthesized.
The coupling efficiency of the amidite was98% on a DNA
synthesizer (Applied Biosystems). Furthermore, thelgbx-
yribonucleoside ofz was converted to the nucleosidé- 5
triphosphate (@TP), to function as a substrate in replication.
First, we examined the thermal stability of a duplex DNA
(12-mer) containing the-z pair, to assess the specificity of the

Although this cell-free coupled transcriptieitranslation
system has the potential for the efficient synthesis of artificia
proteins with amino acid analogues, thy pair still has some
shortcomings for practical uses. In this system, the tRNA
molecule containing in the anticodon had to be prepared by a
laborious method combining chemical synthesis and enzymatic
ligation® This is because of the unidirectional complementarity
of the sy pair; the incorporation 0§ into RNA oppositey is
less selective than that gfopposites in T7 transcription. The
unnatural base has the bulky thienyl group, which prevents A . -
pairing with the natural bases. On the other hanlaas no such unnatural base pair formation. The DNA duplex containing the

functional group. Thus, the substrates of the natural urines,s'z, pair (Tm = 42.3°C) was as stable as that _contair_1i_ng the
group P pair (Tm = 42.9°C), even though the stacking ability of the

five-membered ring ok might be inferior to that of the six-
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Scheme 1. Synthesis of the Amidite and the Triphosphate of z2
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aReagents: (a) hexamethyldisilazane, ammonium sulfate, dichloroethane; (b) &e@bnitrile; (c) methanolic ammonjasisomer (19%) and.-isomer
(24%) from 1; (d) 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane, DMF, pyridine, 78%; (e) diphenylcarbamoyl chi®PdEN, pyridine, 60%; (f)
tetrabutylammonium fluoride, THF, 96%; (g) 4dimethoxytrityl chloride, pyridine, 86%; (h) CIP(NRr2)(OCH,CH.CN), 'PrLEIN, THF, 86%; (i) POQ,
proton sponge, PO(OG)4, then trin-butylamine, bis(tributylammonium)pyrophosphate, DMF. Abbreviations: DMTr, dimethoxytiftylisopropyl; Tol,
toluoyl.

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'-TATTATGCTGAGTGATATCCCTCCTTCTETCTCGA

primer 2 5'-ACTCACTATAGGGAGCTTCT
template 2 3'-TATTATGCTGAGTGATATCCCTCGAAGAIIAGAGCT

primer— template nucleoside Kin Vinax Vinax/ Kin

entry template set (N) triphosphate (uM) (% min—1)3 (% min~1-M~?)
1 1 S z 600 (210% 34 (6) 5.7x 10¢
2 1 A z 1800 (500) 5.0(1.9) 2.& 108
3 1 G z 770 (540) 2.1(1.3) 2.% 16°
4 1 C z nd® nd

5 1 T z 900 (700) 0.065 (0.030) 72 10
6 2 z S 95 (30) 55 (17) 5.8< 1P
7 2 z A 540 (140) 8.9 (2.4) 1.6 10
8 2 z G 270 (170) 0.57 (0.20) 2.% 108
9 2 z C nd nd

10 2 z T 58 (56) 0.041 (0.027) 7.% 1%
11 1 S y 170 (60) 10 (4) 5.% 10*
12 1 A y 220 (90) 11 (3) 5.0« 10*
13 1 G y 140 (30) 1.1(0.3) 7.% 108
14 1 C y nd nd

15 1 T y nd nd

16 2 y S 68 (19) 69 (11) 1.0¢< 108
17 2 y A 370 (190) 56 (12) 1.5 10°
18 2 y G 310 (110) 4.2 (1.0) 1.4 100
19 2 y C 1000 (300) 0.19 (0.01) 1.9 107
20 2 y T 4.8 (4.9) 0.78 (0.39) 1.6 1P
21 1 A T 1.5(0.5) 1.8(0.3) 1.2 108
22 1 A C 2000 (1500) 1.7 (0.7) 85 1%
23 2 T A 3.9(1.3) 11 (2) 2.& 10°
24 2 C A 490 (80) 2.9(0.9) 5.9 16

aThe values were normalized to the enzymatic concentration (20 nM) for the various enzyme concentratiohStasedrd deviations are given in
parentheses.nd, no inserted products were detected after an incubation for 20 min with 2100 ouR#60cleoside triphosphate and 45 nM enzyme.

membered ring of. Interestingly, the selectivity of thez pair Before we tested the-z pair in transcription, we examined
was significantly improved, and the duplex DNA containing the potential of thes-z pairing in replication, since the
thes-z pair (T, = 42.3°C) was stabilized by 2:86.8°C relative determination of the kinetic parameters of base pairings in
to the mispairs betweenand the natural purine baség,{s = replication is much easier than that in transcription, and the
35.5 and 39.5C for the Az and Gz pairs, respectively). In structures and mechanisms between DNA polymerases and RNA
contrast, the stability of the duplex DNA containing the polymerases are quite similt-2! Thus, the selectivity of the
noncognate Grpair (T, = 43.1°C) was as high as that of the sz pairing against the noncognate pairings was compared with

duplex DNA containing they pair (Tm = 4_2'90(:)’ although (19) Sousa, R.; Chung, Y. J.; Rose, J. P.; Wang, BN&ture 1993 364, 593.
the sy pair was more stable than theyApair (T, = 36.2°C). (20) Cheetham, G. M. T.; Jeruzalmi, D.; Steitz, T. Mature 1999 399, 80.
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that of thesy pairing by the steady-state kinetics of single-
nucleotide insertion experiments. The exonuclease-deficient
Klenow fragment ofEscherichia coliDNA polymerase | was
used with combinations between nucleoside triphosphates and
double-stranded templates (35-mer; template 1 and template 2)
with a 32P-labeled primer (20-mer), in which various bases in
the templates were adjacent to tHeeBd of the primer (Table
1).

The selectivity of thes-z pairing was greatly improved (Table
1, entries +-10), in comparison to that of they pairing (Table

a non-template strand 5 -d (ATRATACGACTCACTATAGES)
template strand 3" -d (TATTATGCTGAGTGATATCCCTCGARGANAGAGCT)
tamp35y (N = y), tempdsz N =z}, + 1 +H7
temp35C (N = C), temp3STN=T) T7 RNA polymerase
1or 3mM sTP, 1 mM NTPs,
y 10 mM GMP, [«-“P]UTP

full-length product (17-mer) 5' -pGpGEGRAPGPCE Up UpCp*UpN’ p*UpCp* UpCpGpa
v RNase T digestion

“2pjabeled nucleotides cp* x 3, Up* x 1, N'pf X 1

b template N y z

sTP(mM) 013013

1, entries 1+20), and the efficiencies of thez pairing (Table

1, entries 1 and 6) were as high as those oftiigairing (Table 17mers| o me - ==

1, entries 11 and 16). The incorporation efficiency @B

opposites was 20- and 21-fold higher than those ofT& i T

opposite A and G, respectively (Table 1, entries3}, and the 11-mer | gy u WP
incorporation efficiency of P oppositez was 36- and 276- 10-mer > | Em—————

fold higher than those of JATP and dGTP, respectively, opposite . N

z (Table 1, entries 68). In contrast, the incorporation efficiency T2 3456

of dyTP opposites was only 1.2- and 7-fold higher than those

of dyTP opposite A and G, respectively (Table 1, entries-11 C temp35y (N=y) temp35z (N=z)
13), and the incorporation efficiency oS§OP oppositey was (sTP=3 mM) (sTP=3 mM)
7- and 71-fold higher than those of dATP and dGTP, respec- o oep )

tively, oppositey (Table 1, entries 1618). In addition, the . OOO . o e . (@] el
noncognate pairings af with natural pyrimidines (Table 1, AlrFo® O N o A o
entries 4, 5, 9, and 10) showed much lower efficiencies than Up T

thes-z pairing (Table 1, entries 1 and 6). Unexpectedly, T was » 2nd —» 2nd » 2nd
efficiently incorporated opposite (VmafKm = 1.6 x 10°, Table temp35T (N=T) temp35C (N=C)
1, entry 20), and the T incorporation opposite/mafKm = 7.1 (sTP=3 mM) (sTP=3 mM)
x 10%) was rarely observed (Table 1, entry 10). Thus, stze °

pair showed highly exclusive selectivity in the single-nucleotide - ry . .
insertion by the DNA polymerase. Interestingly, the pairing N " NEE ] #
between dTP andz in the template was favored over that ? T

between dTP ands in the template; the incorporation o§TP — = 2nd » 2nd

Figure 2. Unnatural T7 transcription employingz pairing. Schemes of

the experiments (a). Gel electrophoresis of transcripts using the templates
(N =y or 2) in the presence or in the absence of the substragysiP)

(b). 2D-TLC for nucleotide-composition analyses of transcripts, isolated
by the gel electrophoresis shown in panel b (lanes 3 and 6), and the
transcripts from templates (N T or C) (c). The quantitative data are shown

in Table 2.

oppositez (Vma/Km = 5.8 x 10°) was 10-fold more efficient
than the incorporation ofZTP opposites (VmadKm = 5.7 x
10%. This suggests thathas potential as a template base, rather
than a triphosphate substrate.

Since thes-z pair showed high selectivity in replication and
thermal selectivity in duplex DNA, we examined its pairing
selectivity in transcription. The incorporation &P into RNA o . .
was carried out by T7 RNA polymerase, using DNA templates were (_)bserved. AS _shown in F_'g_ure 2b,c, Ehmcorp_o_ratlon
(temp3%, temp3%, temp35C, and temp35T) in whidy, C, oppos¢ez.showed higher select'lwty than that opposit® T7
or T was located at a complementary site corresponding to _transcrlptlon. No 17-me_r transcript was generated fro_m temp35
position 11 in the transcripts (Figure 2a). The internally labeled in the absence TP (Figure 2b, lane 4). However, in tisey
transcripts were analyzed on a gel (Figure 2b), and then werePairing, even in the absence sfP, the full-length transcript
fully digested to nucleoside’®hosphates for a nucleotide- (17-mer) was produced with tempB%Figure 2b, lane 1).
composition analysis on a 2D-TLC plate (Figure 2c). Afterward,
the amount of each nucleoside-ghosphate was quantified  confirmed the high selectivity of theincorporation opposite
(Table 2). Sinced-*P]UTP was used for labeling in transcrip- i transcription (Figure 2c and Table 2). Among the purine
tion, the 3-phosphates of the nucleotides that became the 5 sybstrates, only a spot corresponding, twhich originated from
neighbor of U in the transcripts were labeled. Thus, the digestion tne incorporation opposite was observed in the transcription
of the transcripts by RNase, enerated three labeled Cp’s, using temp38 (Figure 2c, N= z, and Table 2, entries 1 and
one labeled Up, and a labeled nucleotide at position 11. 2), and no misincorporation TP opposite T or C occurred

After 3 h of transcription, the relative yields of the 17-mer i, the transcription using temp35T and temp35C (Figure 2¢, N
transcripts (Figure 2b, lanes 3 and 6) were-80% relative to  — 1 and C, and Table 2, entries 6, 7, 9, and 10). In contrast,
those obtained from the natural templates<NT or C) with g6 in the presence of a 3-fold excess of STP (3 mM) relative
the natural NTPs (data not shown), although truncated transcripts,y the natural NTPs (1 mM), a few misincorporations of GTP
(10-mer and 11-mer in Figure 2b) from temp3&nd temp33 and ATP oppositey were observed in the transcription using

temp3%y (Figure 2c, N= vy, and Table 2, entry 4). The
specificity of thesincorporation opposite was more than 96%

The nucleotide-composition analysis of the 17-mer transcripts

(21) Temiakov, D.; Patlan, V.; Anikin, M.; McAllister, W. T.; Yokoyama, S.;
Vassylyev, D. GCell 2004 116, 381.
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Table 2. Nucleotide Composition Analysis of T7 Transcripts
[0-P] TP composition of nucleotides incorporated as 5' neighbor of U or A or G#

entry template NTP (mMm) Ap Gp Cp Up sp
1 temp3% UTP 1 0.04[0]¢ (<0.01y 0.02 [0] (<0.01) 2.92[3] (0.06) 1.08 [1] (0.04) 0.95[1] (0.02)
2 temp3% UTP 3 0.02 [0] <0.01) 0.01[0] €0.01) 2.96 [3] (0.08) 1.05[1] (0.06) 0.96 [1] (0.02)
3 temp3y UTP 1 0.07 [0] (0.01) 0.18[0] (0.02) 2.98 [3] (0.06) 1.07 [1] (0.03) 0.71[1] (0.08)
4 temp3y UTP 3 0.04 [0] <0.01) 0.09 [0] £0.01) 2.98 [3] (0.03) 1.06 [1] (0.01) 0.82[1] (0.01)
5 temp35T UTP 0 1.00 [1]€£0.01) <0.01 [0] (<0.01) 2.97 [3] €0.01) 1.03[1] €0.01) nd [0]
6 temp35T UTP 1 1.00 [1] (0.02) <0.01[0] (<0.01) 2.97 [3] (0.03) 1.02[1] (0.02) <0.01 [0] (<0.01)
7 temp35T UTP 3 0.99 [1] (0.04) <0.01[0] (<0.01) 2.98 [3] (0.04) 1.03[1]€0.01) <0.01 [0] (<0.01)
8 temp35C UTP 0 0.01 [0]«0.01) 0.99 [1] (0.02) 3.00 [3] (0.01) 1.00[1] (0.01) nd [O]
9 temp35C UTP 1 0.01 [0]€0.01) 1.00 [1] (0.04) 2.98 [3] (0.04) 1.02 [1¥0.01) <0.01 [0] (<0.01)
10 temp35C UTP 3 <0.01[0] (<0.01) 0.99[1] €0.01) 2.99 [3] (0.02) 1.02 [1] (0.02) <0.01 [0] (<0.01)
11 tRNA104 ATP 3 5.12[5] (0.12) 5.99 [6] (0.12) 5.88[6] (0.07) 0.04 [6G}@.01) 0.96 [1] (0.05)
12 tRNA104T ATP 0 6.13 [6] (0.08) 5.90 [6] (0.08) 5.98 [6] (0.07) 0.99 [1] (0.01) nd [0]
13 tRNA104T ATP 3 5.98 [6] (0.07) 5.98 [6] (0.08) 5.96 [6] (0.09) 0.99 [1] (0.02) 0.09 [0] (0.05)
14 tRNA104 GTP 3 5.12 [5] (0.04) 6.79 [7] (0.06) 6.16 [6] (0.05) 1.97 [2] (0.03) 0.05 [0p(01)
15 tRNA104T GTP 0 5.01 [5] (0.01) 6.84 [7] (0.04) 6.10 [6] (0.05) 2.16 [2] (0.01) nd [0]
16 tRNA104T GTP 3 5.10 [5] (0.05) 6.95 [7] (0.06) 6.01[6] (0.11) 2.00 [2] (0.04) 0.05 [0] (0.04)

a Composition of nucleotides incorporated asiéighbor of U (Entries £10) or A (Entries 1+13) or G (Entries 1416), as shown in Figures 2 and 3.
b The values were determined using the following formula: (radioactivity of each nucleotide)/[total radioactivity of all nucledtidesgBhosphates)}
(total number of nucleotides at Geighbor of p-32P]NTP).¢ The theoretical number of each nucleotide is shown in brack&sandard deviations are

shown in parenthese$Not detected.

a N b
C
c template
'G-C T7 promoter| N> GGmTm
G-C
8:2 T7 RNA polymerase
g:g natural NTPs, GMP, sTP,
o G—c? k[J lTJ ? ? uha and [a-*2P] ATP or [o-*2P] GTP
clEA u G .
c? Gc|:t|:c|:u CGAAGGuUC transcripts N CCA
U
GGG Uc
Gl > —ccd ﬁ.aGC RNase Tz digestion
G—(L:I‘- nucleoside 3'-phosphates
S y 2D-TLe
Ye U N;: Nucleotide composition analysis
c Labeling with tRNA104z (N'=2)  IRNA104T (N'=T) tRNA104T (N'=T)
[a-32P) ATP with sTP without sTP with sTP
A S|
5 || @ = = -
3 % L < ®
Q o| |® ° v e .
Gp Up
— 2nd
Labeling with tRNA104z (N'=2)  tRNAI04T (N'=T) tRNA104T (N'=T)
[a-2P) GTP with sTP without sTP with sTP
Apo oF ) o =
- OCp ¢ L L]
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Figure 3. tRNA synthesis by T7 transcription mediated by shepairing.
The secondary structure & coli suppressor tRNA", in which the base

at position 36 isor A (a). Preparation of the tRNA containiisgt position

36 by T7 transcription (b). 2D-TLC for nucleotide-composition analyses
of tRNA transcripts labeled withof-32PJATP or [0-32P]GTP (c). The
guantitative data are shown in Table 2.

in the transcription using the combination of 3 n#VP and 1
mM natural NTPs (Table 2, entry 2).

We synthesized tRNA containingin the anticodon by T7
transcription, using a DNA template containingrhe sequence
of E. coli suppressor tRNA" was employed (Figure 3a). This
tRNA was specifically aminoacylated with an amino acid
analogue, 3-iodotyrosine, by & coli tyrosyl-tRNA synthetase
variant (V35C195), but was not aminoacylated with natural
amino acids by the eukaryotic tRNA synthetage$hus, the
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combination of the tRNA and the tRNA synthetase variant with
highly orthogonal specificity is available for eukaryotic transla-
tion system2-25The DNA templates (104-mer, tRNA194nd
tRNAL104T) of the E. coli tRNA™" with a Cls or CUA
anticodon for T7 transcription were chemically synthesized,
using the amidite of. As the complementary base opposite

in the duplex DNA template of tRNA1&4 A was introduced
into the nontemplate strand. In addition, the last two nucleosides
(G and T) at the Btermini of the template strand were replaced
with their 2-O-methylribonucleosides, which can reduce the
addition of one or more nontemplated nucleotides at the 3
terminus of the nascent transcrpilranscription was performed
with 3 mM sTP, 1 mM natural NTPs, 10 mM GMP, and-f2P]-
ATP or [a-32P]GTP, using 1uM template, fo 6 h at 37°C
(Figure 3b). The transcription efficiency for the synthesis of
the tRNA with the Cl$ anticodon was as high as that for the
control synthesis of the tRNA with the CUA anticodon (data
not shown).

Internally labeled tRNA transcripts were isolated by gel
electrophoresis and digested to nucleosid@tdsphates by
RNase . The labeled nucleosidé-Bhosphates were analyzed
by 2D-TLC, as mentioned above (Figure 3c and Table 2). As
shown in Figure 3c and Table 2, these data confirmed the site-
specific incorporation oETP into the anticodon of the tRNA
by T7 transcription mediated by tisez pairing. The nucleotide-
composition analysis indicated thefP was incorporated at
position 36 in the tRNA opposite in the template, and the
misincorporation o&TP opposite the natural bases was negli-
gible. In the presence ofTP, only the f-32P]ATP-labeled
transcript obtained from the template, tRNA¥ZQgave a spot
corresponding to the ribonucleosideghosphate of (denoted

(22) Kiga, D.; Sakamoto, K.; Kodama, K.; Kigawa, T.; Matsuda, T.; Yabuki,
T.; Shirouzu, M.; Harada, Y.; Nakayama, H.; Takio, K.; Hasegawa, Y.;
Endo, Y.; Hirao, I.; Yokoyama, Sroc. Natl. Acad. Sci. U.S.2002 99,
9715.

(23) Sakamoto, K.; Hayashi, A.; Sakamoto, A.; Kiga, D.; Nakayama, H.; Soma,
A.; Kobayashi, T.; Kitabatake, M.; Takio, K.; Saito, K.; Shirouzu, M.; Hirao,
1.; Yokoyama, SNucleic Acids Res2002 30, 4692.

(24) Chin, J. W.; Cropp, T. A.; Anderson, J. C.; Mukherji, M.; Zhang, Z.;
Schultz, P. GScience2003 301, 964.

(25) Kbdhrer, C.; Yoo, J.-H.; Bennett, M.; Schaack, J.; RajBhandary, @Hem.
Biol. 2003 10, 1095.

(26) Kao, C.; Rdisser, S.; Zheng, MMethods2001, 23, 201.
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by sp) (Figure 3c). Since the incorporatesl became the DNA e Az
5'-neighbor of A, the 3phosphate o was labeled with only L
[0-32P]ATP, and thesp spot was detected by 2D-TLC. Thus, transcription "a“s""ptw"l

no spot corresponding tgp was observed on the 2D-TLC of mRNA VAG

the [a-32P]GTP-labeled transcript from tRNA1@4with STP. unas C_jj EL'S
As a control, the transcripts from the template consisting of the .

natural bases, tRNA104T, did not yield tge spot on the 2D- translation -—

TLC, even in the presence ®TP. From the nucleotide- cus
composition analysis, the incorporation selectivitysopposite unnatural ' CUs

z was 96% (Table 2, entry 11). Although the values of the protein unAA

misincorporations ofTP opposite the natural bases were 6:05  F e b T 0 e elogtiee o proteins
0.09 (Table 2, entries 13, 14, and 1_6_)’ these m'S'ncor_porat'onsgt desired positionz. In the sys?em, mRNA contairyirzgnd tRNgA containri)ng
correspond to only 0:30.5% per position in the transcripts, as  swere obtained from DNA templates containimgndz, respectively. UnAA
determined by the following formula:s[composition]/[total means an unnatural amino acid.

numbers of nucleotides a$ eighbors of A or G]x 100 (%).

In contrast to the high selectivity of the incorporation @t position 4 ozimproved the shape fitting between 4-acetyl-
oppositez into RNA, thez incorporation opposits was less ~ and A, and d(4-acetyt)TP was efficiently incorporated into
selective than they incorporation opposites by T7 RNA DNA opposneAby HIV reverse transcrlpta%S[mnarIy, the
polymerase; the incorporation fidelity aTP opposites was bulky thienyl group at position 6 of can also fill the space
only 50-70% (data not shown). This tendency also appeared betweens and z. In contrast to the fitting between A and
in the single-nucleotide insertion experiments with the Klenow 4-acetylz or A andy, the noncognate pairs between the natural
fragment, as mentioned above; théncorporation efficiency purines and or.sand the .natu.ral pyr|m|d|nes exml.mt poor shape
oppositesinto DNA was 10-fold lower than theincorporation ~ complementarity, resulting in the high specificity of tse
efficiency opposite (Table 1, entries 1 and 6). This difference  Pairing in replication and especially in transcription.
in the incorporation efficiencies mainly depends on the complex  In this study, we have achieved the site-specific incorporation
stabilities among the substrate, the template, and the polymerase®f STP into RNA by T7 transcription mediated by tke pair.
the K, value ofz incorporation opposits (Ky, = 6004M) was The five-membered ring of thebase effectively excludes the
much larger than that of incorporation opposite (Ky, = 95 pairing with the natural purine bases. In combination with the
uM). This suggests that the low hydrophobicity and low stacking SY pair, thes-z pair can be applied to a coupled transcription
ability of z reduced the affinity between tizesubstrate and the ~ translation systert, in which the extra codonanticodon
polymerases. This is quite consistent with the fact that unnatural interaction is created by treey pair; the transcription mediated
hydrophobic bases show good potential as substrates in singleby the sy pairing generates mRNAs containiryg and the

nucleotide insertion experiments with the Klenow fragnfeit. ~  transcription mediated by thez pairing produces tRNAs
Consequently, the base can be unidirectionaly used as a containings (Figure 4). This two-unnatural-base-pair system
template base, instead pf for s incorporation into RNA. can be combined with the orthogonal tRNA-aminoacyl tRNA

In addition to the practical use of thez pair, these studies ~ SYynthetase for amino acid analogés? providing a convenient
provide valuable information for understanding the mechanisms @nd powerful method for the site-specific incorporation of amino
of replication and transcription. The differences in the selectivity acid analogues into proteins at desired positions. Furthermore,
between thes-z and s-y pairs in replication and transcription the nucleoside osf;exh|b|ted a quores'cence. emission gentered
highlight the importance of the steric interactions between at 430 nm, characterized by two major excitation maxima (299
pairing bases. The bulky thienyl groupséfficiently excludes ~ @nd 352 nm), and its fluorescence quantum yield was 0.41 at
the pairing with the natural pyrimidine bases in transcription, PH 7.0. Thus, thes-z pair will also enable the site-specific
but the pyrimidine-like basey, tends to pair with the natural fluorescent labeling of RNA fragments by T7 transcription.
purine bases, as well & because of their favorable shape
complementarity. In contrast, the five-membered ring dbes
not fit as well with the natural purines, unlikg and the General. Reagents and solvents were purchased from standard
specificity of thes incorporation into DNA and RNA opposite ~ suppliers and were used without further purification. Reactions were
z is higher than that opposite This relationship between the monitored by thin-layer chromatography (TLC) using 0.25 mm silica
steric interaction and the incorporation specificity has been found 9€! 2?554 plates (Merck)'H NMR (270 MHz), *C NMR (68 MHz),
in other unnatural base pairs. For example, a hydrophobic five- and>P NMR (109 MHz) spectra were recorded on a JEOL EX270

. magnetic resonance spectrometer. Purification of nucleosides was
membered ring, pyrrole-2-carbaldehydRe), preferred another performed on a Gilson HPLC system with a preparative C18 column

hydrophobic base, 9-methylimidazo[(4,5)-b]pyridiig){rather (Waters Microbond Sphere, 15019 mm). Triphosphates were purified
than the natural A or G, as a pairing partner in replication, but o a DEAE-Sephadex A-25 column (300 15 mm), and the final

a hydrophobic six-membered ring, 2,4-difluorotoluerté),(  purification was achieved by a Gilson HPLC system with an analytical
preferred bothQ and A27 The incomplete shape complemen- column (Synchropak RPP, 250 4.6 mm, Eichrom Technologies).
tarity between the five-membered-ring bases and the naturalHigh-resolution mass spectra (HRMS) and electrospray ionization mass
purine bases is less favorable for removing the solvating watersspectra (ESI-MS) were recorded on a JEOL HX-110 or JM-700 mass

on the purine bases. Interestingly, the addition of an acetyl group SPectrometer and a Waters micromass ZMD 4000, equipped with a
Waters 2690 LC system, respectively.

Materials and Methods

(27) Mitsui, T.; Kitamura, A.; Kimoto, M.; To, T.; Sato, A.; Hirao, |.; Yokoyama,
S.J. Am. Chem. So@003 125, 5298. (28) Kalman, T. I.; Sen, K.; Jiang, X.-Blucleosides Nucleotidd999 18, 847.
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Hirao et al.

Synthesis of 1-(2-Deoxys-p-ribofuranosyl)imidazolin-2-one (2).
A mixture of imidazolin-2-on& (505 mg, 6 mmol), hexamethyldisi-
lazane (HMDS) (20 mL, 20 mmol), ammonium sulfate (60 mg, 0.45
mmol), and dichloroethane (5 mL) was refluxed for 2 h, and then the
excess HMDS and dichloroethane were removed from the mixture by
evaporation. The residue was dissolved in acetonitrile (10 mL), and
the solution was mixed with an acetonitrile solution (10 mL) containing
1-chloro-2-deoxy-3,5-d®-toluoyl-a-p-erythropentofuranose (1.56 g,
4 mmol). To the mixture was added a solution of SNOl1 mL, 0.85
mmol) in acetonitrile (5 mL) dropwise at15 °C, and the solution
was stirred fo 1 h atroom temperature. The reaction mixture was
poured onto a dichloromethane (100 mL) and saturated NagHCO
solution (100 mL). The organic layer was washed with a saturated
sodium chloride solution (100 mL), dried with Mg@@nd evaporated
in vacuo. The product was purified by silica gel column chromatography
to give the fully protected mixture af- andfg-isomers (1.31 g, 75%).
The mixture was dissolved in methanolic ammonia (100 mL), stirred

phosphoramidite (4). A quantity of 1-[2-deoxy-50-(4,4-dimethox-
ytrityl)- 8-p-ribofuranosyl]-2-diphenylcarbamoyloxyimidazole (92 mg,
0.13 mmol) was coevaporated with dry pyridine and dry THF three
times each, and was dissolved in THF (§80. To the solution were
added diisopropylethylamine (34, 1.5 equiv) and 2-cyanoethi;N'-
diisopropylamino-chlorophosphoramidite (44., 1.5 equiv). The
reaction mixture was stirred at room temperature for 1 h. After the
addition of MeOH (5QuL), the mixture was diluted with EtOAC/TEA
(10 mL, 20:1, v/v). The mixture was washed with 5% NaHCO
followed by saturated NaCl three times. The organic layer was dried
over NaSO, and concentrated in vacuo. The product was purified on
a silica gel column, which was eluted with hexane:EtOAc (3:2, v/v)
containing 2% TEA, to give the amidite (100 mg, 86%).

Synthesis of 1-(2-Deoxy-b-ribofuranosyl)imidazolin-2-one 5-Tri-
phosphate (dzTP, 5) and 1£-p-Ribofuranosyl)imidazolin-2-one 8-
Triphosphate (zTP). The ribonucleoside af was synthesized accord-
ing to the literature procedufé.To a solution of the 2deoxyribonu-

for 12 h at room temperature, and evaporated. The residue was dissolved|eoside ofz or the ribonucleoside of (0.1 mmol) and a proton sponge

in H20, and each isomef{isomer, 155 mgp-isomer, 193 mg) was

(33 mg, 0.15 mmol), in trimethyl phosphate (500), was added POgI

separated by reversed-phase HPLC (Waters Microbond Sphere mode(12 4L, 0.13 mmol) at °C* The reaction mixture was stirred afQ

C18, with a gradient from 0% to 7.5% (15 min) @EN in H;O).
1-(2-Deoxy-3,5-diO-tetraisopropyldisiloxanyl-f-p-ribofuranosyl)-
imidazolin-2-one. To a stirred solution oR (73 mg, 0.36 mmol) in
DMF (1.8 mL) and pyridine (27&L) in an ice-cold bath was added
1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (%1, 0.36 mmol). The
reaction mixture was stirred at room temperature for 12 h and was
partitioned with 5% NaHC@and EtOAc. The organic layer was washed
with 5% NaHCQ followed by saturated NaCl, dried over }&0,, and
concentrated in vacuo. The product (120 mg, 78%) was purified from
the residue by silica gel column chromatography (2% MeOH in-CH
Cl).
1-(2-Deoxy-3,5-diO-tetraisopropyldisiloxanyl-f-b-ribofuranosyl)-
2-diphenylcarbamoyloxyimidazole. To a stirred solution of 1-(2-
deoxy-3,5-diO-tetraisopropyldisiloxanyp-p-ribofuranosyl)imidazolin-
2-one (120 mg, 0.27 mmol) and diphenylcarbamoyl chloride (150 mg,
2.4 equiv) in pyridine (2.7 mL) was add@&fN-diisopropylethylamine
(57 uL, 1.2 equiv). The solution was stirred at room temperature for
12 h and was partitioned with GBI, and water after the addition of
MeOH. The organic layer was washed with 5% NaHGKee times,
dried over NaSQ,, and concentrated in vacuo. The product (100 mg,
60%) was purified from the residue by silica gel column chromatog-
raphy (1% MeOH in CHCIy).
1-(2-Deoxyp-p-ribofuranosyl)-2-diphenylcarbamoyloxyimida-
zole (3).To a stirred solution of 1-(2-deoxy-3,5-@-tetraisopropyl-
disiloxanyl{3-b-ribofuranosyl)-2-diphenylcarbamoyloxyimidazole (100
mg, 0.16 mmol) in THF (1.6 mL) was addel M TBAF in a THF
solution (0.24 mL, 1.5 equiv). The reaction mixture was stirred at room
temperature for 30 min and was partitioned with EtOAc and water.
The organic layer was washed with saturated NaCl, dried over Na
SQ, and concentrated in vacuo. The product (60 mg, 96%) was purified
by silica gel column chromatography (5% MeOH in &H).
1-[2-Deoxy-50-(4,4-dimethoxytrityl)- #-p-ribofuranosyl]-2-diphe-
nylcarbamoyloxyimidazole. A quantity of 1-(2-deoxys-p-ribofura-
nosyl)-2-diphenylcarbamoyloxyimidazole (60 mg, 0.15 mmol) was

for 2 h (for the 2-deoxyribonucleoside of), or for 6 h (for the
ribonucleoside of). Tri-n-butylamine (12QuL, 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 5 min,
the reaction was quenched by the addition of 0.5 M triethylammonium
bicarbonate (TEAB, 500L). The resulting crude product was purified
by DEAE Sephadex A-25 column chromatography (eluted by a linear
gradient of 50 mM® 1 M TEAB), and then by C18-HPLC (eluted by

a gradient of 0% to 30% CGIEN in 100 mM triethylammonium acetate).

Thermal Denaturation. The absorbance at 260 nm of the DNA
fragments was monitored as a function of temperature-685°C) on
a Beckman DU650 spectrophotometer. The duplexes-GfGTAAC-
NATGCG and 5>CGCATNGTTACC (N = sor natural bases and' N
= z,y, or natural bases) were dissolved in 10 mM sodium phosphate
(pH 7.0), 100 mM NaCl, and 0.1 mM EDTA, to give a duplex
concentration of M. Ty, values were calculated by the first derivatives
of the melting curves.

Single-Nucleotide Insertion Experiments Steady-state kinetics for
single-nucleotide insertions were carried out according to the litera-
ture$1-32using the templates shown in Table 1. Primers weédatseled
by using [-*?P]ATP and T4 polynucleotide kinase. Primer-template
duplexes (1Q«M) were annealed, in a buffer containing 100 mM Tris-
HCI (pH 7.5), 20 mM MgC}, 2 mM DTT, and 0.1 mg/mL bovine
serum albumin, by heating at 9& and slow-cooling to £C. The
duplex solution (5«L) was mixed with 2uL of a solution containing
the exonuclease-deficient Klenow fragment (Amersham USB, OH)
diluted in a buffer containing 50 mM potassium phosphate (pH 7.0), 1
mM DTT, and 50% glycerol, and was incubated at “€7 for more
than 2 min. Reactions were initiated by addingl3of a dNTP solution
to the DNA—enzyme mixture at 37C. The amount of polymerase
used (5-50 nM), the reaction time (220 min), and the gradient
concentration of dNTP (0-62400uM) were adjusted to give reaction
extents of 25% or less. Reactions were quenched by addind. 10
a dye solution containing 0.05% BPB, 89 mM TFrisorate, 2 mM

coevaporated with dry pyridine three times. The residue was dissolved EDTA, and 10 M urea, and the mixtures were immediately heated at

in pyridine (1.5 mL) with 4,4dimethoxytrityl chloride (52 mg, 1.0

75 °C for 3 min. The products were analyzed on a—28%

equiv), and the solution was stirred at room temperature for 12 h. Water polyacrylamide gel containin7 M urea. The reaction extents were

was added to the solution, and the product was extracted with EtOAc.
The organic layer was washed with 5% NaH{®@ice and then with
saturated NacCl, dried over B8O, and concentrated in vacuo. The
product was purified by silica gel column chromatography (2% MeOH
in CH,Cl,) to give the dimethoxytrityl derivative (92 mg, 86%).
1-[2-Deoxy-50-(4,4-dimethoxytrityl)- #-p-ribofuranosyl]-2-diphe-
nylcarbamoyloxyimidazole 2-CyanoethyIN,N'-diisopropylamino-

(29) Hilbert, G. E.J. Am. Chem. S0d.932 54, 3413.
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measured with a Bio-imaging analyzer (Fuji BAS 2500). Relative

velocities ¢o) were calculated as the extents of the reaction divided by
the reaction time, and were normalized to the enzyme concentration
(20 nM) for the various enzyme concentrations used. The kinetic

(30) Kovas, T.; Qvos, L. Tetrahedron Lett1988 29, 4525-4528.

(31) Petruska, J.; Goodman, M. F.; Boosalis, M. S.; Sowers, L. C.; Cheong, C.;
Tinoco, |. Proc. Natl. Acad. Sci. U.S.A.988 85, 6252.

(32) Goodman, M. F.; Creighton, S.; Bloom, L. B.; PetruskaCidt. Rev.
Biochem. Mol. Biol.1993 28, 83.
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parametersm and Vmay) Were obtained from HanedNoolf plots of and Gm= 2'-O-methylguanosine], 1AM) and the nontemplate strand
[dNTP]/vo against [dNTP]. Each parameter was averaged from 3 (5'-GATAATACGACTCACTATAGGTGGGGTTCCCGAGCGGC-
data sets. CAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAG-

T7 Transcription. Templates (1Q:M) were annealed in 10 mM GTTCGAATCCTTCCCCCACCACCA, 1&M) were annealed in 10
Tris-HClI buffer (pH 7.6) containing 10 mM NaCl, by heating at% mM Tris-HCI buffer (pH 7.6) containing 10 mM NaCl, by heating at
for 3 min and cooling to 4C. Transcription was carried outin 40 mM  90°C for 3 min and cooling to 4C at a rate of 0.3C/sec. Transcription
Tris-HCI buffer (pH 8.0) (20uL) containing 24 mM MgC4, 2 mM was carried out in 40 mM Tris-HCI buffer (pH 8.0) (20.) with 24
spermidine, 5 mM DTT, 0.01% Triton X-100, 10 mM GMP, 1 mM  mM MgCl,, 2 mM spermidine, 5 mM DTT, 0.01% Triton X-100, 10
each NTP, 63 mM sTP, 2 uCi [a-*?P]JUTP (Amersham), 2«M mM GMP, 1 mM each NTP, 0 or 3 mMTP, 2uCi of [a-3?P]ATP or
template, and 50 units of T7 RNA polymerase (Takara Shuzo, Kyoto, [a-32P]GTP, 1uM template, and 50 units of T7 RNA polymerase. After
Japan). The addition of GMP reduced the production of the full-length incubation fa 6 h at 37°C, the reaction was quenched by the addition
+1 product yielded by the random incorporation of an uncoded extra of 20 uL of the dye solution. This mixture was heated at°Tsfor 3
base, and facilitated the analy3isAfter incubation fo 3 h at 37°C, min, and then was loaded onto a 10% polyacrylamidéJ urea gel.
the reaction was quenched by the addition ofi2®f the dye solution. The transcripts were eluted from the gel with water, and were
This mixture was heated at P& for 3 min, and then was loaded onto  precipitated with ethanol. The transcripts were digested by 1.5 units of
a 20% polyacrylamide7 M urea gel. The transcription products were  RNase Fin 10«L of 15 mM sodium acetate buffer (pH 4.5), containing
eluted from the gel with water, and were precipitated with ethanol. 0.05 Ao unit of E. coli tRNA, at 37 °C overnight. The digestion
The transcripts were digested by 0.75 unit of RNasatB7°C for 90 products were analyzed by 2D-TLC, as mentioned above.
min, in 10uL of 15 mM sodium acetate buffer (pH 4.5) and 0.0%A

unit of Escherichia colitRNA. The digestion products were analyzed Acknowledgment. This work was supported by the RIKEN

by 2D-TLC using a Merck HPTLC plate (108 100 mm) (Merck, Structural Genomics/Proteomics Initiative (RSGI), the National
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tyric acid—ammonia-water (66:1:33 v/v/v) for the first dimension, and ¢ Education, Culture, Sports, Science and Technology of Japan,
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For the tRNA synthesis, the template strand-TBGmGTG- Science, and Technology.
GTGGGGGAAGGATTCGAACCTTCGAAGTCGATGACGGCAG- . . . .
ATTN[N = z or T] AGAGTCTGCTCCCTTTGGCCGCTCGG- Supporting Information Available: NMR and MS data for

GAACCCCACCTATAGTGAGTCGTATTATC [denoted by tRNA1G4 2—5and NMR charts for the characterization of the nucleoside
(N = z) and tRNA104T (N= T), where Tm= 2'-O-methylthymidine derivatives ofz (2). This material is available free of charge
via the Internet at http://pubs.acs.org.
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