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Methods for the site-specific incorporation of extra components

into nucleic acids can be powerful tools for creating DNA and

RNA molecules with increased functionality. We present an

unnatural base pair system in which DNA containing an

unnatural base pair can be amplified and function as a template

for the site-specific incorporation of base analog substrates

into RNA via transcription. The unnatural base pair is formed by

specific hydrophobic shape complementation between the bases,

but lacks hydrogen bonding interactions. In replication, this

unnatural base pair exhibits high selectivity in combination

with the usual triphosphates and modified triphosphates,

c-amidotriphosphates, as substrates of 3¢ to 5¢ exonuclease-

proficient DNA polymerases, allowing PCR amplification. In

transcription, the unnatural base pair complementarity mediates

the incorporation of these base substrates and their analogs,

such as a biotinylated substrate, into RNA by T7 RNA polymerase

(RNAP). With this system, functional components can be site-

specifically incorporated into a large RNA molecule.

Nucleic acids are important in current biotechnology, as they can
be amplified by the complementarity between the A �T(U) and
G � C base pairs, and display versatile functionalities. But the
limitation of having only four different base components (nucleo-
tides) in standard nucleic acids restricts their functions, as com-
pared to the 20 different amino acids in natural proteins. An
unnatural base pair system addresses this problem by expanding
the genetic information contained in nucleic acids1–3. The specific
complementarity of an unnatural base pair allows the site-directed
incorporation of extra nucleotide analogs into DNA and RNA by
polymerases. DNA fragments containing an unnatural base pair
can be prepared by a conventional method combining chemical
DNA synthesis and enzymatic ligation. An unnatural base pair that
selectively functions in replication and transcription facilitates the
PCR amplification of the DNA fragments and synthesis of RNA
molecules containing nucleotide analogs at desired positions.

The first unnatural base pairs to be developed were isoguanine
and isocytosine (isoG � isoC), and xanthosine and diaminopyri-
midine, which had different hydrogen-bonding patterns from those
of the natural base pairs4,5. DNA fragments containing these
unnatural base pairs had been subjected to PCR amplification6–8,
and a modified isoG had been incorporated into RNA by tran-
scription using isoC-containing templates9. Unfortunately, T7
RNAP did not recognize the 2-amino pyrimidine analogs, isoC
and diaminopyrimidine, as substrates5.

Recently, we developed unnatural base pairs, including 2-amino-
6-(2-thienyl)purine (s) and 2-oxopyridine (y)10,11. The bulky
thienyl group of s effectively prevented noncognate pairings with
natural bases; the substrate (nucleoside 5¢-triphosphate) of y could
be site-specifically incorporated into RNA, opposite s in templates,
by T7 RNAP. Although this transcription reaction could be used
practically to introduce functional components into RNA12–14, the
selectivity of the s � y pair in replication was not as high as that
in transcription10.

Hydrophobic base pairs also have become candidates for the
expansion of genetic information. Studies have revealed the
importance of the geometrical shape complementarity between
the pairing bases, demonstrating that hydrogen bonds are not an
absolute requirement for replication15. Recently, several
hydrophobic base pairs had been developed and tested in replica-
tion16,17. One problem with these hydrophobic base pairs is
nonspecific incorporation between the hydrophobic bases,
although this characteristic has led to the development of self-
complementary pairs17.

Here we report the design and analysis of the hydrophobic base
pair, 7-(2-thienyl)-imidazo[4,5-b]pyridine (Ds) and pyrrole-2-
carbaldehyde (Pa) (Fig. 1a) in in vitro replication and transcription
(Fig. 1b). In replication, this base pair displays robust selectivity
in combination with the usual triphosphates and modified
triphosphates, g-amidotriphosphates, as substrates of 3¢ to 5¢
exonuclease-proficient DNA polymerases, allowing PCR
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amplification. Furthermore, these unnatural bases and their base
analogs were complementarily incorporated into RNA by standard
T7 transcription.

RESULTS
Design of unnatural base pair systems using Ds-Pa
We designed the Ds-Pa pair (Fig. 1a) with two goals in mind: (i) to
increase the pairing selectivity, we used hydrophobic bases with
different shapes from those of the natural bases15,18, (ii) to allow
interaction with polymerases19,20, we added proton acceptor
groups, including the nitrogen at position 4 of Ds (corresponding
to position 3 of adenine and guanine) and the aldehyde group of Pa
(corresponding to the 2-keto groups of cytosine and thymine). We
initially developed Pa21 as a specific pairing partner of another
unnatural base, 7-methylimidazo[4,5-b]pyridine (Q)22. Q, how-
ever, is a shape analog of adenine, and it efficiently pairs with both
thymine and Pa. Therefore, we replaced the 7-methyl group of Q
with a larger thienyl group, which effectively excluded its pairing
with the natural bases, but accommodated pairing with the five-
membered ring bases well23.

One problem with hydrophobic base pairs is their potential for
nonshape complementary pairings between hydrophobic bases17,
such as Ds-Ds pairing. To test for the possible formation of the
undesired Ds-Ds pair and the selectivity of the cognate Ds-Pa pair
in replication, we determined the kinetic parameters of the cognate
and noncognate base pairings between a substrate and a template
base by single-nucleotide insertion experiments, using the exonu-
clease-deficient Klenow fragment of Escherichia coli DNA polymer-
ase I (KF exo–)24–26 (Fig. 2a). The substrates (dDsTP and dPaTP)
and templates containing Ds or Pa were chemically synthesized
(Supplementary Methods online and Supplementary Data
online). The kinetic parameters (Fig. 2b,c and Supplementary
Table 1 online) indicated that the efficiencies of the cognate dDs-
dPa and dA-dT pairings are higher than those of their noncognate
pairings (Fig. 2b). But undesired dDsTP incorporation opposite Ds
(incorporation efficiency, Vmax/KM ¼ 2.0 � 105 % min–1 M–1) was
more efficient than the desired dPaTP incorporation opposite Ds
(Vmax/KM ¼ 6.2 � 104% min–1 M–1). The incorporation of dDsTP
opposite Ds inhibited further extension; the addition of dDsTP (0.5
or 1 mol equivalent of dPaTP) inhibited the extension by the 3¢ to
5¢ exonuclease-proficient Klenow fragment (KF exo+) after the

incorporation of dDsTP, instead of dPaTP, opposite Ds at position
29 in the template (Fig. 2d).

To reduce the amount of Ds incorporation opposite Ds, we used
a modified Ds triphosphate, g-amidotriphosphate (denoted as
dDsTPN), as the substrate. The incorporation efficiency of this
modified substrate might be lower than that of the usual substrates,
so its use in combination with the modified and usual substrates
could adjust the selectivity between the cognate and noncognate
pairings. We synthesized the g-amidotriphosphates with a slight
modification of the conventional chemical synthesis (Supplemen-
tary Methods). As expected, the incorporation efficiency of
dDsTPN opposite Ds (Vmax/KM ¼ 9.9 � 103% min–1 M–1) was
decreased. Although the incorporation efficiency of dDsTPN oppo-
site Pa (Vmax/KM ¼ 6.7 � 104% min–1 M–1) was reduced to a level
close to that of the dATP incorporation opposite Pa (Vmax/KM ¼
4.3 � 104% min–1 M–1), we resolved this problem by using the
g-amidotriphosphate of adenine (dATPN). The incorporation
efficiency of dDsTPN opposite Pa was 37-fold higher than that of
dATPN opposite Pa (Vmax/KM ¼ 1.8 � 103% min–1 M–1). Thus, we
achieved highly complementary selectivity by using a combination
of the usual triphosphates, dPaTP, dGTP, dCTP and dTTP, and the
g-amidotriphosphates, dDsTPN and dATPN (Fig. 2c).

Primer extension proceeded after Pa incorporation opposite Ds
in the presence of dDsTPN (Fig. 2d). Furthermore, extension after
the incorporation of dDsTPN opposite Pa or dATPN opposite
thymine also continued efficiently (Fig. 2e). Notably, dATPN

reduced the extension when adenine was misincorporated opposite
Pa (as compared to dATP). Moreover, the 3¢ to 5¢ exonuclease
activity of KF exo+ increased the selectivity of the Ds-Pa pair. The
noncognate A-Pa and Ds-T pairings were effectively prohibited by
KF exo+, and the extension involving the noncognate pairings
paused around the unnatural base position (Fig. 2e).

Sequencing of DNA fragments containing Ds
To determine the position of the unnatural base in the DNA, we
developed a sequencing method using dideoxynucleotide chain–
termination supplemented with the triphosphates of the unnatural
bases (Fig. 3). For the sequencing of DNA containing Ds, we used
modified Pa, 4-propynylpyrrole-2-carbaldehyde (Pa¢)27. dPa¢TP
produced clearer sequencing peak patterns around the Ds-Pa site
than those generated by dPaTP; dideoxy-terminated fragments next
to Pa incorporation yielded larger peaks than those of fragments
next to the site of Pa¢ incorporation (data not shown). For the
sequencing experiments, we constructed ten double-stranded
DNA fragments, each containing one Ds-Pa pair and a different
sequence around the Ds-Pa pair (DNA1 and DNA2, 150-mers and
DNA3–DNA10, 174-mers), by primer extension (Fig. 3a) or by
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Figure 1 | An unnatural base pair system for specific replication and

transcription. (a) The unnatural Ds-Pa and natural base pairs (Pa: R ¼ H, Pa’:

R ¼ C�C–CH3). (b) The unnatural base pair system that functions in PCR

amplification, primer extension, DNA sequencing and T7 transcription.

Original DNA templates were prepared by chemical synthesis and ligation, and

were amplified by PCR with unmodified dNTPs (dPaTP, dGTP, dCTP and dTTP)

and modified dNTPNs (g-amidotriphosphates, dDsTPN and dATPN). RNA

molecules containing Pa or modified Pa bases at specific positions were

transcribed from DNA templates containing Ds in the template strands, by T7

RNA polymerase with PaTP (or modified PaTP) and the natural NTPs (left).

RNA molecules containing Ds were transcribed from DNA templates containing

Pa in the template strands, with DsTP and the natural NTPs (right).
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ligation using chemically synthesized DNA fragments (Supplemen-
tary Methods).

In sequencing DNA1, a double-stranded 150-mer DNA fragment
containing a 5¢-CDsA-3¢/3¢-GPaT-5¢ sequence, the addition of
0.05 mM dPa¢TP prevented the incorporation of the dye termina-
tors of natural bases opposite Ds. Only the peak corresponding to
the base opposite Ds disappeared, and there was no signal attenua-
tion of the other peaks (Fig. 3c). Additionally, in the absence of
dPa¢TP the sequencing terminated at the position opposite Ds, and
the subsequent peaks almost disappeared (Fig. 3d). Thus, we could
confirm the unnatural base position in DNA fragments by compar-
ing the peak patterns obtained from sequencing in both the
presence and absence of dPa¢TP (see Supplementary Methods
and Supplementary Figs. 1 and 2 online).

PCR amplification
We optimized the PCR conditions for the amplification of DNA1–
DNA10 templates containing one Ds-Pa pair using a higher
concentration of thermophilic DNA polymerase with 3¢ to 5¢
exonuclease activity, longer extension time, and a substrate mixture
of dDsTPN, dPaTP, dATPN, dGTP, dCTP and dTTP. By cloning
and sequencing the products of a natural DNA fragment, amplified
by 10-cycle PCR using the optimized conditions with the substrate
mixture, we confirmed that the optimized PCR conditions did not
result in increased mutagenesis as compared to conventional
PCR conditions (data not shown). The amplification efficiency

of DNA1 under the optimized PCR conditions was B80% of
that of the natural base pair system under conventional PCR
conditions (Fig. 3b).

The Ds-Pa pair system exhibited high selectivity in PCR ampli-
fication. After 10 PCR cycles with DNA1 as the template and using
the optimized PCR conditions, we analyzed the products by
sequencing (Fig. 3e,f). We also performed 10 more cycles of PCR
(20 cycles in total) using a portion of the 10-cycle PCR product
(Supplementary Fig. 1). In the presence of dPa¢TP, the sequencing
of the 10-cycle and 20-cycle PCR products yielded peak patterns
similar to those of the original DNA1. Sequencing without dPa¢TP
revealed that the read-through peaks resulting from bases following
the unnatural base position were slightly increased with greater
numbers of PCR cycles. By analyzing the read-through peaks, we
estimated the mutation rate of the Ds-Pa pair compared to the rate
for the natural base pairs using the peak heights obtained from
standard DNA fragments, which contained 1–10% of the A �T pair
in place of the Ds-Pa pair (Supplementary Fig. 1). The total
mutation rates of the Ds-Pa site in DNA1 after 10 cycles and
20 cycles were B1% and 3–4%, respectively (see Supplementary
Discussion online).

We also amplified DNA fragments that contained different
sequences around the Ds-Pa pair (Supplementary Fig. 2) and
found two limitations of the system. One limitation was that the
amplification efficiency of DNA fragments containing 5¢-X(A)n-3¢
sequences (where X ¼ Ds or Pa and nZ 2, such as 5¢-DsAA-3¢ and
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Figure 2 | Single-nucleotide insertion and primer extension with the Ds-Pa

base pair system. (a) The template-primer duplexes for single-nucleotide

insertion experiments. The template temp35N-1 (N ¼ Ds or the natural bases)

was used for the incorporation of each substrate, Pa, Pa’ or the natural bases,

and the template temp35N-2 (N ¼ Pa, Pa’ or the natural bases) was used for

incorporation of Ds or the natural bases. (b) Incorporation efficiency of each

unmodified substrate (dNTP) opposite each template base by KF exo–.

(c) Incorporation efficiency of each substrate (dNTP, N ¼ Pa, G, C, and T, and

dNTPN, N ¼ Ds and A) opposite each template base by KF exo–. The data from

the g-amidotriphosphates (dNTPN) are highlighted in red boxes. The Vmax values were normalized to the enzyme concentration (20 nM) for the various enzyme

concentrations (5–50 nM) that were used depending on the incorporation efficiency of each substrate-template base combination. (d) Primer extension using a

Ds-containing template (200 nM) with dPaTP and the natural substrates (10 mM each), in the presence or absence of dDsTP or dDsTPN, by KF exo+ (0.1 unit/ml)

for 5 min. (e) Primer extension using templates (N ¼ Pa or T; 200 nM) with a series of substrates (10 mM each) (DsN ¼ dDsTPN and AN ¼ dATPN), by KF exo– or

exo+ (0.1 unit/ml) for 3 min. As dGTP was absent from each reaction, the full-length products were mainly the 33-mers.
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5¢-PaAA-3¢ (DNA10)) was substantially reduced. But the presence
of A-tract sequences without any unnatural bases in DNA
fragments did not affect the amplification efficiency in the
presence of dATPN. Another limitation was that the amplification
efficiency after more than 10 PCR cycles gradually decreased.
This problem, however, could be solved by diluting the PCR
solution after 10 amplification cycles or by removing the low-
molecular-weight products in the solution by filtration. Although
both limitations might be caused by the presence of g-amidotripho-
sphates and/or the production of amidopyrophosphates, we have
not determined the actual reasons. Nevertheless, by keeping in mind
these limitations, most DNA fragments containing the Ds-Pa pair
can be amplified.

T7 transcription of templates with the Ds-Pa pair
The Ds-Pa pair complementarity mediates the site-specific incor-
poration of PaTP, modified PaTP and DsTP into RNA by T7 RNAP,
but does not require g-amidotriphosphates. We examined tran-
scription of DNA templates (35-mer) containing Ds, Pa or Pa¢ (see
Supplementary Fig. 3 online). After 3 h of transcription with the
triphosphates of unnatural bases, we analyzed the 32P-labeled
transcripts by gel electrophoresis (Supplementary Fig. 3). The
full-length transcripts (17-mer) containing Pa, Pa¢ or Ds had 28–
91% of the yield relative to that of the transcript containing only
natural bases.

We confirmed the high selectivity of the Ds-Pa and Ds-Pa¢
pairings in T7 transcription by nucleotide-composition analysis11

(Supplementary Fig. 3 and Supplementary Table 2 online). We
observed low yields of the 17-mer transcripts in transcription
reactions with templates containing Ds or Pa but without the
unnatural base substrates in the reaction (by misincorporation of
the natural substrates opposite the unnatural bases). This was
especially true for Pa- or Pa¢-containing templates. But misincor-
poration was effectively prevented by the presence of the unnatural
base substrates as the incorporation selectivity of the unnatural-
base substrates opposite their pairing partners was more than 94%
(Supplementary Table 2). Also, we detected no misincorporation

of the unnatural base substrates opposite the natural bases in this
analysis (see Supplementary Discussion).

Site-specific biotinylation of RNA by using Bio-PaTP¢
To examine in greater detail the selectivity and potential application
of the Ds-Pa pair in both transcription and PCR amplification, we
used site-specifically biotinylated 152-mer RNA molecules, which
can be detected upon binding to streptavidin. We incorporated
biotin-linked Pa (Bio-Pa) into RNA by T7 transcription mediated
by Ds-Pa using the original and PCR-amplified templates. We
chemically synthesized the substrate, biotinylated-Pa (Bio-PaTP;
Fig. 4a and Supplementary Methods). To incorporate Bio-Pa into
an RNA molecule (152-mer), we transcribed DNA6, which con-
tains one Ds-Pa pair, and a natural DNA fragment, DNAcont2, with
natural (2 mM) and Bio-PaTP (2 or 4 mM) substrates (Fig. 4b).
The efficiencies of DNA6 transcription were 47–85% relative to that
of DNAcont2 (Fig. 4c). In the absence of Bio-PaTP, the transcrip-
tion of the amplified DNA6 yielded lower amounts of the full-
length product (Fig. 4c), indicating very little replacement of Ds-Pa
with the natural base pairs (3–4% after the 20-cycle amplification)
occurred during PCR amplification.

We assessed the selectivity of Bio-Pa incorporation into RNA by a
gel-mobility shift assay of the biotinylated transcripts, in the
presence of streptavidin (Fig. 4d). In transcription reactions
using the original DNA6 template with 2 mM Bio-PaTP (equiva-
lent to the natural substrates) 90% of the transcripts were biotiny-
lated. Increasing the Bio-PaTP concentration to 4 mM improved
the incorporation rate to 96%. Using DNAcont2, we also assessed
the misincorporation of Bio-PaTP opposite the natural bases. In
transcription with 2 and 4 mM Bio-PaTP, the yields of the
biotinylated transcripts were 9 and 16%, respectively (Fig. 4d).
These misincorporations correspond to only 0.06% (for 9% total)
and 0.12% (for 16% total) per position in the 152-mer transcript
(see SupplementaryMethods). In transcription reactions using the
20-cycle PCR-amplified template, the selectivity of Bio-Pa incor-
poration was slightly reduced, by 3–4% (Fig. 4d). These values
agreed well with the mutation rate of the Ds-Pa site (3–4%)
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of the DNA fragments containing the Ds-Pa pair.

(a) The double stranded DNA fragment (150-mer,

DNA1) was prepared by primer extension using

chemically synthesized DNA fragments (91-mer and

81-mer) containing Ds and Pa. (b) Agarose-gel

analysis of original DNA fragments (0 cycle)

and PCR products after 5 and 10 cycles of

amplification. For DNA1, PCR was performed with

0.04 unit/ml Vent DNA polymerase and the

following cycle conditions: 0.5 min at 94 1C,

0.5 min at 45 1C and 4 min at 65 1C. For DNAcont1

consisting only of the natural bases, PCR was

performed with 0.01 unit/ml Vent DNA polymerase

with the following cycle conditions: 0.5 min

at 94 1C, 0.5 min at 45 1C and 1 min at 72 1C.

(c–f) DNA sequencing, in the presence (c,e) or

absence (d,f) of dPa¢TP, of the original DNA1 (c,d)

and PCR-amplified DNA1 after 10 cycles using the

unnatural base pair system (e,f). The sequencing

reaction was performed with a BigDye Terminator

v1.1 Cycle Sequencing kit, containing a mutated

Taq DNA polymerase (Supplementary Methods).

732 | VOL.3 NO.9 | SEPTEMBER 2006 | NATURE METHODS

ARTICLES
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

em
et

h
o

d
s



estimated by the sequencing analysis (Supplementary Fig. 1).
Notably, Bio-Pa misincorporation opposite the natural bases
did not increase in transcription reactions using the 20-cycle
PCR-amplified DNAcont2 template (9 and 12% in the presence
of 2 and 4 mM Bio-Pa, respectively; Fig. 4d). Therefore, the
misincorporation of Ds and Pa opposite the natural bases is
extremely low during PCR amplification.

We compared the selectivity of the Ds-Pa pair in T7 transcription
with that of the natural A �T(U) pair, and found that the
misincorporation percentages of Bio-PaTP opposite the natural
bases (9 and 16% in Fig. 4d, respectively) were lower than those of
biotin-linked UTP (Bio-UTP) opposite the natural bases (Fig. 4e).
To assess the misincorporation of Bio-UTP opposite G, C and T, we
synthesized control DNA templates containing only one adenine
(DNAcont3) or no adenines (DNAcont4) in the coding regions of
the template strands. We transcribed DNAcont3 or DNAcont4
under the same conditions as those for the Ds-Pa–containing
templates, but with 0 or 2 mM of Bio-UTP and the other natural
substrates (2 mM ATP, GTP and CTP). The transcripts from
DNAcont3 had 100% incorporation of Bio-U opposite A, but
21% of transcripts from DNAcont4 were biotinylated by Bio-U
misincorporation opposite G, C and T (Fig. 4e). This misincor-
poration rate was higher than that of Bio-Pa opposite the natural
bases, even in the presence of 2:1 ratio of Bio-PaTP (4 mM) to the
natural substrates (2 mM). Thus, in T7 transcription, the selective

exclusion of Bio-Pa misincorporation at the natural base sites was
higher than that of Bio-U misincorporation opposite G, C and T,
although the incorporation of Bio-Pa opposite Ds was slightly less
efficient than that of Bio-U opposite adenine.

To determine the incorporation site of Bio-Pa in the transcripts,
we sequenced the biotinylated transcripts (Fig. 4f). If Bio-Pa was
precisely incorporated into the transcripts opposite Ds, then
position 59 in the transcripts would be biotinylated. We partially
digested the 5¢ 32P-labeled transcripts, by alkali or RNase T1. For
the transcripts containing Bio-Pa the bands corresponding to
fragments larger than a 59-mer were shifted on the sequencing
ladders. We treated the alkali-digested fragments with streptavidin
to capture the biotinylated fragments. As a result, fragments larger
than a 59-mer almost disappeared, confirming that Bio-Pa was site-
specifically incorporated at position 59 in the transcripts. Further-
more, the transcripts generated from the 20-cycle amplified
templates had the same patterns as those obtained with the
original templates.

DISCUSSION
We have developed an expanded genetic system using an unnatural
hydrophobic base pair for replication and transcription. In replica-
tion, we found that the g-amidotriphosphates have slower incor-
poration rates, especially in noncognate pairings. For example,
in the single-nucleotide insertion experiments, the Vmax value
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Figure 4 | Site-specific biotinylation of RNA molecules by T7 transcription using

the Ds-Pa pair. (a) The chemical structure of Bio-PaTP. (b) Experimental scheme

of the transcription and the transcript analysis. The transcription was performed

by T7 RNA polymerase with 2 mM natural NTPs and 0, 2 or 4 mM Bio-PaTP. (c) Gel

electrophoresis of transcripts using the indicated templates with the natural NTPs

(2 mM) in the presence (2 mM) or absence of Bio-PaTP. Transcripts were labeled

with [g-32P]GTP. (d) Gel-mobility shift assays for the analysis of biotinylated

transcripts. The 152-mer RNAs transcribed with Bio-PaTP, from the original

and 20-cycle PCR-amplified templates, DNA6 or DNAcont2, were mixed with

streptavidin. Biotinylated RNA-streptavidin complexes were separated from free

RNAs on a 7% polyacrylamide–7 M urea gel, and the amounts of the complexes

(yields) were determined from the band intensities. (e) Gel-mobility shift assays

for the analysis of biotinylated transcripts using Bio-UTP and the original natural templates, DNAcont3 and DNAcont4. The 152-mer transcripts were mixed with

streptavidin. Biotinylated RNA-streptavidin complexes were analyzed on the gel. (f) Sequence analysis of the 152-mer transcripts containing Bio-Pa or adenine

at position 59. The 5’ 32P-labeled transcripts were partially digested with RNase T1 (T1) or with alkali (AL). A portion of the partially alkali-digested transcripts

was treated with streptavidin magnetic beads to capture RNA fragments containing Bio-Pa (AL+SA). Each digested fragment was analyzed on a 10%

polyacrylamide–7 M urea gel.
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(2.2% min–1) of dATPN opposite Pa was 9.5-fold smaller than that
(21% min–1) of dATP opposite Pa. In contrast, the Vmax value (12%
min–1) of dDsTPN opposite Pa was 2.3-fold smaller than that (28%
min–1) of dDsTP opposite Pa (Supplementary Table 1). The slower
reaction rates of the noncognate pairings between g-amidotripho-
sphates and template bases might improve the proofreading by the
exonuclease activity of the polymerases, thus facilitating the high
selectivity of this unnatural base pair in PCR amplification. Thus,
the g-modified triphosphates might be useful as DNA polymerase
substrates for recognizing the correct shape-complementarity
between pairing bases. Recently, other g-modified
triphosphates, including g-P-aminonaphthalene-5-sulfonate tripho-
sphates, had been reported to improve the fidelity of a reverse
transcriptase28. These findings indicate that the recognition of the
g-modified triphosphates by DNA polymerases requires more
accurate geometrical fitting between the pairing bases than that of
the usual triphosphates. The combination of the g-amidotripho-
sphates and the polymerases with exonuclease activity would be
applicable to other unnatural base pairs. In this regard, the recent
evolution of polymerases could also reinforce the unnatural base
pair system29,30.

We found that the shape-complementary, hydrophobic Ds-Pa
pair also functions in transcription. The site-specific biotinylation
made possible by the Ds-Pa system would be useful for the
immobilization of RNA molecules without any loss of their
activity13. Since such a large modified-Pa can be efficiently incor-
porated into RNA, other functional, 4-modified Pa bases, such as a
fluorophore-linked Pa, could also be introduced into RNA. The
DNA templates containing the Ds-Pa pair can be amplified by PCR,
facilitating large-scale transcription. Thus, the Ds-Pa pair system is
a powerful tool for creating nucleic acids bearing extra components
at desired positions. Furthermore, the hydrophobic Ds-Pa pair
could be used in combination with unnatural hydrogen-bonding
base pairs, such as isoG � isoC6,9 and s � y pairs12–14. Such a system
with multiple unnatural base pairs could be used to introduce
several different components into nucleic acids.

METHODS
PCR amplification. We performed PCR (optimized conditions) in
20 mM Tris-HCl buffer (pH 8.8), with 10 mM KCl, 10 mM
(NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 0.3 mM each dNTP
(N ¼ Pa, G, C and T) and dNTPN (N ¼ Ds and A), 1 mM each
Primer1 (5¢-GAAATTAATACGACTCACTATAGGG-3¢) and Pri-
mer2 (5¢-TTTCACACAGGAAACAGCTATGAC-3¢), 2.3–2.4 nM
double-stranded DNA fragment and 0.04 unit/ml Vent DNA poly-
merase (NEB). For the conventional conditions, we instead used
0.2 mM of each natural dNTP and 0.01 unit/ml of polymerase.
For the sequencing analysis, we purified the PCR products by
gel electrophoresis or filtration using Microcon YM-30 and
Micropure-EZ (Millipore). For DNA template preparation, we
carried out primer extension in 10 mM Tris-HCl (pH 7.5) buffer,
containing 7 mM MgCl2 and 0.1 mM DTT.

Site-specific biotinylation of RNA (152-mer). We performed
transcription (20-ml reactions) for 6 h at 37 1C, using 3 mCi
[g-32P]GTP, 2 mM each natural NTP, 0–4 mM Bio-PaTP and
30 nM template (the original and PCR-amplified DNA6 and
DNAcont2), in 40 mM Tris-HCl buffer (pH 8.0) containing
24 mM MgCl2, 2 mM spermidine, 5 mM DTT and 0.01% Triton

X-100. For the control reactions using the original DNAcont3 and
DNAcont4, we carried out transcription only with 2 mM ATP,
GTP and CTP in the presence or absence of 2 mM biotin-16-UTP
(Roche). We analyzed and purified the products on a gel. We
detected the biotinylated transcripts by the gel mobility-shift assay
using streptavidin (Promega). We incubated the mixture (10-ml
volume) of 2 pmol 32P-labeled transcripts and 100 pmol strepta-
vidin for 1 h at 20 1C, in 10 mM Tris-HCl buffer (pH 7.6)
containing 50 mM NaCl and 10 mM EDTA. We analyzed the
biotinylated RNA–streptavidin complexes by gel electrophoresis.
To determine the Bio-Pa insertion position, we labeled each RNA
(152-mer) with [g-32P]ATP (Perkin Elmer) after 5¢-dephosphor-
ylation by calf intestinal alkaline phosphotase (CIAP; Takara).
We partially digested the labeled RNAs by RNase T1 (0.17 U/ml)
for 12 min at 55 1C, in 13.3 mM sodium citrate buffer (pH 5.0)
containing 4.7 M urea, 0.7 mM EDTA and 0.17 mg/ml E. coli
tRNA, and by alkali for 15 min at 90 1C, in 32 mM sodium
carbonate buffer (pH 9.1) containing 0.6 mM EDTA. We mixed
9 ml of the alkali-digested RNA solution with 11 ml of 20 mM Tris-
HCl buffer (pH 7.6) containing 150 mM NaCl, and incubated the
10-ml mixtures with 0.4 mg of Streptavidin magnetic beads (NEB)
for 5 min at room temperature (18–25 1C). We analyzed 5-ml
aliquots of the supernatant and the other digested samples on a
10% polyacrylamide–7 M urea gel.

Additional information. Chemical synthesis, single-nucleotide
insertion, DNA sequencing, PCR amplification and transcription
are described in Supplementary Methods.

Note: Supplementary information is available on the Nature Methods website.
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