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There is a need to develop efficient methods for detecting target nucleic acids to enable the rapid diagnosis
and early treatment of diseases. We previously demonstrated that a peptide nucleic acid (PNA) twin probe,
consisting of two PNAs each containing a fluorescent dye, with pyrene at one end, detects target DNA
sequence-specifically through pyrene excimer emission. In this study, to advance the development of this
probe system, we further investigated the fluorescence properties of the PNA twin probe P1 and P2, and
found that the excimer fluorescence was significantly reduced when a mismatched base in the DNA sequence
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was present at the site of P1 closest to the pyrene. In other words, this probe was found to detect single-base
mismatches without taking into account the thermal stability of the PNA/DNA hybrid. The detection limit of
this PNA twin probe for the single-base-mismatched DNA was 2.7 nM. In the future, this probe should lead to
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Introduction

Peptide nucleic acid (PNA) is a nucleic acid analog that con-
tains a peptide as the main chain and nucleic acids as the side
chains." PNA forms sequence-specific hybrids with DNA and
RNA. These hybrids have higher thermal stability, higher resis-
tance to proteases and nucleases, and superior sequence speci-
ficity relative to hybrids formed from DNA or RNA themselves.
In particular, the superior sequence specificity of PNA*?
makes it promising for use as a probe for single-nucleotide
polymorphisms (SNPs).

PNAs are expected to be used as probes for detecting nucleic
acids with specific base sequences. Among these probes, those
combining PNA and fluorescent dyes have been widely studied*”
because they provide visual output of PNA recognizing nucleic
acids. We have also investigated a PNA twin probe, which consists
of two PNAs each modified with the fluorescent dye pyrene (Pyr).?
When the two PNAs of this probe are present together with DNA
containing perfectly complementary base sequences, the two
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a method to detect point mutations in endogenous nucleic acids within cells.

pyrenes of this probe assemble on the DNA via hybrids. As a
result, the pyrene monomer fluorescence is converted to excimer
fluorescence, allowing the detection of DNA (upper and middle
panels in Fig. 1).

The fluorescent detection technique using two PNAs is
expected to be able to distinguish nucleic acids with longer
sequences with higher selectivity than a single PNA probe, and
to be able to detect them in a ratiometric manner, unlike
detection by differences in fluorescence intensity. Such tech-
niques have been well developed for DNA probes,” " but are
rarely seen for PNA probes.* Further efforts should thus be
made to aid the development of PNA twin probes. Several
studies have demonstrated this approach using various dye
combinations, for example, fluorescein (Fam)/Cy5 by Taylor’s
group,'>"? thiazole orange (TO)/AlexaFluor-594 by Peteanu’s
group,"* Cy3/Cy5 by Artero’s group,” Fam/tetramethyl-
rhodamine'® and TO/oxazolopyridine analog/NIR664'" by
Seitz’s group, and Pyr/Pyr® and boronic acid/its ligand*® by our
group.

As described in this report, we investigated the fluorescence
properties of the PNA twin probe for DNA with a single-base
mismatch as further development of this probe.

Results and discussion
Design of PNA twin probe P1 and P2

We used the PNA twin probe P1 and P2 for this investigation
(Fig. 1; upper panel). P1 is the same as P1C6° used in a pre-
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N Target DNA (D1) or RNA

DNA  Sequence DNA

D3 GTCGCTATCA D1

D4 GACGCTATCA D9
D5 GTCCCTATCA D10
D6 GACGCAATCA D11
D7 GACGCTAACA D12
D8 GACGCAATCC D13
- D14
D15
D16

Sequence

GTCGCTATCAAAACATCTCCGA
GACGCTATCAAAACATCTCCGA
GTCCCTATCAAAACATCTCCGA
GTCGCAATCAAAACATCTCCGA
GTCGCTAACAAAACATCTCCGA
GTCGCTATCCAAACATCTCCGA
GTCGCTATCAAACCATCTCCGA
GTCGCTATCAAAACCTCTCCGA
GTCGCTATCAAAACATATCCGA
D17 GTCGCTATCAAAACATCTACGA
D18 GTCGCTATCAAAACATCTCCCA
D2  CAATACGCTCTGCATGACAACT

Fig. 1 (Upper panel) Chemical structures of PNA twin probe P1 and P2
and their sequences. The red and blue colors of P1 and P2 in the struc-
tures indicate PNA, respectively. The N-terminus of each peptide is a
free amino (H,N-) group, and the C-terminus is a primary amide
(—CONHy). The solid underlined red and dotted underlined blue italic
letters in the sequences indicate the base sequences of PNA in P1 and
P2, respectively. Pyr indicates pyrenylalanine, and C6 indicates an alkyl
linker [-NH—-(CH,)¢—CO-]. (Middle panel) Schematic diagram of base
sequence-specific pyrene excimer emission of the PNA twin probe
against a target DNA. When the DNA contains base sequences comp-
lementary to P1 and P2, each of these forms hybrids with the DNA. At
this time, the two Pyr at the ends of P1 and P2 are designed to face each
other and be close to each other on the DNA template. As a result, the
Pyr are appropriately positioned to emit excimers. (Lower panel) The
base sequences of DNA D1-D18 used in this study. The solid underlined
red and dotted underlined blue letters in the sequences indicate the
DNA base sequences that are antiparallel and complementary to P1 and
P2, respectively.

vious study, and a C6 linker [-NH—(CH,)s—CO-] is introduced
between the pyrenylalanine with Pyr in the side chain and the
N-terminus of the PNA. The presence of the alkyl linker has a
significant effect on the excimer fluorescence derived from the
PNA twin probe. We previously reported that the excimer for-
mation via two Pyr-PNAs on a DNA template depends on the
length of the linker, and the introduction of the C6 linker
most enhanced the excimer fluorescence of the probe.®
Therefore, P1 was used in this study. P2 is also the same
peptide as used in the previous study.® Both PNAs are 10-mers.
In previous studies,® P1/P2 showed the highest excimer/
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monomer ratio (E/M value) for the target DNA D1, which has
sequences complementary to each of them and has two
adenine bases inserted between these sequences. Both P1 and
P2 contain tetra-arginine at one end, which is expected to
improve the water solubility and to facilitate intracellular deliv-
ery as a cell-penetrating peptide (CPP)'® in the future. We have
shown that tetra-arginine plays these roles in another report
on a PNA twin probe modified with a boronic acid and its
ligand, instead of Pyr.'®

We used DNAs D1-D18 in this study (Fig. 1; lower panel).
Among them, D1 contains a sequence perfectly complemen-
tary to both P1 and P2. D9-D13 have one mismatched base at
positions 9, 7, 5, 3, and 1 from the N-terminus of P1, respect-
ively. D14-D18 have one mismatched base at positions 1, 3, 5,
7, and 9 from the C-terminus of P2. D2 is a scrambled
sequence of D1.

Response of P1 and P2 to DNA with a single-base mismatch

First, we measured UV melting curves of P1 with D3, which is
complementary to P1, or D4-D8, which have one mismatched
base, to confirm the thermal stability of the PNA/DNA hybrid
before investigating the fluorescence response of the PNA twin
probe to DNA (Fig. 2A).

The UV melting curve of an equimolar mixture of P1/D3
(open red circles) showed a hypochromic effect above 80 °C,
and a sigmoidal curve was observed. The melting temperature
(Tm) was determined to be 88.0 °C. P1/D8, which has one mis-
matched base at the first position from the N-terminus (=Pyr
side) of P1 (filled red circles), showed a profile similar to that
of P1/D3, and T, was 88.9 °C, slightly higher than that of P1/
D3. In the case of P1/D7 and P1/D4, which have one mis-
matched base at the 3rd and 9th positions from the
N-terminus of P1 (black and orange circles, respectively), the
sigmoidal curves were shifted toward lower temperatures than
that of P1/D3. Their T,,s were 78.5 °C and 77.7 °C, respectively.
P1/D6 and P1/D5, which have one mismatched base at the 5th
and 7th positions from the N-terminus of P1 (blue and green
circles, respectively), showed a large hypochromic effect in the
range of 60-90 °C. Their Ty,s were 72.7 °C and 70.2 °C, respect-
ively. In addition, the absorbance of P1/D6 and P1/D5
increased in the range of 40-60 °C and remained almost con-
stant in the range of 20-40 °C. Although there is no clear
reason for this change in absorbance, it is speculated to be
due to the influence of Pyr in P1.

Following these results, we also measured the UV melting
curves of DNA with P3, a Pyr-free P1 (Fig. 2B). All of the UV
melting curves of P3/D3-D8 showed clear sigmoidal curves,
and the change in absorbance at low temperature observed for
P1/D6 and P1/D5 was not observed.

We summarize the T, of P1/D3-D8 and P3/D3-D8 in
Fig. 2C. For P1, D8, which has one mismatched base at the
first position, has higher thermal stability (+0.9 °C) than D3,
which is a full match. This suggests that Pyr enhances the
hybrid stability between PNA and DNA. In addition, the hybrid
stability of P1/DNA with a mismatched base in the center (D5:
—17.8 °C and D6: —15.3 °C) is lower than that of DNA with a

This journal is © The Royal Society of Chemistry 2025
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D4 GACGCTATCA 77.7 (-10.3) 72.7 (-6.9) +5.0
D5 GTCCCTATCA 70.2 (-17.8) 59.1 (-20.5) +11.1
D6 GACGCAATCA 72.7 (-15.3) 512 (-284)  +215
D7 GACGCTAACA 785 (-9.5) 69.8 (-9.8) +8.7
D8 GACGCAATCC 88.9 (+0.9) 76.7 (-2.9) +12.2

Fig. 2 UV melting curves of equimolar mixtures of P1 (A) and P3 (B)
with DNA D3-D8 and their T, values (C). The values in brackets in C are
the T,, values of D4—D8 subtracted from that of D3, and AT,, is the T,,
value of P1/DNA subtracted from that of P3/DNA. The concentrations of
PNA and DNA were 5 pM each, dissolved in an aqueous solution (10 mM
PBS, pH 7.0). The absorption wavelength was measured at 260 nm. The
measurement range was 20-90 °C.

mismatched base at the end (D4: —10.3 °C and D7: —9.5 °C).
This tendency was also observed for P3/DNA. It is reasonable
that the presence of a mismatched base in the center of PNA
has a greater effect on the PNA/DNA hybrid stability.
Comparing the thermal stability between P1/D3-D8 and P3/
D3-D8 hybrids, it is found that P1/DNA is more stable than
P3/DNA in all cases (AT, = +5.0-+21.5 °C). Furthermore, the
differences in Ty, between P1/D4-D8 and P1/D3 ranged from
+0.9 °C to —17.8 °C, whereas those between P3/D4-D8 and P3/
D3 ranged from —2.9 °C to —28.4 °C. In other words, the pres-
ence of Pyr in PNA reduces the differences in hybrid stability
due to the presence of a mismatched base and the position of
the mismatched base. These findings also indicate that the
presence of Pyr enhances the hybrid stability of PNA/DNA, as
mentioned above.

This journal is © The Royal Society of Chemistry 2025
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These results indicate that PNAs can discriminate a single
mismatch in DNA by temperature tuning, but that the tuning
must be strictly controlled, and that Pyr-modified PNAs have
more difficulty discriminating DNA mismatches by tempera-
ture control.

Based on the results of Fig. 2, we measured fluorescence
spectra of an equimolar mixture of P1/P2 and DNA with one
mismatch at ambient temperature to investigate the fluo-
rescence properties of the PNA twin probe for DNA in detail
(Fig. 3). The fluorescence spectra of P1/P2/D9-D13 with one
mismatch at the P1 site are shown in the left panel of Fig. 3A.
In the case of D2 (a blue dashed line), a scrambled sequence
where P1/P2 are not expected to form a hybrid, only the fluo-
rescence from Pyr monomer was observed at 380 nm (3090)
and 400 nm (2980). On the other hand, in the case of D13 (a
red solid line), which has one mismatch at the first base from
the N-terminus of P1, only the fluorescence from the
monomer was observed, as in D2, but the fluorescence inten-
sity was significantly reduced (1000 and 970, respectively). The
decrease in the monomer fluorescence suggests that P1 is in
the vicinity of DNA; that is, Pyr is quenched by the nucleobase
in DNA upon hybrid formation of P1 with D13, as also
reported for the twin probe based on two Pyr-DNA by Kool
et al*® In other words, under the conditions applied here,
even DNA with a single mismatch can form a hybrid with the
PNA twin probe, which is supported by the results shown in
Fig. 2.

Next, in the case of D1 (a red dashed line), which is per-
fectly complementary to P1/P2, fluorescence from the Pyr
monomer was observed at 380 nm (1030) and 400 nm (1230),
as well as excimer fluorescence at 480 nm (1230). This indi-
cates that P1 and P2 are assembled on D1 through their
hybridization, and efficient excimer formation occurs between
the two Pyr. This is consistent with our previous report.® D9-
D12 (orange, green, blue, and black solid lines, respectively),
which have one mismatch at the 9th, 7th, 5th, and 3rd bases
on the N-terminus of P1, showed a profile similar to that of
D1. In addition, the fluorescence intensity from the monomers
in all cases was significantly reduced compared with that of
D2 or was almost the same as that of D1, which is presumably
due to the conversion from monomer to excimer fluorescence
and/or the quenching of Pyr fluorescence by hybridization of
PNA with DNA. Notably, among D9-D13, which have one-base
mismatches at various positions relative to P1, only D13,
which contains a mismatch at the position closest to the
N-terminus (Pyr side) of P1, almost eliminated excimer fluo-
rescence (see below).

We also measured the fluorescence spectra of mixtures of
P1/P2/D14-D18 with one mismatch at the P2 site (right panel
of Fig. 3A). D14 and D15 (red and black solid lines, respect-
ively), which have one mismatch at the first and third posi-
tions from the C-terminus of P2 (i.e., the mismatch is located
close to Pyr), showed monomer fluorescence at 380 and
400 nm and excimer fluorescence at 480 nm, but the excimer
fluorescence intensity was lower than that of D1. The
monomer fluorescence was also significantly reduced, similar
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Fig. 3 (A) Fluorescence spectra of equimolar mixtures of P1/P2 and
DNA (D1, D2, and D9-D13, left panel; and D1, D2, and D14-D18, right
panel) in aqueous solution (10 mM PBS, pH 7.0) at 25 °C. Each concen-
tration of P1, P2, and DNA was 500 nM. Excitation wavelength was
350 nm. (B) E/M values of P1/P2/DNA. Each bar represents the mean of
three measurements. (C) Plausible illustrations of a P1/P2/D13 hybrid
(top) and a P1/P2/D14 hybrid (bottom).

to that of D13. Meanwhile, D16-D18 (blue, green, and orange
solid lines, respectively), which contain one mismatch at the
5th, 7th, and 9th positions from the C-terminus of P2 (i.e., the
mismatch is located far from Pyr), showed almost the same
profile as D1.

Based on the results in Fig. 3A, we summarized the ratio of
excimer emission intensity at 480 nm to monomer emission
intensity at 380 nm (E/M value) for each DNA (Fig. 3B). The
E/M value of P1/P2/D1 was 1.05, and that of P1/P2/D2 was
0.07. These results indicate that the PNA twin probe clearly dis-
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tinguishes the target DNA. The E/M values of P1/P2/D9-D12
were in the range of 0.66-0.94 (D9: 0.65, D10: 0.94, D11: 0.84,
and D12: 0.69). These values are almost the same as that of
D1, suggesting that, even if a single-base mismatch exists in
the DNA, hybrids are formed under the present conditions
and do not affect the excimer formation between Pyr.
Meanwhile, the E/M value of P1/P2/D13 was 0.16. This is
almost the same as that of D2, suggesting that the hybrids
between P1/P2 and D13 are formed, but the excimer formation
is significantly inhibited. We also assessed the E/M values of
other mismatch bases (T/T and G/T mismatches; D13T and
D13G, respectively) other than the first C/T mismatch (D13)
from the N-terminus of P1 (Fig. S17). The results showed E/M
values of 0.13 and 0.12, respectively, and the presence of the
mismatch bases showed a significant decrease in excimer fluo-
rescence compared to the full match D1. Next, the E/M values
of P1/P2/D16-D18 were in the range of 0.89-0.99 (D16: 0.89,
D17: 0.98, and D18: 0.99). These values were also the same as
that of D1. However, the E/M values of P1/P2/D14 and P1/P2/
D15 were 0.40 and 0.34, respectively. These values were
smaller than that of D1, and although not as large as that of
D13, they suggested that excimer formation was inhibited.

These results indicate that the presence of a mismatched
base near the Pyr of P1 or P2 inhibits excimer formation
(Fig. 3C). Presumably, in the hybridization of each PNA on the
DNA template, the binding between the nucleobases of the
PNA and DNA, especially near the Pyr, suppresses a swing
(positional instability) of the Pyr and strongly fixes it in place,
thereby providing stable excimer formation between Pyr. In
other words, these results indicate that, if the fixation of Pyr
through the PNA on the DNA template is insufficient, the
swing of Pyr cannot be suppressed, inhibiting excimer for-
mation. It is speculated that D13 caused a large decrease in
the E/M value compared with D14 because of the effect of the
C6 linker. In P1, where the linker is introduced between Pyr
and PNA, the swing is amplified by the linker when the bond
between the nucleobases closest to Pyr is lost. It is reasonable
to consider that this instability significantly hinders the
excimer formation of Pyr, resulting in a larger decrease in the
E/M value than the loss of the bond between the nucleobases
at the P2 site.

We investigated the concentration dependence of fluo-
rescence detection of DNA with one mismatch by the PNA twin
probe (Fig. 4). Within the measured concentration range (500
pPM-500 nM), almost no excimer emission was observed for P1/
P2/D2 and P1/P2/D13, and the E/M values of P1/P2/D2 and P1/
P2/D13 were almost constant, in the ranges of 0.06-0.12 and
0.12-0.16, respectively. On the other hand, P1/P2/D1 showed
high E/M values in the range of 27.5-500 nM (27.5 nM: 0.85,
50 nM: 0.89, 275 nM: 0.91, and 500 nM: 0.96). Below 10 nM,
the E/M value was lower, but even at 2.8 nM it was 0.37. Using
the results in the low concentration range, we calculated the
limit of detection (LoD) to be 2.7 nM.

In the study of SNPs, the LoD of various PNA systems has
been reported. Zhao’s group used a bare 12-mer PNA in combi-
nation with S1 nuclease/single-walled carbon nanotube/

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 E/M values of equimolar mixtures of P1/P2/D1 (red circles), P1/
P2/D2 (blue circles)) and P1/P2/D13 (black circles) at various
concentration.

hemin/tetramethylbenzidine®® and S1 nuclease/gold nano-
particles,”” while Tamiya’s group used an 11-mer PNA modi-
fied on a gold electrode surface in combination with S1 nucle-
ase/ferrocene (Fc)-conjugated chitosan nanoparticles®® to suc-
cessfully distinguish DNA with a single mismatch colorimetri-
cally and electrochemically, respectively. Their LoDs were 0.11
nM, 6.1 nM, and 1 fM, respectively. Zhao’s group also suc-
ceeded in electrochemically identifying RNAs with one mis-
match (LoD: 0.15 fM) using a system combining two hairpin
DNAs modified with Fc on a gold electrode surface.>* Our
group has successfully identified RNAs with one mismatch by
fluorescence emission (LoD: 4.7 nM) using a system combin-
ing a 10-mer PNA modified with a fluorescein and quencher-
modified DNA.® Meanwhile, Seitz’s group has successfully
identified DNAs with one mismatch by mass using chemical
ligation on a DNA template using a system with two 11-12-mer
PNAs (sister probes) modified with cysteine or thioester at one
end (LoD: 29 pM).>> Among these, our PNA twin-probe system
is relatively simple and is considered to show reasonable
results for detection in solution.

Conclusions

In this report, we first discussed the fluorescence response of
PNA twin probes to DNA with a single mismatch. In the fluo-
rescence spectra of an equimolar mixture of the probe and
DNA in aqueous solution, the appearance and disappearance
of excimer fluorescence through Pyr was observed depending
on the position of the mismatch in DNA. This suggested that,
if we design the PNA twin probe so that a single mismatch
exists closest to the pyrene, the mismatched DNA can be
detected. Most fluorescent PNA probes, except for systems
using enzymes such as S1 nuclease,”?® distinguish and
detect their targets by utilizing the difference in thermal stabi-
lities of hybrids with nucleic acids.* In other words, it is
necessary to consider the thermal stability of the hybrid when

This journal is © The Royal Society of Chemistry 2025
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designing the PNA probe, and precise control of the tempera-
ture will be required, although the PNA has the superior
sequence specificity for nucleic acids. In contrast, the PNA
twin probe will be able to detect nucleic acids with a single
mismatch without worrying about the thermal stability, as
long as it is set at the temperature (usually room temperature)
at which it hybridizes with nucleic acids, in addition to the
superior sequence specificity.

While various methods for intracellular delivery of PNA
have been reported so far,® the use of PNA as tools in live cells
is expected. The T,,-independent fluorescence detection of
DNA using the PNA twin probe shown in this study is expected
to be applicable to the fluorescence detection of endogenous
nucleic acids containing a single-base mismatch in live cells.
Although there are some points that need to be considered,
such as the incubation concentration of the probe to prevent
the excimer signal from being masked by the monomer signal,
the hybridization of the probe to RNA, and versatility of the
probe to various base sequences, we are currently conducting
research on the fluorescence detection of nucleic acids in live
cells using this probe, taking these points into consideration.

Experimental
Materials

9-Fluorenylmethyloxycarbonyl group (Fmoc)-derivatized amino
acids, Fmoc-derivatized super acid labile-poly(ethylene)glycol
(Fmoc-NH-SAL-PEG) resin, Fmoc-Ala(Pyn)-OH (Pyr), Fmoc-Ahp
(7)-OH (C6 linker), Fmoc-Arg(Pbf)-OH, piperidine, O-(1H-ben-
zotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluoro-
phosphate (HBTU), N-methylmorpholine (NMM), trifluoroace-
tic acid (TFA), and triisopropylsilane (TIPS) were purchased
from Watanabe Chemicals (Hiroshima, Japan). Fmoc-derived
PNA monomers [Fmoc-A(Bhoc)-OH, Fmoc-T-OH, Fmoc-G
(Bhoc)-OH, and Fmoc-C(Bhoc)-OH] were purchased from
Panagene (Daejeon, South Korea). N,N-Dimethylformamide
(DMF), N-methyl-2-pyrrolidinone (NMP), diethyl ether, aceto-
nitrile, and dichloromethane (DCM) were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Phosphate-buffered saline (PBS, 100 mM, pH 7.0) was pur-
chased from Nacalai Tesque (Kyoto, Japan). DNA oligomers
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA).

Peptide synthesis

As the PNA twin probe, P1 and P2, and P3 (Fig. 1) were pre-
pared by Fmoc-based solid-phase peptide synthesis, in accord-
ance with a previous report.® Fmoc-NH-SAL-PEG resin contain-
ing 7.2 pmol Fmoc on its surface was used as a solid-phase
support resin for the peptide synthesis after swelling with
DMF for 1 day. An Fmoc deprotection and coupling process of
the peptide extending on the resin surface was carried out at
room temperature without capping. For the deprotection
process, 20% piperidine in DMF was added to the resin and
stirred for 7 min, and for the coupling process, 4 parts of
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Fmoc-derived PNA monomer, Fmoc-Ala(Pyn)-OH, Fmoc-Ahp
(7)-OH, or Fmoc-Arg(Pbf)-OH, 3.6 parts of HBTU, and 11.5
parts of NMM in DMF or DMF/NMP were added to the resin
and stirred for 50 min. After the final deprotection step, the
resin was washed with DCM, dried, and stirred with
95:2.5:2.5 (v/v) TFA/TIPS/water at room temperature for
90 min to globally deprotect the side chain protecting groups
of a crude peptide on the resin and cleave the peptide from the
resin. The crude peptide in the cleavage cocktail was added to
cold diethyl ether to precipitate the peptide, which was then
repeatedly washed with diethyl ether until neutral pH was
reached. The solid peptide was air-dried and then dissolved in
0.1% aqueous TFA/acetonitrile. The peptide solution was puri-
fied by reversed-phase high-pressure liquid chromatography
(HPLC; Shimadzu, Kyoto, Japan) equipped with a C18 prepara-
tive column (Cadenza 5CD-C18; Imtakt, Kyoto, Japan). The puri-
fication was performed using a linear gradient of 0.1% aqueous
TFA and acetonitrile at a detection wavelength of 340 nm and a
flow rate of 10.0 mL min~". The fractionated solutions were ana-
lysed by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-ToF) mass spectrometry (AXIMA Confidence;
Shimadzu) (Fig. S2, S4, and S6t) and HPLC on a C18 analytical
column (Cadenza CD-C18; Imtakt) (Fig. S3, S5, and S77) to
obtain the final products P1, P2 and P3.

UV melting curve measurement

Molar concentrations of P1, P3 and D3-D8 were estimated
from the absorbance at 260 nm and were measured using a
UV-vis spectrometer (JASCO V-560) with molar extinction
coefficients of the nucleobases. The UV melting curves of the
equimolar mixtures of P1 or P3 with D3-D8 in aqueous buffer
(100 mM PBS; pH 7.0), were measured using a Shimadzu
TMSPC-8 Tm Analysis System that was equipped with a UV-
visible spectrometer (UV-1700) and an eight-position Peltier
temperature controller. Each concentration of the PNA and
DNA was 5.0 pM, and the quartz cell length was 1 cm. The
melting curves were recorded with cooling of the solution by
0.5 °C/0.5 min, from 90 to 20 °C, while measuring the absor-
bance at 260 nm. The observed absorbance was normalized to
that at 90 °C. The melting temperature at which 50% of the
strands remained hybridized (7,) was obtained using a
TMSPC-8 with Tm analysis software.

Fluorescence measurement

All fluorescence measurements were conducted with a JASCO
FP-8200 fluorescence spectrometer and a 1 cm quartz cell at
an excitation wavelength of 350 nm in aqueous buffer (10 mM
PBS, pH 7.0) at 25 °C. Emission wavelengths were measured
between 370 and 580 nm. The final concentrations of each of
P1, P2, and DNA were adjusted to 500 nM. To determine the
limit of detection of the PNA twin probe, the final concen-
trations of each of P1, P2, and DNA (D1, D2, and D13) were
further adjusted to 0.5, 2.75, 5, 27.5, 50, and 275 nM. The
detection limit of the probe to the target DNA was determined
using the following equation: detection limit = [3 x (standard
deviation at 0 nM)]/(slope). In this case, the standard deviation
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of 0 nM was substituted with the standard deviation when P1
and P2 were adjusted to 0.5 nM, respectively.
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