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The progress of polymerase chain reaction (PCR) was
sensitively monitored based on the increase in fluorescence of
N,N'-bis(3-aminopropyl)-2,7-diamino-1,8-naphthyridine,
which was covalently anchored on the cytosine bulge directly
neighbouring the 5'-7_G-3'/5'-CCA-3' sequence in the
hairpin tag at the 5’ end of PCR primer.

Recent progress in the labelling chemistry of oligonucleotides has
provided many types of fluorogenic probes.”"” Fluorogenic hybridization
probes were designed to report the hybridization state with the target
nucleic acids according to the change in fluorescent properties; e.g.,
wavelength, intensity, lifetime, and so on.'8?' These probes are useful
for analysing single nucleotide polymorphisms (SNPs),”?* for detecting
and imaging RNA both in vitro and in vivo,” and for monitoring
biological reactions.”’ TagMan® probe,”® one of hybridization probes
labelled with a fluorophore and its quencher, has been used to monitor
the real-time progress of a polymerase chain reaction (PCR).”” PCR is
one of the most fundamental technologies in molecular biology studies
and enables the quantitative determination of the amount of nucleic acids
in a sample and to identify SNPs by allele-specific PCR.***° While
TagMan® probe is a de facto standard probe for quantitative PCR,
further innovation in the real-time monitoring of PCR progress is still
needed to simplify the PCR experiments and to evade the time- and cost-
consuming probe synthesis. Toward this end, we anticipated that the
function of reporting the PCR progress could be integrated into the PCR
primers themselves.

The major challenge involved in monitoring PCR progress using
fluorescently labelled primers is to translate the PCR progress into any
changes occurring in the properties of fluorescent chromophores. We
have addressed this issue by exploiting the concept of secondary
structure-inducible fluorescence change.’** Thus, we coupled the
structural change on a hairpin DNA tag attached at the 5’ end of the
primer with the fluorescence emission of a ligand selectively bound to
the hairpin form. The ligand binds to the cytosine bulge (C-bulge)
embedded in the hairpin tag that will be opened and transformed into
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double-stranded form by PCR. This hairpin primer PCR is successful in
monitoring PCR progress in real-time and can be used for SNP typing by
allele-specific PCR,* as well as for virus detection.>® One drawback of
the hairpin primer PCR, however, is that the fluorescent signal decreases
with progression of the PCR cycle. Detection of a signal increasing from
a low background level is more advantageous than detection of a signal
decreasing from a high background level with regard to the sensitivity
and detection range. We here report our attempt to improve the hairpin
primer PCR from detection of a decreasing signal to one of an increasing

signal.
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Fig. 1 A) Structure of DANP anchored at the C5 of thymine. B) Illustration of a
proposed structure-fluorescence matrix of DANP covalently anchored at the
hairpin tag in two possible (top) 5’-TG-3’ and (bottom) 5’-GT-3’ sequences and in
(left) C-bulge form (i.e., before PCR) and (right) duplex form (i.e., after PCR). Grey
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rectangles indicate the DANP with quenched fluorescence, whereas yellow
rectangles show the DANP emitting fluorescence. Dotted lines represent a
hairpin loop in the case of the hairpin primer.

In hairpin primer PCR, N,N'-bis(3-aminopropyl)-2,7-diamino-1,8-
naphthyridine (DANP) binds to the C-bulge in the hairpin tag and is
released from the C-bulge upon hairpin opening by the polymerase
reaction. DANP emits fluorescence at 400450 nm upon binding to the
C-bulge,””** and the emission spectra are sensitively modulated by the
base pairs flanking the C-bulge. The A-T base pairs directly
neighbouring the C-bulge induce the emission shift toward a longer
wavelength by approximately 30 nm, whereas the G-C flanking base
pairs quench the DANP fluorescence. The affinity of DANP binding to
the C-bulge flanking A-T base pairs was about 1 uM (Ky), and affinity to
the fully complementary double-stranded DNA was very weak. With
these observations in mind, we hypothesized that the fluorescence of
DANP anchored close to the C-bulge flanking the G-C base pair would
be effectively quenched when DANP bound to the C-bulge, but not
when DANP was released from the C-bulgell1[1[1[J[dangling on
the IO OO0 OOO000the OO0 O0 (Fig. 1)) Accordingly, the
increase of DANP fluorescence could be observed upon structural
changes induced by the polymerase reaction from the hairpin form
holding the C-bulge to a fully complementary double-stranded form.

First, we investigated the sequence of the C-bulge and the manner of
DANP anchoring. The DANP-anchored probe must have at least one G-
C base pair at the flanking site of the DANP-binding C-bulge to
effectively quench the DANP fluorescence. To anchor DANP at the
methyl group of the thymine, we selected an A-T base pair for the other
flanking base pair to yield two possible sequences 5'-T_G-3'/3'-ACC-5'
and 5'-G_T-3'/3'-CCA-5', where T is the site of DANP anchoring (Fig.
1B). For the facile anchoring of DANP onto the thymine next to the C-
bulge site, the reaction of N-hydroxysuccinimide ester of (2'-
deoxyuridin-5-yl)acrylic acid on the DNA intermediate growing on the
support of the controlled pore glass (CPG) with the primary amine of
DANP was designed. Molecular modelling simulations (Maestro ver. 9.7,
Schrodinger) suggested that DANP anchored at the T in both the 5'-
T G-3'/3'-ACC-5" and 5'-G_T-3'/3"-CCA-5' sequences would be suitable
for the binding of DANP to the neighbouring C-bulge. The synthetic
procedure for DNAs containing DANP-anchored thymine is described in
Scheme S1. In brief, the CPG-attached DNA precursor containing N-
hydroxysuccinimide ester of (2’-deoxyuridin-5-yl)acrylic acid was
synthesized using the standard phosphoramidite method and supplied by
Japan Bio Services (Saitama, Japan). The activated ester was reacted
with 0.1 ['M DANP in dimethyl sulfoxide (DMSO) and incubated at
37 °C for approximately 3 hours. After the filtration of excess DANP
and DMSO, the DANP-anchored DNA was cleaved from the CPG,
deprotected by an ammonia solution at room temperature, and purified
by reverse-phase high-performance liquid chromatography.

We then investigated the thermodynamic properties, absorption
spectra, and fluorescence spectra of the DANP-anchored DNA. The
melting temperature (7;,) of the duplex (M1/3) consisting of DANP-
anchored DNA M1 5-TCCAT GCAAC-3' (5'-T_G-3') and the C-bulge
strand 3 5'-GTTGCCATGGA-3' (5'-CCA-3") was 41.5 °C, which was
14.4 °C higher than that of the unmodified C-bulge duplex (U1/3, Ty,
27.1 °C) (Table 1; complete sequences of the oligonucleotides used in
these studies are shown in the Supporting information, Table S1). In
contrast, the 7}, of the duplex M2/5 consisting of the DANP-anchored
DNA M2 5'-TCCAG_TCAAC-3' (5'-G_T-3') and the C-bulge strand 5
5'-GTTGACCTGGA-3' (5'-ACC-3") was only 1.2 [1[] higher than that
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of unmodified duplex (U2/5). Anchoring DANP to the T was found to
weakly destabilize the fully matched duplex, as is seen by the Tpn
difference between M1/4 and U1/4 (-2.4 °C), and M2/6 and U2/6 (-
0.4 °C), emphasizing a large increase in the thermodynamic stability of
the C-bulge duplex due to DANP anchoring at the neighbouring T.

Table 1. Melting temperatures of the DANP-anchored C-bulge and duplex.

Sequence Tm °C Sequence Tm °C
M1/3: 5'-T G-3' M2/5: 5'-G T-3'
3r-acc-5 113 31-cca-5' 283
Ul/3: 5'-T G-3' U2/5: 5'-G T-3'
31-atc-5r 27t 3r-cca-5'  27-3
M1/4: 5'-TG-3' M2/6: 5'-GT-3'
31 _nC-5 39.1 3V _CA-5 39.8
Ul/4: 5'-T7G-3' U2/6: 5'-GT-3'
31-ac-5r °le? 3r-ca-5'  40-2
T: DANP-anchored T.
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Fig. 2 A) and B) UV, and C) and D) fluorescence spectra of DANP-anchored DNA
(4.5 uM) in sodium phosphate buffer (pH 7.0, 10 mM) and sodium chloride (100
mM). Excitation wavelength was 380 nm. A) M1/3 (black) and M1/4 (red), B)
M2/5 (black) and M2/6 (red), C) M1/3 (black) and M1/4 (red), D) M2/5 (black)
and M2/6 (red).

The absorption maximum of the DANP-anchored duplexes was
observed at 399 nm for M1/3 holding the C-bulge and at 377 nm for the
fully matched M1/4 (Fig. 2A). The bathochromic shift by 22 nm
suggested that the DANP anchored at the T in the 5'07 G-3/3'0ACC-
5" bound to the flanking C-bulge. In contrast, only a slight bathochromic
shift of the absorption peak was observed for the duplex M2/5 as
compared with M2/6 (Fig. 2B), suggesting that the DANP anchored at
the 5'11G_T-3"/3'[ICCA-5" is not likely to bind to the C-bulge. These
observations are in good agreement with the increase of T, for
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M1/300000 not for M2/500 The fully matched duplexes with
anchored DANP (M1/4 and M2/6) showed absorption maxima at 377
nm, regardless of the sequence, demonstrating that the anchored DANP
was in a similar environment in both duplexes. As anticipated from the
absorption spectra, the fluorescence change was more significant for the
duplex containing M1 than for the duplex containing M2. Thus, the
fluorescence intensity increased by 4-fold due to the change from the C-
bulge duplex M1/3 to the fully matched duplex M1/4 (Fig. 2C), whereas
only a 2.5-fold increase was observed for the change from the C-bulge
duplex M2/5 to the fully matched duplex M2/6 (Fig. 2D). This
difference is due to the more pronounced fluorescence quenching in the
5'0T _G-3'/3'"JACC-5', also suggesting that the DANP was bound to the
C-bulge. The efficiency of quenching of DANP fluorescence anchored at
the 5'01T _G-3'/3'[1AXC-5' sequence, where the bulge base X is C, T, G,
or A (Fig. S2), is roughly proportional to the efficiency of DANP
binding we previously reported (C > T > G > A).”’
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Fig. 3 Hairpin primer PCR with a DANP-anchored primer. A) Alignment of primers
on the pUC18 template. Only one template strand is shown for clarity. B) PAGE
analysis of PCR products. M: size marker, top: 200 bp, bottom: 100 bp. C)
Fluorescence intensity of PCR solutions obtained from primers M13M3 and
M13RV-tag using 50 pM concentrations of pUC18. The excitation wavelength
was 355 nm. D) Fluorescence intensity of PCR solutions obtained with primers
M13M3 and M13RV-tag under different concentrations of pUC18. Key: (black)
500 pM, (light blue) 50 pM, (orange) 5 pM, (blue) 0.5 pM, and (red) 0.05 pM. E)
The standard plot obtained from Fig. 3D at 400 A.U. as a threshold cycle number.
The vertical axis is the initial DNA concentration (logarithmic) and the horizontal
axis is the PCR cycle number.

The 4-fold increase of DANP fluorescence observed by changing
from the C-bulge form to the fully matched duplex encouraged us to
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conduct quantitative PCR analysis with increasing fluorescent signals.
The setup of PCR experiments using the DANP-anchored primer is
illustrated in Fig. 3A. One of the PCR primers was labelled with a
hairpin tag embedded to the C-bulge and the DANP-anchored T in the
5'-T G-3'/3"-ACC-5' sequence (M13RV-tag). PCR was performed with
the plasmid pUCI8 as a template using the M13RV-tag primer and a
non-labelled M13M3 primer. The PCR products were analysed using
native polyacrylamide gel electrophoresis (PAGE) (Fig. 3B). The PCR
product was obtained as a single band with a length of approximately
125 bp. Sequencing analysis of the PCR products revealed that adenine
was incorporated opposite to the DANP-anchored T, indicating that the
anchored DANP neither interfered with the DNA polymerase nor altered
the nucleotide base to be incorporated during the polymerase reaction.
The fluorescence intensity of the PCR solution started to increase after
10 PCR cycles under the conditions using 50 pM of the template, and
reached a plateau after 35 cycles (Fig. 3C). The PCR product appeared
on the PAGE gel at 15 cycles (cf. Fig 3B), demonstrating consistency in
the observations regarding the product formation by PAGE and
fluorescence increase. With different template concentrations, the
fluorescence intensity of the PCR solutions showed different threshold
cycle numbers at a fluorescence intensity of 400 arbitrary units (A.U.)
(Fig. 3D). An almost linear relationship was found between the
logarithm of initial DNA concentrations and the PCR cycle number (Fig.
3E). These results clearly showed that hairpin primer PCR with the
DANP-anchored primer could be used for quantitative real-time analysis
of template concentration. In separate experiments, the results of DANP-
anchored hairpin primer PCR were found to be consistent with those
obtained with TagMan®™ probes (Fig. S3). In addition, allele-specific
PCR with the DANP-anchored hairpin primer clearly showed the
discrimination of two alleles (Fig. S4).

In conclusion, DANP covalently anchored at the 5’ T to the C-bulge
in the 5-T G-3'/3'-ACC-5' stabilized the C-bulge and increased the
fluorescence intensity induced upon structural changes from the C-bulge
to the duplex by 4-fold. PCR with the hairpin primer containing DANP
anchored to the T in the 5-7 G-3"/3-ACC-5' sequence successfully
produced an increased fluorescence signal as the PCR cycle progressed.
The linear correlation obtained between the logarithm of template
concentration against PCR cycle number showed that the hairpin primer
PCR with the DANP-anchored primer could be useful for real-time PCR.
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