Downloaded by Universitaire dAngers on 12 February 2012
Published on 08 August 2011 on http://pubs.rsc.org | doi:10.1039/C10B06118F

Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem.,, 2011,9, 7504

WWW.rsc.org/obc

View Online / Journal Homepage / Table of Contents for thisissue

Dynamic Article Links °

PAPER

Monitoring the site-specific incorporation of dual fluorophore-quencher base
analogues for target DNA detection by an unnatural base pair systemf

Rie Yamashige,” Michiko Kimoto,*? Tsuneo Mitsui,” Shigeyuki Yokoyama®* and Ichiro Hirao**»

Received 8th July 2011, Accepted 5Sth August 2011
DOI: 10.1039/c10b06118f

We developed intramolecular dual fluorophore-quencher base analogues for site-specific incorporation

into DNA by an unnatural base pair replication system. An unnatural base pair between 7-(2-thienyl)-
imidazo[4,5-b]pyridine (Ds) and 2-nitro-4-propynylpyrrole (Px) exhibits high fidelity in PCR
amplification, and the 2-nitropyrrole moiety of Px acts as a quencher. Deoxyribonucleoside
triphosphates of Px linked with a fluorophore (Cy3, Cy5 or FAM) were chemically synthesized, and the
fluorescent properties and the enzymatic incorporation of the fluorophore-linked dPxTPs into DNA
were examined in PCR amplification. The fluorophore-linked dPxTPs were site-specifically
incorporated by PCR into DNA, opposite Ds in templates, with high selectivity. Furthermore, we found
that the fluorescence of the triphosphates was partially quenched, but increased upon their
incorporation into DNA. These dual fluorophore-quencher base analogues would be useful for
site-specific DNA labeling and for monitoring the amplification products of target nucleic acid
molecules with a specific sequence. We have demonstrated the utility of the fluorophore-linked Px
substrates and the Ds-Px pairing in real-time quantitative PCR for target DNA molecule detection.

Introduction

Many fluorescent nucleobase analogues and fluorophore-linked
bases have been developed for sensing and diagnostic applications
that monitor the fluorescence spectral changes upon interaction
with target molecules."™ Most of the systems rely on either the
fluorescence intensity changes that occur from the stacking inter-
actions of the fluorophore with adjacent molecules, or the spectral
changes by FRET between the first and second fluorophores
and quenchers. Recently, intramolecular two-fluorophore-linked
nucleobase systems have also been developed, by using exciton-
controlled hybridization-sensitive fluorescent oligonucleotides.**
These systems are used for analyses of the enzymatic kinetics and
structures of nucleic acid molecules,” and for the detection of target
nucleic acid sequences using hybridization probes,® molecular
beacons,*’ real-time PCR,"* and signaling aptamers.’*** Thus,
the further development of a variety of fluorescent nucleobases
could expand their applications. In particular, a few reports have
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described the site-specific enzymatic incorporation of fluores-
cent nucleobase analogues at a desired position within nucleic
acids.'s?!

Here, we present new fluorescent base analogues, intramolecular
dual fluorophore-quencher unnatural bases, which function in
replication as a third base pair with its pairing partner, enabling
the site-specific enzymatic labeling of DNA molecules. For the
expansion of the genetic alphabet, we previously developed an
unnatural base pair system, between 7-(2-thienyl)-imidazo[4,5-b]-
pyridine (Ds) and 2-nitro-4-propynylpyrrole (Px), which exhibits
high fidelity in replication.”® DNA fragments containing the Ds-
Px pair can be amplified 10’-fold after 30 cycles of PCR, with
the unnatural base pair retained in 93-97% of the amplified
DNA fragments. The selectivity of the Ds-Px pairing in PCR is
as high as 99.8-99.9% per replication. Furthermore, we found
that the 2-nitropyrrole moiety of Px acts as a fluorescence
quencher.?? Here, we synthesized several fluorophore-linked Px
triphosphate derivatives. These fluorophore-linked dPxTPs were
site-specifically incorporated into DNA, opposite Ds in tem-
plates, by PCR amplification. In addition, we found that the
fluorescence of the fluorophore-linked dPxTPs was partially
quenched. However, upon their incorporation into a DNA
strand, the fluorescence intensity was greatly increased. This
fluorescent change can be monitored in nucleic acid production
and degradation. Using real-time quantitative PCR (qPCR), we
demonstrated the ability of the fluorophore-linked dPxTPs and
the precise Ds-Px pairing to detect nucleic acid targets with specific
sequences.
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Results and discussion

Chemical synthesis of fluorophore-linked dPxTPs and their
fluorescent properties

Fluorophore-linked dPxTPs (Cy3-dPxTP, Cy5-dPxTP, and
FAM-dPxTP) (Fig. 1) were chemically synthesized by react-
ing 1-(2-deoxy-B-D-ribofuranosyl)-4-[3-(6-aminohexanamido)-1-
propynyl]-2-nitropyrrole 5’-triphosphoric acid (NH,-dPxTP)*
with the N-hydroxysuccinimidyl ester of each fluorophore in DMF
at room temperature for 12 h (see Supporting Informationt). The
products were purified by DEAE-Sephadex column chromatogra-
phy and C18-HPLC. Each triphosphate was identified by '"H- and
SIP-NMR and ESI-MS. The fluorescence of each triphosphate
was characterized by an excitation maximum at 552 nm and an
emission maximum at 563 nm for Cy3-dPxTP; ex.: 651 nm and
em.: 660 nm for Cy5-dPxTP; and ex.: 496 nm and em.: 521 nm for
FAM-dPxTP, in 10 mM phosphate buffer (pH 7.0).
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N
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Fig. 1 Chemical structures of the unnatural Ds-Px pair and the fluo-
rophore-linked dPxTPs.

In the triphosphate synthesis, we found that the fluorescence
intensity of each fluorophore-linked dPxTP was quenched to some
extent, relative to the intrinsic intensity of the fluorophore itself.
This partial quenching might be due to the internal stacking
between the hydrophobic fluorophore and the 2-nitropyrrole
quencher moieties or their intra- and intermolecular statistical
collisions in solution. To confirm the involvement of the 2-
nitropyrrole moiety in the quenching, we compared the fluores-
cence intensity change of Cy3-dPxTP upon thermal denaturation
with that of the ribonucleoside 5'-triphosphate of pyrrole-2-
carbaldehyde (Pa) linked with Cy3 (Cy3-PaTP). The Pa moiety
lacks quenching ability. As shown in Fig. 2, the fluorescent
intensity of Cy3-dPxTP at low temperature was much lower than
that of Cy3-PaTP, and both fluorescent intensities approached
the same range at high temperature (>80 °C). Thus, Cy3-dPxTP
was partially quenched by interacting between fluorophore and
quencher moieties at low temperature, and its characteristic
fluorescence quenching was relieved by the thermal motion.
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Fig. 2 Temperature dependency of the fluorescence intensities of
Cy3-dPxTP and Cy3-PaTP. Fluorescence intensities of Cy3-dPxTP
(blue dots) and Cy3-PaTP (red dots) (1.1 uM each) at 20-95 °C in 10 mM
sodium phosphate (pH 7.0), containing 100 mM NaCland 0.1 mM EDTA.
The fluorescence emission (563 nm) of each triphosphate was measured
with excitation at 485 nm.

Real-time qPCR using a Ds-containing primer and a
fluorophore-linked dPxTP

The partial quenching of fluorophore-linked dPxTPs is impli-
cated in the stacking or collision between the fluorophore and
Px moieties. Thus, we imagined that the fluorophore-quencher
interaction would be disturbed when the fluorophore-linked Px
base was incorporated into a duplex DNA, thus increasing the
fluorescence intensity (Fig. 3), which could be monitored by real-
time PCR. Therefore, we employed real-time qPCR using the
fluorophore-linked dPxTP (Cy3-, Cy5- or FAM-dPxTP) and a
PCR primer tagged with a 3’-DsCGTAATAA-5" sequence at the
5’-terminus. We examined the effects of the increased sequence
length on the Px incorporation, and found that the additional
sequence of eight natural bases following Ds is necessary for the
efficient incorporation of Px opposite Ds (data not shown).

TarEet DNA

Primer1 l
Primer2
PCR dgTP

TITANIUM Taq DNA pol
Natural dNTPs

TR I

Fig. 3 A real-time qPCR method using the Ds-Px pair system with a
Ds-containing primer and fluorophor-linked dPxTP.

Real-time PCR was performed with a 7-log dilution series of
a synthetic double-stranded DNA template (98 bp, 3 to 3 x 10°
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Fig. 4 Amplification plots (A and B) and linear standard curve analysis (C and D) of 10-fold dilution series from 3 to 3 x 10° copies of a 98-bp
double-stranded DNA using a Ds-containing primer and Cy3-dPxTP (A and C) or Cy5-dPxTP (B and D). The horizontal red and purple lines in panels
A and B indicate thresholds. The cycle threshold values (Ct) obtained from panels A and B were plotted against the log of the template copies.

copies), 2 uM fluorophore-linked dPxTP, 200 uM natural dNTPs,
1 uM primers, and TITANIUM Taq DNA polymerase (Fig. 4 and
Figures S1-S3 in the Supporting Informationt). We employed a
two-step cycle, including 94 °C for 5 s and 68 °C for 40 s, and
performed 55 cycles of PCR with a CFX96 real-time PCR system
(BioRad).

As we expected, as the amplification proceeded, the fluorescence
intensity of the fluorophore-linked Px was increased by the
incorporation of Px into the amplified DNA opposite Ds in
the primer region on the template. Furthermore, high linearity
between the cycle threshold (Ct) value and the copy number of the
initial DNA fragments was observed in a dynamic range, from 3
to 3 x 10° copies (Fig. 4C and 4D). The Cy3- and Cy5-dPxTPs
gave clear amplification curves, depending on the number of PCR
cycles and the initial DNA concentrations (Fig. 4A and 4B). Only
FAM-dPxTP fluctuated, in terms of the fluorescence intensity,
on both the linear and plateau phases of the amplification, as
well as the thermal denaturation curves of the amplified DNA
(Figure S3 in the Supporting Information). In particular, the
background at lower cycle numbers (fewer than 20 cycles) strongly
fluctuated when FAM-dPxTP was used. This might be because
the interaction between the FAM and 2-nitropyrrole moieties is
not very stable or the FAM moiety does not efficiently protrude
outside the duplex DNA after the FAM-Px incorporation into
DNA, thus causing the FAM fluorescence to vary over the PCR
cycles. Therefore, the cyanine dyes, such as Cy3 and CyS5, are
preferable for this qPCR method.

We also confirmed that Cy3-dPxTP was site-specifically in-
corporated only opposite Ds, and almost no Cy3-dPxTP was

misincorporated opposite the natural bases in the template
DNA during PCR amplification. When we performed real-time
PCR using primers without Ds, no fluorescence change was
observed during 55 cycles of PCR in the presence of Cy3-dPxTP
(Fig. 5A). However, a small amount of Cy5-dPxTP misincorpora-
tion opposite the natural bases was observed, and the fluorescence
was slightly increased during the 55-cycle PCR (Fig. 5B).

Site-specific fluorescent labeling of a DNA fragment during PCR
amplification

In this real-time qPCR system, the amplified DNA fragments were
site-specifically labeled by the incorporation of the fluorophore-
linked Px into the amplified products opposite the Ds position
in the primer. After 55 cycles of PCR of a 7-log dilution
series of a 98-bp DNA using a Ds-containing primer or its
non-Ds (control) primer, in the presence of Cy3-dPxTP, the
amplified DNA fragments were analyzed by gel electrophoresis
(Fig. 6). The gel was irradiated at 532 nm to detect the Cy3-
containing DNA (Fig. 6A). The total amount of amplified DNA
fragments was then observed by conventional SYBR Gold staining
(Fig. 6B). Both PCR products obtained from the Ds and non-
Ds primers were observed by the SYBR Gold staining. However,
the 532 nm irradiation for Cy3 detected only the amplified DNA
fragments from the Ds-containing primer. Taken together with
data presented above, Cy3-Px is site-specifically incorporated
opposite Ds. This labeling method yields amplified DNA products
labeled with the fluorophore at a specific position opposite its PCR
primer strand.
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Fig. 5 Amplification plots (A and B) of 10-fold dilution series from 3 to
3% 10° copies of a 98-bp double-stranded DNA using natural base primers
and Cy3-dPxTP (A) or Cy5-dPxTP (B).
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Fig. 6 Agarose gel electrophoresis of 10-fold dilution series from 3 to
3 x 10° copies of a 98-bp double-stranded DNA after 55 cycles of PCR
using Ds-containing primer or natural base primers with Cy3-dPxTP. The
Cy3-labeled DNA products were detected by illumination at 532 nm (A),
and total amplified DNA products were detected by SYBR Gold staining
(B).

Real-time qPCR using a Ds-containing target DNA fragment and
Cy3-dPxTP

Next, instead of PCR using the Ds-containing primer, we exam-
ined the direct detection of target DNA molecules containing one
Ds base by real-time qPCR, in the presence of Cy3-dPxTP and
dDsTP (Fig. 7A). For the experiments, we used a single-stranded
Ds-containing target DNA (55-mer, 0.5 amol-5 fmol) and its

primers without Ds. In addition, we employed AccuPrime Pfx
DNA polymerase, instead of TITANIUM Taq DNA polymerase.
Although TITANIUM Taq exhibits high efficiency and selectivity
for the dPXTP incorporation opposite Ds, AccuPrime Pfx is
suitable for enhanced efficiency and selectivity of the comple-
mentary Ds-Px pairing in PCR. By this real-time method, the
Cy3-Px incorporation opposite Ds in the target could be directly
observed by the increased fluorescence changes. As shown in
Fig. 7B and 7C, we detected less than an attomole order of the
target DNA containing one Ds base. We also confirmed that no
Cy3-dPxTP was incorporated into DNA without Ds, under the
same PCR conditions (Fig. 7D). Since this system can specifically
detect only the Ds-containing target DNA, backgrounds caused
by primer mishybridization and primer dimer production could
be eliminated.

Conclusions

We developed intramolecular dual fluorophore-quencher base
analogues, fluorophore-linked dPxTPs, for the expansion of the
genetic alphabet of DNA. The fluorophore-linked dPxTPs were
site-specifically incorporated into DNA with high efficiency and
selectivity, opposite Ds in templates, by PCR. The fluorescence
of these modified dPxTP substrates was partially quenched, but
increased upon their incorporation into DNA. By monitoring
the fluorescence changes, the fluorophore-linked Px incorporation
system could be used for monitoring the production or degrada-
tion of target DNA molecules.

We demonstrated the utility of the unnatural fluorophore-linked
Px and Ds pair system in a real-time qPCR method, by using
a Ds-tag primer and fluorophore-linked dPxTP substrates. This
real-time qPCR method accommodates conventional PCR primer
design: the Ds-tag sequence is simply added to the designed primer
sequence that is suitable for each target DNA sequence. This
simple and specific PCR method can be used in combination with
other real-time qPCR methods, such as those employing LUX"
and Scorpion'"'? primers, the Plexor system,'® TagMan,*** and
LightCycler,* for the further development of multiplex detection
systems.

In addition, after PCR quantification, the amplified products
are labeled with Cy3-Px, which is useful for further analysis.
DNA fragments are usually labeled by PCR amplification with
a fluorophore-linked primer. However, our method labels the
amplified DNA strands opposite the Ds-containing primer. Thus,
the combination of our method with fluorophore-fragments can
be applied to further experiments, such as FRET between different
fluorophores in complementary strands.

Ds-embedded DNA fragments, as shown in Fig. 7, could
be employed for DNA authentication and steganography
techniques,***? such as a security tag like DNA ink. Embedding
Ds into a security tag DNA could increase the specificity excluding
the PCR background problems caused by primer dimer produc-
tion and by contaminated DNA amplification,?! as the result of
primer mishybridization.

The fluorophore-linked Px could also be used for monitoring
the degradation or the structural changes of target nucleic acid
molecules, which would produce fluorescence intensity changes of
the incorporated fluorophore-linked Px. For the analyte, DNA
and RNA molecules containing the fluorophore-linked Px can
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Fig.7 A qPCR method for a target DNA containing Ds (A). Amplification plots (B and D) of 10-fold dilution series from 20 fM to 200 pM of a 55-mer
single-stranded DNA containing Ds (B) or comprising only the natural bases (D), and linear standard curve analysis (C) for the Ds-containing DNA
amplification in the presence of dDsTP and Cy3-dPxTP. The horizontal red line in panel B indicates a threshold. The cycle threshold values (Ct) obtained

from panel B were plotted against the log of the template copies.

be prepared by replication and transcription using Ds-containing
templates, respectively.

Experimental
Chemical syntheses of Cy3-dPxTP and Cy5-dPxTP

A 0.1 M NaHCO;-Na,CO; solution (pH 8.6, 500 ul) of 1-(2-
deoxy-B-D-ribofuranosyl) - 4 - [3 - (6 - aminohexanamido) - 1 - pro-
pynyl]-2-nitropyrrole ~ 5’-triphosphoric  acid (NH,-dPxTP)
(7.6-8.4 umol) was reacted with Cy3- or Cy5-Mono NHS ester
(5.0-6.0 mg, 6 3-7.6 umol, GE Healthcare) in DMF (300 pl) in
the dark at room temperature. After 12 h, 50 mM TEAB (3.0 ml)
was added to the reaction mixture. The product (2.7 umol, 35%
for Cy3-dPxTP and 3.3 umol, 52% for Cy5-dPxTP) was purified
by DEAE Sephadex A-25 column chromatography (1.5 cm X
30 cm, eluted by a linear gradient from 50 mM to 1 M TEAB)
and C18 HPLC (eluted by a linear gradient of CH;CN in 100 mM
TEAA, pH 7.0).

Real-time qPCR using a Ds-containing primer and
fluorophore-dPxTPs

The PCR reaction (25 pl) was performed in 1 x TITANIUM Taq
buffer (Clontech, 40 mM Tricine-KCl (pH 8.0 at 25 °C) containing
16 mM KCl, 3.5 mM MgCl,, and 37.5 pg ml™' BSA) with 0.2 mM
of each ANTP (N = A, G, C, and T), 2 uM fluorophore-linked

dPxTP (Fluorophore = Cy3, Cy5, or FAM), 1 uM Primerl
(29-mer, 5-AATAATGCDSsTCCTCAAAGGTGGTGACTTC-3’
or 5~ AATAATGCATCCTCAAAGGTGGTGACTTC-3"), 1 uM
Primer2 (25-mer, 5-CATGTAGATGCCATCAAAGAAGCTC-
3), TITANIUM Taq polymerase (Clontech) at the manufacturer’s
recommended concentration (1x), and different concentrations
of a 98-bp double-stranded DNA template (copy numbers in
each reaction mixture: 0, 3, 30, 300, 3000, 30000, 300000 or
3000000) on a CFX96 real-time PCR system (BioRad). PCR
cycling parameters were 2 min denaturation at 94 °C, followed
by 55 cycles of 5 s at 94 °C and 40 s at 68 °C, with an optical
read at the end of the elongation step. The detection of each
fluorophore with the PCR instrument was accomplished with the
appropriate filter sets for excitation: 560-590 nm and emission:
610-650 nm for Cy3; ex.: 620-650 nm and em.: 675-690 nm
for Cy5; and ex.: 450-490 nm and em.: 510-530 nm for FAM.
The raw data were collected and analyzed by using the CFX
Manager v2.0 software. Amplified PCR products were analyzed
by agarose gel electrophoresis. An aliquot (4.2 ul) of the reaction
mixture was fractionated on a 4% agarose gel. The PCR products
on the gel were first detected with an FLA-7000 imager (GE
Healthcare) in the Cy3 mode (excitation 532 nm/emission filter
0580), and then the DNA fragments on the gel were stained
by SYBR Gold (Invitrogen) and detected in the SYBR Green
mode (excitation 473 nm/emission filter Y520). The 98-bp
double-stranded template was prepared by primer extension,
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using two chemically synthesized DNA fragments (60-mer) (5'-
CATGTAGATGCCATCAAAGAAGCTCTGAGCCTCCTAA-
A-tgacatgcgtgctctggagaac-3” and (5-TGGTGACTTC-
TACGTCTTCGTACGTCTTCGTTCTTTTC Cgttctccagagcacgce-
atgtca-3’, the complementary regions are shown in lower case).
The primer extension (300 ul) was performed in a reaction buffer
(10 mM Tris-HCI (pH 7.5) containing 7 mM MgCl, and | mM
DTT) with 0.6 mM dNTPs, 3 uM both DNA fragments, and the
exonuclease-proficient Klenow fragment (6U, TaKaRa), at 37 °C
for 30 min. The products were collected by ethanol precipitation,
and the full-length products were purified by electrophoresis on a
10% polyacrylamide gel containing 7 M urea.

Real-time qPCR using a Ds-containing target DNA fragment and
Cy3-dPxTP

The PCR reaction (25 pl) was performed in 1 x Accu-
Prime Pfx reaction mix (Invitrogen) supplemented with
0.1 mM dNTPs (final concentration: 0.4 mM each), 0.5 mM
MgSO, (final concentration: 1.5 mM), 2 uM Cy3-dPxTP,
25 uM dDsTP, 1 uM Primer3 (40-mer, 5-CGTTGTAAAA-
CGACGGCCAGGATAATACGACTCACTATAG-3), 1 uM
Primer4 (24-mer, 5’-TTTCACACAGGAAACAGCTATGAC-3),
AccuPrime Pfx DNA polymerase (1.25 U, Invitrogen), and
55-mer DNA template (5-TTTCACACAGGAAACAGCTAT-
GACGGATCDSTATCCCTATAGTGAGTCGTATTATC-3" or
S“TTTCACACAGGAAACAGCTATGACGGTTACCTACCC-
TATAGTGAGTCGTATTATC-3’) at different concentrations
(final concentrations: 20 fM, 200 fM, 2 pM, 20 pM, and 200 pM).
PCR cycling parameters were 30 cycles of 30 s at 94 °C, 30 s at
45 °C, and 2 min at 65 °C, with an optical read at the end of the
annealing step (45 °C, 30 s). The data collection and analysis were
performed as described above.
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