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Characterization of fluorescent, unnatural base pairs
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Abstract—Site-specific fluorescent labeling of DNA and RNA molecules is an important tool for investigations in many areas, including
analytical and material sciences and medical applications. We report herein an unnatural base pair system between fluorescent base ana-
logs—2-amino-6-(2-thienyl)purine (s) and 2-amino-6-(2-thiazolyl)purine (v), and their fluorophore-linked pairing partners of 2-oxopyridine
(y) derivatives—5-(3-amino-1-propynyl)-y linked with 5-carboxyfluorescein (FAM-y) and 5-[3-(6-aminohexanamido)-1-propynyl]-y linked
with FAM (FAM-hx-y). These fluorescent nucleoside 50-triphosphates are enzymatically incorporated into RNA at desired positions by T7
transcription using the unnatural base pair system. The fluorescent s and v bases in nucleic acids are useful for analyzing the local structural
dynamics, and their combinations with FAM-y and FAM-hx-y provide a unique fluorescence resonance energy transfer (FRET) system.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorescent labeling of nucleic acids has become a powerful
tool for analyzing the dynamics of their higher-ordered
structures and for genetic analyses and diagnostics.1 The in-
tensity of a fluorescent residue at a specific position in DNA
and RNA molecules is sensitively altered, depending on the
base sequences and structural changes, by responding to
other adjacent fluorophores and quenchers. For example,
a fluorescent base analog, 2-aminopurine (AP), in a dou-
ble-stranded DNA fragment facilitates the detection of
netropsin binding, which causes strong quenching of the
AP fluorescence.2 Site-specific incorporation of AP into
a trans-activator responsive region (TAR) of HIV-1 is useful
for evaluating potential TAR inhibitors; the binding of the
potential inhibitors to the TAR sequence containing AP in-
creases the fluorescence intensity.3 Furthermore, molecular
beacons by fluorescence resonance energy transfer (FRET)
are also useful; a hairpin DNA containing a fluorophore
and a quencher at both termini increases the fluorescence in-
tensity upon duplex formation with the complementary
strand.4 A more complex example is the detection of the
stepwise movement of an aminoacyl-tRNA into the ribo-
some by single-molecule fluorescence resonance energy
transfer (smFRET), using the fluorescently-labeled tRNA
and ribosome.5 Thus, the interest in novel nucleotide deriv-
atives with higher fluorescence sensitivity and selectivity
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has increased,6 allowing with the hope that fluorescent
nucleotides would facilitate DNA/RNA-based fluorescence
technology.

For the fluorescent labeling of nucleic acids, there are two
classes of nucleotide analogs: one includes fluorescent
base analogs, such as AP, and the other is fluorophore-linked
nucleotides, in which fluorescent residues are attached to
base or sugar moieties in the nucleotides.7 The intensity of
the fluorescent base analogs in single-stranded DNA and
RNA is greatly affected by the stacking of neighboring bases
and by duplex formation with the complementary strands,
and thus they are useful for local structural analyses of nu-
cleic acids.8 In contrast, the fluorophore-linked nucleotides
are rarely affected by adjacent bases. Thus, they are better
suited to function as molecular beacons, and various fluores-
cent residues with different properties are available.9 These
two classes of fluorescent labeling characteristics permit
a wide range of applications, and have expanded the demand
for novel fluorescent nucleotide derivatives and new
methods for the site-specific fluorescent labeling of nucleic
acids, especially large RNA molecules.

An attractive method for site-specific labeling is the expan-
sion of the genetic alphabet by unnatural base pairs, which
would facilitate the enzymatic incorporation of fluorescent
nucleotide derivatives into DNA and RNA molecules at de-
sired positions by replication and transcription. A quencher-
linked unnatural base, which can be site-specifically and
enzymatically incorporated into DNA, has been applied to
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Figure 1. The unnatural base pairs: (a) s–y, (b) s–z, (c) v–y, (d) v–z, and (e) the AP–T base pair. The structures of the fluorescent groups attached to y at position 5
are enclosed.
the simultaneous detection and identification of multiple
targets.10 Recently, we developed several unnatural base
pairs, such as 2-amino-6-(2-thienyl)purine (s) and 2-oxopyr-
idine (y),11 2-amino-6-(2-thiazolyl)purine (v) and y,12 and s
and imidazolin-2-one (z)13 (Fig. 1). These unnatural base
pairs function in transcription using T7 RNA polymerase.
The substrates of y and 5-modified y bases, such as biotin-
and fluorophore-linked y, can be site-specifically incorpo-
rated into RNA opposite to s or v in DNA templates by T7
transcription.14,15 The DNA templates can be prepared
by solid-phase synthesis using the phosphoramidite units of
the unnatural bases. We chemically synthesized a modified
unnatural base substrate of 5-(3-amino-1-propynyl)-y linked
with 5-carboxyfluorescein (FAM-yTP) (Fig. 1), and incorpo-
rated FAM-y site-specifically into a theophylline-binding
RNA aptamer (41-mer). This sensor aptamer could detect
concentrations of w500 nM theophylline, as revealed by an
increase in the fluorescence intensity upon the theophylline
binding.15

In addition to the fluorophore-linked y bases, the pairing
partners, the s and v bases, act as fluorescent base analogs
themselves. For example, the nucleoside of s exhibits a fluo-
rescence emission centered at 430 nm, characterized by two
major excitation maxima (299 and 352 nm), and its fluo-
rescence quantum yield was 0.41 at pH 7.0.13 Thus, the un-
natural base pairs between s and FAM-y, and v and FAM-y,
represent unique base pairs comprising two classes of fluo-
rescent nucleotide analogs—the fluorescent base analogs
and the fluorophore-linked bases. Furthermore, the FAM-
yTP substrate exhibits a fluorescence emission centered at
521 nm, which is characterized by an absorption maximum
(493 nm), close to the emission maxima of s and v, and thus
FRET is expected to be observed between s and FAM-y.
Besides the site-specific enzymatic incorporation of FAM-y
into RNA, the substrate of s can also be incorporated into
RNA opposite to z in templates by T7 transcription mediated
by the s–z pair.13 Therefore, the fluorescent base pairs be-
tween s and FAM-y, and v and FAM-y, could be potentially
powerful tools for a wide range of applications in nucleic
acid-based technology. Here, we report the characterization
of the fluorescence properties of s and v in oligonucleotides.
In addition, we also describe the unique FRET systems
between s and FAM-y, and v and FAM-y.

2. Results and discussion

2.1. Fluorescent properties of s and v

First, we characterized the fluorescent base analogs, s and v,
by comparing them to the well characterized fluorescent
base analog, AP. The UV absorption and fluorescence prop-
erties of the deoxyribonucleosides of s, v, and AP16 are listed
in Table 1. The excitation and emission spectra of these
nucleosides in their free forms, as well as in single- and
double-stranded DNA fragments, which were chemically
synthesized with their phosphoramidite units,11,14 are shown
in Figure 2. Since the s and v bases correspond to 6-modified

Table 1. Spectral properties of deoxyribonucleosides of s, v, and AP, and
triphosphates of FAM-yTP and FAM-hx-yTP

Nucleoside or
triphosphate

Absorption
maxima (nm)

Emission
maximum (nm)

Quantum
yield

s 297, 348 434 0.41
v 297, 359 461 0.46
AP 304 370 0.6816

FAM-yTP15 493 521 0.67
FAM-hx-yTP15 493 522 0.55
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Figure 2. Steady-state fluorescent excitation (dashed line) and emission (solid line) spectra of deoxyribonucleosides and single-stranded or double-stranded
DNA fragments (ssDNA or dsDNA) containing s (a), v (b), and AP (c). For the excitation spectra, the emission wavelength was monitored at 434 nm (s),
461 nm (v), and 370 nm (AP), while for the emission spectra, the excitation wavelength was set at 352 nm (s), 363 nm (v), and 303 nm (AP). The profiles
were measured at 25 �C, using 5 mM deoxyribonucleosides and DNA fragments. The sequences of the DNA fragments used were 50-GGTAACNATGCG-30

(N¼s, v, or AP) and 50-CGCATN0GTTACC-30 (N0¼y, z or T).
AP analogs, the heterocyclic fluorophores, such as the
thienyl and thiazolyl groups, at position 6 would be expected
to endow AP with large Stokes shifts. In fact, both the exci-
tation and emission centers of s and v were shifted to longer
wavelengths (Fig. 2), relative to those of AP, and revealed
fluorescence in the visible ranges for both s and v (Fig. 3).
Although the fluorescence quantum yields of the free
nucleosides of s and v were somewhat lower than that of
AP, the quenching of their fluorescence intensities in the sin-
gle- or double-stranded DNA fragments was less than that of
AP (Figs. 2 and 3). In the single-stranded DNA fragment 50-
d(GGTAACNATGCG)-30 (where N¼s, v or AP), the fluores-
cence intensity of AP was drastically reduced, to 8%, but
those of s and v were reduced to 49% and 36%, respectively.
Similarly, the fluorescence intensity of AP, pairing with T in
the duplex, was also extremely reduced to 2%. In contrast, s
and v, pairing with y in the duplex, still retained their fluores-
cence with 23% and 10% intensities, respectively. This may
be because the protruding thienyl and thiazolyl moieties in
the s and v bases are less likely to stack with the neighboring
bases in the strands, relative to the AP moiety. This strong
Figure 3. Comparison of the fluorescence for the deoxyribonucleosides of s,
v, and AP (free nucleoside) and the single-stranded DNA fragments (50-
GGTAACNATGCG-30, N¼s, v, or AP). The samples (10 mM) were dis-
solved in a buffer containing 10 mM sodium phosphate (pH 7.0), 100 mM
NaCl, and 0.1 mM EDTA, and their solutions were illuminated with a 365
or 302 nm transilluminator.
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fluorescence in the strands is useful for detecting and analyz-
ing fluorescently-labeled nucleic acids (Fig. 3).

We next examined the fluorescence alterations of double-
stranded DNA fragments containing unnatural bases, by
thermal melting. As shown in Figure 4, the changes in the
fluorescence intensity of the double-stranded DNA frag-
ments (12-mer) containing the s–y, v–y, s–z, and v–z pairs
in the thermal denaturation from 20 to 60 �C were signifi-
cantly larger than that containing the AP–T pair. The
changes showed a two-state transition, similar to that of their
UV melting profiles, and the melting temperature (Tmf)
could be determined from the fluorescence profiles. Table
2 lists the melting temperatures (Tm) obtained by the UV hy-
perchromicity and Tmf values of the double-stranded 12-mer
DNA fragments containing cognate or non-cognate unnatu-
ral base pairs, involving s, v, and AP. Most of the Tmf values
are similar to the Tm values. However, the Tmf values might
reflect the local structural changes in the duplexes, while the
Tm values correspond to the midpoint of the temperature at
which 50% of the duplexes are denatured. Thus, the Tmf

values of some duplexes slightly differ from their Tm values.
For example, the Tmf value of the duplex containing the AP–
y pair was 2.6 �C lower than its Tm value. This difference in-
dicates that the AP–y pair is the fragile part of the duplex,
which becomes unstable at around 42.0 �C, and then the
whole structure denatures at around 44.6 �C. This instability
of the AP–y pair might be caused by the weaker stacking
ability of y, as compared to that of T. The y base is a Tanalog,
but it lacks the 4-keto and 5-methyl groups of T, and its
stacking ability with the neighboring bases is weaker than
that of T. Consequently, the stability of the AP–y pair in
the duplex is also lower than that of the AP–T pair, although
both y and T are capable of pairing with AP, through two hy-
drogen bonds. Thus, the lower Tmf value of the AP–y duplex

Figure 4. Fluorescence-monitored melting profiles of the DNA duplexes
containing an s–y pair (open circles, at 434 nm), an s–z pair (open triangles,
at 434 nm), a v–y pair (filled circles, at 461 nm), a v–z pair (filled triangles,
at 461 nm), and an AP–T pair (dashed line, at 370 nm).
reflects the weaker stacking ability of y. From this viewpoint,
the higher Tmf value of the s–A duplex, relative to its Tm

value, indicates that the combination of s and A increases
the stacking stability at this position, but this non-cognate
pair between the large purine bases might cause distortion,
and thus did not contribute to the stability of the entire
duplex structure.

As for the development of unnatural base pairs for expand-
ing the genetic alphabet, the duplex DNA fragment contain-
ing the v–z pair displayed high stability in terms of both the
Tm (48.1 �C) and Tmf values (47.5 �C), and the Tm value was
marginally lower than that of the DNA fragment containing
the natural A–T pair at the same position (49.3 �C). In con-
trast, the s–z duplex did not show such high stability. These
results suggest that the nitrogen in the thiazolyl group of v
electrostatically interacts with the N–H moiety of z. This
high stability indicates that the v–z pair could be a potential
extra base pair candidate.

2.2. Incorporation of s into a thermally stable,
mini-hairpin DNA

To examine the potential of s as a fluorescent probe, we
chemically synthesized a thermally stable DNA hairpin,
a GNA mini-hairpin, containing s. Short DNA fragments
with GCGNAGC sequences, where N is A, G, C or T,
form an extraordinarily stable mini-hairpin structure, con-
sisting of a two G–C paired stem and a small GNA loop17,18

(Fig. 5a). For example, the Tm value of the d(GCGAAGC)
fragment is 76 �C in a 0.1 M NaCl solution. NMR structural
analysis of the d(GCGNAGC) fragments revealed that
a shared G–A pair forms in the GNA loop, and that the frag-
ment is folded back between the fourth N and the fifth A.17,18

In addition, the NMR studies suggested that the fourth N is
stacked with the third G. The stacking interaction might
affect the stability of the mini-hairpin, and thus the thermal
stability of the GAA-loop mini-hairpin is higher than that

Table 2. Tm and Tmf values of duplex DNA fragments

50-GGTAACN1ATGCG-30, 30-CCATTGN2TACGC-50

N1–N2 Tm
a (�C) Tmf

b (�C) Tmf�Tm (�C)

s–y 43.1 43.5 0.4
s–z 42.5 43.0 0.5
s–A 43.1 45.5 2.4
s–G 44.7 45.0 0.3
s–C 41.5 41.5 0.0
s–T 40.1 41.0 0.9
v–y 44.3 44.0 �0.3
v–z 48.1 47.5 �0.6
v–A 43.2 43.5 0.2
v–G 44.8 45.0 0.2
v–C 42.5 42.0 �0.5
v–T 40.2 41.5 1.3
AP–y 44.6 42.0 �2.6
AP–z 40.0 40.5 0.5
AP–A 38.6 38.5 �0.1
AP–G 37.2 37.0 �0.2
AP–C 41.1 41.0 �0.1
AP–T 47.6 47.5 �0.1
A–T 49.3 — —

a The Tm values were determined by the UV melting profiles at 260 nm.
b The Tmf values were determined by the melting profiles of the fluores-

cence intensity alterations for s (at 434 nm), v (at 461 nm), and AP (at
370 nm).
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Figure 5. The three-dimensional structure of d(GCGAAGC)17 (a) and the melting curves obtained by the changes in the fluorescence intensity at 434 nm (open
circles) and the UV absorbance at 260 nm (filled circles) of d(GCGsAGC) (b). The A4 position, which was substituted by s, is circled and shown in red. The
stacked base, G3, is shown in blue.
of the GTA-loop mini-hairpin.18 However, very little is
known about the dynamics of the stacking between the
fourth N and the third G. Therefore, to study the stacking
interactions and the mobility of the fourth N in the loop,
we introduced the fluorescent s base into the fourth N
position, and analyzed the fluorescence alteration of the
d(GCGsAGC) fragment upon heat denaturation. The stack-
ing between the third G and the fourth s could be monitored
by the quenching of the fluorescence.

The thermodynamic melting profiles of the fluorescence
emission at 434 nm of s (excited at 352 nm) and the UV
absorbance at 260 nm of the d(GCGsAGC) fragment were
measured (Fig. 5b). In both profiles, single transition
points were observed at around 75 �C, indicating that the
d(GCGsAGC) fragment also formed the mini-hairpin struc-
ture, with a stability similar to that of the d(GCGAAGC)
mini-hairpin. The fluorescence intensity was efficiently
quenched by the stacking with the third G in the hairpin
structure, and the intensity increased with temperature, as
a result of the unstacking. The Tmf value, which was as
high as the Tm value, revealed that the fourth s tightly stacks
with the third G in the GsA loop structure, and that the
stability of the stacking is closely linked to the stability of
the entire mini-hairpin structure.

2.3. Fluorescence resonance energy transfer (FRET) in
the unnatural base pairs

Next, we examined the possibility of the existence of
a FRET system between the fluorescent base analog, s or
v, and the fluorophore-linked y, in DNA/RNA duplexes.
As shown in the fluorescence profiles of the DNA fragments
containing s or v (Figs. 2 and 6a and Table 1), their emission
spectra overlapped with the absorption spectra of the nucleo-
tide derivatives of 5-(3-amino-1-propynyl)-y linked with
FAM (FAM-yTP) or 5-[3-(6-aminohexanamido)-1-pro-
pynyl]-y linked with FAM (FAM-hx-yTP). Thus, s or v in
DNA fragments acts as a fluorescent donor, and FAM-y or
FAM-hx-y in the complementary RNA fragments acts as
a fluorescent acceptor. RNA fragments (17-mer) containing
FAM-y or FAM-hx-y at a specific position were prepared
by transcription mediated by the v–y pair, using T7 RNA
polymerase, a v-containing DNA template (DNA35v1),
and the FAM-yTP or FAM-hx-yTP substrate15 (Fig. 6b).
The transcripts were hybridized with DNA fragments con-
taining one or two s or v bases (DNA35s1, 35s2a, 35s2b,
35v1, 35v2a, and 35v2b), and the emission spectra of the
DNA/RNA duplexes were measured at excitation wave-
lengths of 350 nm for s and 360 nm for v, at different temper-
atures (20 and 70 �C) (Fig. 6b).

As expected, the resonance energy transfer was observed
between a low-fluorescence state of s or v and a high-
fluorescence state of FAM-y or FAM-hx-y. As shown
in Figure 7a and b, FRET occurred when DNA35s1 or
DNA35v1 formed a duplex with transcripts containing
FAM-y or FAM-hx-y at 20 �C, and FRET was significantly
reduced when the duplex was denatured at 70 �C. In addi-
tion, FRET in the duplexes of DNA35s2a and DNA35v2a,
with transcripts containing FAM-y or FAM-hx-y also oc-
curred effectively (Fig. 7c and d). These phenomena
are very interesting, because the fluorescence intensity of
the single-stranded DNA35s2a or DNA35v2a, containing
two adjacent unnatural bases, was considerably reduced
(Fig. 6c and d). Since no significant reduction of the fluores-
cence intensity was observed with the single-stranded
DNA35s2b and DNA35v2b fragments, which contain two
unnatural bases but separated by one T (Fig. 6c and d), the
reduction of the fluorescence intensity of the single-stranded
DNA35s2a and DNA35v2a was caused by self-quenching
between the two adjacent unnatural bases. Even in this
case, the strong FAM fluorescence of the transcripts was
observed by the duplex formation with DNA35s2a or
DNA35v2a (Fig. 7c and d). This FRET system, using the
self-quenched probes, would facilitate the use of excess
amounts of the probes relative to the target strands. When
10 mol equiv of DNA35s1 and DNA35v1 relative to the tran-
scripts were used, the resonance energy transfer was com-
pletely hidden in the background fluorescence of DNA35s1



Figure 6. A FRET system using the unnatural base pairs. (a) Normalized fluorescence (flu, solid line) and absorbance (abs, dashed line) of the s deoxyribo-
nucleoside (thin lines) and FAM-yTP (thick lines) in phosphate buffer (pH 7.0). (b) Schemes of the FRET experiments. RNA fragments (transcripts) containing
a FAM-linked y at a specific position (FAM-labeled transcripts) were prepared by T7 transcription mediated by the v–y pair. The FAM-labeled transcripts were
hybridized with their complementary DNA fragments containing one s or v (DNA35s1 or DNA35v1) and two adjacent s or v bases (DNA35s2a or DNA35v2a).
The unnatural bases are shown with filled circles (black) in a low-fluorescence state and with open circles (white) in a high-fluorescence state, when excited for s
or v (lex). (c and d) Steady-state fluorescent emission spectra of the single-stranded DNA fragments containing s bases (c: DNA35s1, DNA35s2a, and
DNA35s2b) and containing v bases (d: DNA35v1, DNA35v2a, and DNA35v2b). The DNA35s2b fragment contains an sTs sequence and DNA35v2b contains
a vTv sequence. The sequences of the fragments are shown in Section 4. The excitation wavelengths for s- and v-containing DNA fragments are 350 nm (c) and
360 nm (d), respectively. The measurements were carried out with a 100 nM concentration of each DNA fragment at 20 �C.
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and DNA35v1, respectively (Fig. 8a and b). In contrast, with
the use of DNA35s2a and DNA35v2a with 10 mol equiv
relative to the transcripts, FRET between the respective ss-
and vv-containing DNA fragments and the FAM-containing
transcripts was clearly observed (Fig. 8c and d). Therefore,
large amounts of the self-quenched DNA probes can increase
the FRET efficiency by facilitating the duplex formation
with the complementary fluorescent acceptor strands.

The FRET efficiency between FAM-linked y and the fluores-
cent base analog, s or v, depended on the difference in the
linker moieties of FAM-linked y. When hybridized with
DNA35s1 or DNA35v1, the FRET intensity of the FAM-y
in the transcript was larger than that of the FAM-hx-y
(Fig. 7a and b). In contrast, the intensity of the FAM-
hx-y in transcript hybridized with DNA35s2a, DNA35s2b,
or DNA35v2b was larger than that of the FAM-y (Fig. 7c,
e, and f). Among these DNA fragments, the combination
of FAM-hx-y and DNA35s2a showed the highest FRET effi-
ciency (Figs. 7c and 8c). This suggests that the flexible hex-
anamido-linker is suited for putting the FAM residue of y
close to the second, neighboring s in the complementary
strand. For more detailed discussion, the structural analysis
of the duplexes is in progress.
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Figure 7. Steady-state fluorescent emission spectra of DNA/RNA duplexes. Each 35-mer DNA fragment (a, DNA35s1; b, DNA35v1; c, DNA35s2a; d,
DNA35v2a; e, DNA35s2b; f, DNA35v2b) was hybridized with the 17-mer transcripts (RNA) containing FAM-y (open and filled circles) or FAM-hx-y
(open and filled triangles). The fluorescent emission spectra of the duplexes (100 nM) were recorded with an excitation wavelength of 350 nm (a, c, and e)
or 360 nm (b, d, and f) at 20 �C (open circles and open triangles) or 70 �C (filled circles and filled triangles). The sequences of the transcripts are shown in
Section 4. To obtain clear FRET profiles, the background spectra of the transcripts were subtracted from those of the duplexes.
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Figure 8. Steady-state fluorescent emission spectra of the mixture of the FAM-labeled transcripts (100 nM) (FAM, open and filled circles; FAM-hx, open and
filled triangles) with the DNA fragments (1 mM) (a, DNA35s1; b, DNA35v1; c, DNA35s2a; and d, DNA35v2a) at 20 �C (open circles and open triangles) or
70 �C (filled circles and filled triangles). To obtain clear FRET profiles, the background spectra of the transcripts were subtracted from those of the mixture.
3. Conclusion

We examined the fluorescent properties of s and v to evaluate
their potentials as fluorescent probes for nucleic acids. The
quenching of the s and v fluorescence in DNA fragments
is smaller than that of AP, and the fluorescence intensity is
sensitively altered, depending on the environment, such as
stacking with neighboring bases. Thus, the s and v bases
are useful as the fluorescent probes for local structural anal-
yses of nucleic acids and their complexes with other mole-
cules. In addition, both s and v form base pairs with
fluorophore-linked y bases in double-stranded DNA/RNA
fragments, and FRET can be observed between the unnatural
bases in the pair. In particular, the unique FRET system, us-
ing the self-quenched probes containing two adjacent s or v
bases, can reduce the background of the fluorescent donor
and allow detection of the complementary strands contain-
ing the fluorescent acceptor, even in the presence of a large
amount of the donor probe. Furthermore, the unnatural base
pair systems using the s–y, v–y, and s–z pairs enable the site-
specific enzymatic incorporation of s and fluorophore-linked
y bases into RNA by T7 transcription.11–15 Thus, the fluores-
cent unnatural base pair system could be applied to large
RNA molecules and represents a powerful tool for a wide
range of applications in DNA/RNA-based technology.

4. Experimental

4.1. General

The deoxyribonucleosides and their phosphoramidites of s,
v, y, and z were prepared as previously described.11–13 The
deoxyribonucleoside and phosphoramidite of AP were pur-
chased from standard suppliers (Berry & Associates, Inc.
and Glen Research, respectively). DNA fragments were syn-
thesized with an Applied Biosystems 392 DNA synthesizer.
The short DNA fragments were purified with a Gilson HPLC
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system, using an analytical column (Synchropac RPP, 250�
4.6 mm, Eichrom Technologies). The fluorescent and UV–
vis spectra were obtained on a Jasco FP-6500 spectrofluo-
rometer equipped with a temperature controller (ETC-273T)
and on a Beckmann DU-530 spectrometer, respectively.
UV-monitored thermal denaturation experiments were
performed on a Shimadzu UV-2450 spectrometer equipped
with a temperature controller (TMSPC-8).

4.2. Preparation of oligodeoxynucleotides

The sequences of the chemically synthesized DNA frag-
ments were 50-GGTAACNATGCG-30 (12-mer; N¼A, s, v, and
AP), 50-CGCATN0GTTACC-30 (12-mer; N0¼A, T, G, C, y,
and z), 50-GCGsAGC-30 (7-mer), 50-CAN1N2N3CTCGGGA
TTCCCTATAGTGAGTCGTATTAT-30 (35-mer; N1N2N3¼
CTs or CTv for DNA35s1 or DNA35v1, Css or Cvv for
DNA35s2a or DNA35v2a, and sTs or vTv for DNA35s2b
or DNA35v2b), and 50-ATAATACGACTCACTATAG
GG-30 (21-mer). The DNA fragments were purified by
HPLC (the 12- and 7-mers) or by gel electrophoresis (the
35- and 21-mers).

4.3. T7 transcription for 17-mer RNA fragments con-
taining a fluorophore-linked y at a specific position

RNA fragments (17-mer, 50-GGGAAUCCCGAGN0AGUG-30),
containing 5-(3-amino-1-propynyl)- or 5-[3-(6-aminohex-
amido)-1-propynyl]-y linked with 5-carboxyfluorescein
(FAM-y or FAM-hx-y) at the N0 position, were prepared
by an unnatural base pair transcription system,15 by using
T7 RNA polymerase and the substrate of FAM-y or FAM-
hx-y (FAM-yTP or FAM-hx-yTP). The template (10 mM of
DNA35v1 and the 21-mer fragment) was annealed in a buffer
containing 10 mM Tris–HCl (pH 7.6) and 10 mM NaCl, by
heating at 95 �C and slow cooling to 4 �C. Transcription was
performed in a buffer containing 40 mM Tris–HCl (pH 8.0),
24 mM MgCl2, 2 mM spermidine, 5 mM DTT, and 0.01%
Triton X-100, in the presence of 1 mM natural NTPs,
1 mM FAM-yTP or FAM-hx-yTP, 2 mM template, and
2.5 U/mL T7 RNA polymerase (Takara). After incubation
at 37 �C for 3 h, the reaction was quenched by adding an
equivalent volume of a dye solution, containing 10 M urea
and 0.05% BPB. The reaction mixtures were heated at
75 �C for 3 min, and the 17-mer transcripts were purified
by gel electrophoresis.

4.4. Steady-state spectroscopy of the deoxyribonucleo-
sides and the oligonucleotides

Fluorescent and UV spectra were measured in a buffer con-
taining 10 mM sodium phosphate (pH 7.0), 100 mM NaCl,
and 0.1 mM EDTA, or as otherwise indicated. The emission
spectra were recorded, with excitation wavelengths of
352 nm for s (350 nm in FRET experiments), 363 nm for v
(360 nm in FRET experiments), and 303 nm for AP, and
the excitation spectra were recorded with emission wave-
lengths of 434 nm for s, 461 nm for v, and 370 nm for AP.
The spectral bandpass for both excitation and emission
was 3 nm (5 nm in FRET experiments). Fluorescent and
UV melting profiles of the oligonucleotides were recorded
at a heating rate of 0.5 �C min�1. For baseline correction
when calculating the melting temperature values from the
fluorescent intensity, we independently determined the
temperature dependences of the fluorescence for the 12-
mer single-stranded DNA fragments containing s, v, and
AP (for the duplex DNA fragments) and the deoxyribo-
nucleoside of s (for GCGsAGC). The Tm values were
calculated by the first derivative of the melting curves, using
the IgorPro software (WaveMetrics Inc.). The molar
extinction coefficients for the deoxyribonucleosides were
3254 (8600 M�1 cm�1), 3297 (9900 M�1 cm�1), and 3347

(14,000 M�1 cm�1) for s, 3298 (8800 M�1 cm�1) and 3355

(9600 M�1 cm�1) for v, and 3303 (7100 M�1 cm�1) for AP.
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