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Fluorescent nucleobase analogues continue to be developed for
use in a wide variety of biology and biotechnology tools as
molecular probes and reporters for nucleic acids.* Here we present
anove fluorescent base analogue, 7-(2,2’-bithien-5-yl)-imidazo[4,5
b]pyridine (denoted as Dss). Through the use of an unnatural base
pair system, the nucleoside triphosphates of Dss (dDssTP and
DssTP) can be site-specifically incorporated into DNA and RNA
by polymerases, opposite its pairing partner, pyrrole-2-carba dehyde
(Pa),2in DNA templates. Despite its high incorporation specificity
in replication and transcription, Dss in oligonucleotides functions
as auniversal base that pairs with all four natural bases with nearly
equal thermal stabilities. This unique Dss base would thus be useful
for fluorescent base replacements at specific positionsin DNA and
RNA molecules with minimal functional disruption.

We previoudy reported a fluorescent base anaogue, 2-amino-6-
(2-thienyl)purine (s) (Figure 1A), for the expansion of the genetic
alphabet by unnatural base pair systems.** The ribonucleoside triph-
osphate of s (STP) is site-specificaly incorporated into RNA opposite
its pairing partners Pa® and imidazolin-2-one (2)* by T7 RNA
polymerase. The fluorescent s base is useful for analyzing the loca
structural conformation of RNA molecules by tracking of fluorescence
intensity changes.®> However, the s—Pa and s—z pairingsin replication
are less specific than those in transcription. Therefore, we developed
two other base pairs, 7-(2-thienyl)-imidazo[4,5-b]pyridine (Ds) and
Pa?® and Ds and 2-nitro-4-propynylpyrrole (Px),° that exhibit high
specificity and efficiency in PCR amplification and transcription.
However, the fluorescence properties of Ds are significantly less
effective than those of s (Figure 1B).

To improve its fluorescence, we modified the Ds base by
attaching an extra thienyl group, affording the Dss nucleotides.
Oligothiophene substitutions are known to increase fluorescence
quantum yields and have been applied to oligonucleotide compo-
nents as fluorophores.® Dss retained the same shape complemen-
tarity toward Pa as that of the Ds—Pa pair. We first synthesized
the Dss base moiety (56% in three steps) and then coupled it with
deoxyribose (45%) or ribose derivatives (23%), which were
converted to the triphosphates for replication and transcription
substrates or to the amidite for DNA chemical synthesis (see the
Supporting Information).

In comparison with s, the Dss nucleotides are strongly fluorescent
and slightly red-shifted (Figure 1B,C). The fluorescence of the Dss
deoxyribonucleoside is characterized by excitation at 370 nm and
emission at 442 nm with a quantum yield of 0.32 in ethanol. The
fluorescence of Dssin single- and double-stranded DNA fragments
was reduced dlightly (see the Supporting Information), as shown
previously for s.®
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Figure 1. (A) Unnatural base pair involving fluorescent Dss and its pairing
partner Pa. The Ds and fluorescent s bases also pair with Pa. (B)
Fluorescence of DssTP in comparison with that of sTP and DSTP upon
irradiation at 365 nm and (C) excitation and emission spectra of DssTP,
DsTP, and sTP. Each triphosphate (10 4M) was dissolved in 10 mM
phosphate buffer (pH 7.0).

The high selectivity of the Dss—Pa pairing in replication was
observed by single-nucleotide insertion experiments’ using the
exonuclease-deficient Klenow fragment (KF) of Escherichia coli
DNA polymerase | (Table 1). The incorporation efficiency of
dDssTP into DNA opposite Pa in the template was almost as high
as that of dJATP opposite T and 18—49-fold higher than those of

Table 1. Steady-State Kinetics of Single-Nucleotide Insertion of
the Cognate Dss—Pa Pairing and Non-Cognate Pairings in
Replication by KF.?

Entries 1-6 Primer 5'-FAM-ACTCACTATAGGGAGGAAGA
Template 3'-TATTATGCTGAGTGATATCCCTCCTTCTNTCTCGA

Entries 7-12 Primer 5'-FAM-ACTCACTATAGGGAGCTTCT
Template 3'-TATTATGCTGAGTGATATCCCTCGAAGANAGAGCT

template nucleoside Vinax Vinad Ki
entry basg (N) triphosphate K (M)® (% min™"° (% min~" K/I")
1 Dss dPaTP 150 (50) 5.9 (0.9 3.9 x 10*
2¢ Dss dATP n.d. n.d. -
3° Dss dGTP n.d. n.d. -
4° Dss dCTP n.d. n.d. -
5° Dss dTTP n.d. n.d. -
6 A dTTP 0.7(04) 28(15) 4.0 x 10°
7 Pa dDssTP 1.3(0.6) 8.3(3.0) 6.4 x 106
8 A dDssTP 50(24) 07(0.1) 1.5 x 10°
9 G dDssTP 36(0.2) 0.9 (0.03) 2.6 x 10°
10 C dDssTP 75(1.8 1.0(0.2 1.3 x 10°
11 T dDssTP 6.2(01) 22(0.2 3.5 x 10°
12 T dATP 0.8(0.4) 33(198) 4.1 x 10°

a See the Supporting Information for experimental details.  Standard
deviations are given in parentheses. © The reaction was too slow to
calculate the parameters (Vmax < 0.05).
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Figure 2. Primer extension involving the Dss incorporation opposite Pa
by the exonuclease-proficient KF. Extension was performed at 37 °C for 5
min using the enzyme (1 unit) and 200 nM primer—template duplex.

the natural base substrates opposite Pa. In addition, misincorporation
of the natural base substrates opposite Dss rarely occurred.

Primer extension involving Dss incorporation opposite Pa was
examined by using the 3" — 5" exonuclease-proficient KF, a DNA
template (35-mer) containing Pa, and a 32P-labeled primer (Figure
2). Interestingly, primer extension including Dss incorporation
opposite Pa proceeded efficiently with alower dDsSTP concentra-
tion (0.5 uM dDssTP and 10 uM natural base dNTPs; Figure 2,
lane 5). However, equal amounts (10 «M) of dDssTP and the natural
dNTPs inhibited the extension after the incorporation of Dss at
position 29 (Figure 2, lane 2). Since the primer extension was
performed without dATP and dGTP, the elongation paused before
position 34C of the template and yielded the 33-mer product,
suggesting that no Dss misincorporation opposite C occurred. In
addition, since a lower dDssTP concentration (0.5 uM) relative to
those of the natural dNTPs (10 4M) is sufficient for efficient Dss
incorporation, Dss misincorporation opposite the natural bases can
be eliminated.

In transcription, Dss was a so specifically incorporated into RNA
opposite Pa in DNA templates by T7 RNA polymerase. Transcrip-
tion was performed using a conventional kit (Ampliscribe T7-Flash,
Epicenter Biotechnologies) with a double-stranded DNA template
(69-mer) containing Pa in the template strand and a triphosphate
set (0.025 mM DssTP and 2 mM natural base NTPs) (Figure 3).
Total transcripts (52-mers) were detected by UV shadowing of the
gel, and the Dss incorporation within the transcripts was confirmed
by their fluorescence (excitation at 365 nm) on the gel. Very subtle
fluorescence was observed from the transcript using the natural base
template in the presence of DsSTP (Figure 3, lane 3), indicating
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Figure 3. Dss incorporation into RNA by T7 transcription using the Pa-
containing DNA template. Transcription was performed at 37 °C for 2 h
using an Ampliscribe T7-Flash transcription kit with 200 nM DNA template.

Table 2. Ty, Values for DNA Duplexes Containing Dss®

5-GGTAACN,ATGCG-3'
3" CCATTGN:TACGC 5'

Ni—N; T (OC) Ni—N, T (OC)
Dss—Pa 44.8 Dss—A 45.3
Dss—G 45.9 Dss—C 44.9
Dss—T 439 A-T 48.6

@ Determined in 100 mM NaCl, 10 mM sodium phosphate (pH 7.0),
and 0.1 mM EDTA with 5 uM DNA duplex.

that the Dss misincorporation opposite the natural bases (~0.2%
misincorporation per base) was limited under these conditions.

Duplex formation involving Dss was thermodynamically unique.
In contrast to the enzymatic specificity of the Dss—Pa pairing, Dss
pairs with al four natural bases as well as Pa with equal thermal
stabilities (Ty, = 43.9—45.9 °C) in duplex DNAs (12-mers) (Table
2). The T, values of the 12-mer duplexes containing these cognate
Dss—Pa and noncognate Dss—natural base pairs were 3—5 °C lower
than that containing the A—T pair (T, = 48.6 °C). Thus, Dss acts
as a universal base for duplex formation in addition to the specific
pairing between Dss and Pa in replication and transcription.

In summary, astrongly fluorescent base analogue, Dss, has been
developed. The triphosphates dDsSTP and DssTP can be site-
specifically incorporated into DNA and RNA opposite Pa in
templates by replication and transcription. In addition, the Dss base
functions as a universal base and would be useful for fluorescent
labeling of the duplex and any region of nucleic acids by
replacement of the natural bases. As we previously demonstrated
with the fluorescent s base,® Dss could also be applied to local
structural analyses of functional nucleic acids through detection of
fluorescence quenching by stacking with neighboring bases. Ap-
plications of the site-specific Dss labeling of DNA and RNA
molecules with long chains (>100-mer) are in progress.
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Supporting Information Available: Details of Dss chemical
synthesis and physical and biochemical experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.
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