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DNA Labeling by Ligand Inducible Secondary Structure
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Since the human genome sequence has been determined, de-
tection of the nucleotide base at the site of single nucleotide
polymorphisms (SNPs) is one of the topics of current chemical
research. Simple, accurate, and cost effective methods of SNP
typing would be necessary for personalized medicine. Towards
this end, a number of SNP typing methods have been investi-
gated and reported.[1,2] Most of these methods required an
allele-specific oligonucleotide (ASO) as a probe, which was
modified by fluorescent dyes and/or other chemicals as a
ACHTUNGTRENNUNGreporting tag.[3] A drawback of the use of ASO probes was the
necessity for the discrimination or separation of a fully
matched duplex from a singly mismatched duplex produced
by hybridization of ASO probes to the target DNA. In addition,
the ASO probes were mostly used after PCR amplification of
the DNA samples being tested. The separation of the target
strand from the duplex or selective amplification of
the target strand by asymmetric PCR was necessary
for the effective hybridization of ASO probes. Thus,
SNP typing methods that are operational during the
amplification process would be more favorable than
those postamplification methods from the viewpoint
of a simple analytical procedure. On the basis of the
accumulated knowledge on SNP typing, the next
chemical challenge concerning SNP typing[2] is to
propose truly practical methods that are applicable
to SNP in any sequence. We report herein, our
chemical approach to practical SNP typing based on
allele-specific PCR integrated with a new concept of
DNA-labeling by ligand-inducible secondary struc-
ture (LISS).

PCR is currently one of the most fundamental
technologies in biology. Besides the original purpose
of amplifying DNA fragments, PCR provides informa-
tion regarding the presence or absence of a particu-
lar DNA sequence in the sample DNA.[3] PCR is rec-
ognized as an important tool for reliable diagnosis
of infectious diseases and detection of genetic varia-
tions.[4, 5] Allele-specific PCR (AS-PCR) detects point
mutations depending on a match or mismatch base
pair between the 3’ terminus of the primer and the
template sequence.[6] Allele specificity in PCR would
rely on the high fidelity of DNA polymerase in addi-
tion to improved primer design.[1a,7] Methods detect-

ing the double stranded DNA produced,[5] pyrophosphate,[8]

and a signal and/or fragments produced from reporter DNA
probes[9] have been studied for monitoring PCR progress. We
have investigated a new concept for labeling PCR primers by
LISS to monitor the progress of PCR by detecting the amount
of the PCR primer, which would be decreasing as the PCR pro-
gresses. The chemical basis of LISS is selective ligand binding
to the single stranded DNA, resulting in a large structural
change of the DNA. The requirement of structural change on
ssDNA reduced the chance of ligand binding to dsDNA, for
ACHTUNGTRENNUNGexample, PCR products. The PCR primer was labeled at the
5’-end with a short single stranded tag of the trinucleotide
repeat sequence (TRS-tag). We have examined dACHTUNGTRENNUNG(TGG)n as the
TRS-tag for labeling the PCR primer, because 1) a single strand-
ed d ACHTUNGTRENNUNG(TGG)n sequence does not have stable secondary struc-

tures that may interfere with the polymerase reaction, and
2) we have a naphthyridine carbamate dimer (NCD) that binds
to the TGG/TGG sequence containing three contiguous T–G,
G–G, and G–T mismatches with concomitant flipping out of
the thymine (Figure 1).[10] The TGG/TGG sequence is the one of
possible sequences when the d ACHTUNGTRENNUNG(TGG)n produced a hairpin sec-
ondary structure. We anticipated that NCD would bind to the
d ACHTUNGTRENNUNG(TGG)n-tag by inducing a structural change from the single

Figure 1. A) Structure of NCD and the mode of NCD binding to the G–G mismatch in the
5’-TGG-3’/5’-TGG-3’ sequence. B) Illustration of PCR with the TRS-tagged primer consist-
ing of a d ACHTUNGTRENNUNG(TGG)n–tag (red) and a priming sequence (green). The single stranded d ACHTUNGTRENNUNG(TGG)n-
tag in the primer was converted into a double stranded d ACHTUNGTRENNUNG(TGG)n/d ACHTUNGTRENNUNG(CCA)n by the synthesis
of the complementary d ACHTUNGTRENNUNG(CCA)n (yellow).
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stranded form to the hairpin secondary structure involving re-
peats of TGG/TGG in the hairpin stem. As the PCR proceeded,
the single stranded d ACHTUNGTRENNUNG(TGG)n-tag in the primer will be trans-
formed into the duplex d ACHTUNGTRENNUNG(TGG)n/d ACHTUNGTRENNUNG(CCA)n in the products, which
may not be susceptible to the NCD-binding. The relative
amount of the d ACHTUNGTRENNUNG(TGG)n-tagged primer determined with the
NCD-immobilized surface plasmon resonance (SPR) sensor
before and after PCR would provide information regarding the
PCR progress. In fact, PCR progress was successfully monitored
by the SPR detection of the d ACHTUNGTRENNUNG(TGG)10-tagged primer with NCD-
immobilized sensor. The combination of TRS-tagged primer
with allele-specific PCR provided us a practical method of SNP
typing, which does not require any ASO probes with chemical-
labeling.

We first investigated the NCD binding to the single stranded
d ACHTUNGTRENNUNG(TGG)n and the double stranded d ACHTUNGTRENNUNG(TGG)n/d ACHTUNGTRENNUNG(CCA)n. The UV-
melting profiles of d ACHTUNGTRENNUNG(TGG)4, d ACHTUNGTRENNUNG(TGG)6, and d ACHTUNGTRENNUNG(TGG)10 did not
show any significant absorption changes (Figure 2A), indicat-
ing the absence of particular secondary structures for dACHTUNGTRENNUNG(TGG)n.
In the presence of NCD, a distinct and sigmoidal increase of
the absorption was observed to give the melting temperature
at 78 8C for d ACHTUNGTRENNUNG(TGG)4, 85 8C for d ACHTUNGTRENNUNG(TGG)6, and 92 8C for d ACHTUNGTRENNUNG(TGG)10.
The melting temperature of duplex d ACHTUNGTRENNUNG(TGG)10/d ACHTUNGTRENNUNG(CCA)10 is 81 8C,
which was not affected by NCD (Figure 2B). CD spectra of d-
ACHTUNGTRENNUNG(TGG)10 showed a large structural change upon binding of NCD
with a strong induced CD at the region of the NCD absorption.

Appearance of the isodichroic points suggested a smooth
structure change from d ACHTUNGTRENNUNG(TGG)10 to NCD-bound d ACHTUNGTRENNUNG(TGG)10. The
binding of d ACHTUNGTRENNUNG(TGG)10 to NCD was clearly detected at 100 nm by
SPR with the NCD-immobilized sensor (Figure 2D).[11] The short
repeat d ACHTUNGTRENNUNG(TGG)6 needed 1 mm for detection (Figure S1). These
binding studies clarified that 1) NCD binds to the single strand-
ed d ACHTUNGTRENNUNG(TGG)n, but not to the double stranded d ACHTUNGTRENNUNG(TGG)n/d ACHTUNGTRENNUNG(CCA)n
and 2) d ACHTUNGTRENNUNG(TGG)10 will be suitable for the TRS-tag with regard to
the sensitivity to the NCD-immobilized SPR sensor.

Having confirmed the selective NCD-binding to single
stranded d ACHTUNGTRENNUNG(TGG)n, we then looked at PCR with the primer
having the d ACHTUNGTRENNUNG(TGG)n-tag and the detection of the d ACHTUNGTRENNUNG(TGG)n-
tagged primer with the NCD-immobilized SPR sensor. PCR was
performed with d ACHTUNGTRENNUNG(TGG)6- and d ACHTUNGTRENNUNG(TGG)10-tagged primers (1 mm)
on a template pUC18 and compared to the unlabeled primer.
The PCR products were analyzed by PAGE (Figure 3A). The PCR
product with a unlabeled primer was 70 bp in length, whereas
those with d ACHTUNGTRENNUNG(TGG)6- and d ACHTUNGTRENNUNG(TGG)10-tagged primers were 88 and
100 bp, respectively. The three PCR products in lanes 2, 4, and
6 showed a different mobility on the gel, indicating that PCR
with three primers effectively proceeded and that the dACHTUNGTRENNUNG(TGG)6
and d ACHTUNGTRENNUNG(TGG)10-tags attached at the 5’ end of the primer did not
interfere with the PCR. The solution of PCR using d ACHTUNGTRENNUNG(TGG)10-
tagged primer was analyzed without purification with the
NCD-immobilized sensor before and after PCR cycles (Fig-
ure 3B). The intensity of the SPR signal at 200 s was 96 re-

sponse unit (RU) before PCR,
whereas the signal decreased to
51 RU after 35 PCR cycles. With
unlabeled primer (lacking the d-
ACHTUNGTRENNUNG(TGG)10-tag), the SPR signal ob-
tained for the PCR solution was
about 20 RU under the same
analytical conditions, and was
virtually unchanged before and
after the PCR cycles (Figure S2).
Both PAGE and SPR analyses
suggested that the decrease in
SPR signal by about 45 RU for
the PCR solution using the d-
ACHTUNGTRENNUNG(TGG)10-tagged primer was due
to the consumption of the
primer.

The potential of PCR using
the TRS-tagged primer were in-
vestigated with AS-PCR. AS-PCR
was investigated for the G at
the nucleotide position 375 of
pUC18. The nucleotide at the
3’-end of the match primer was
C, whereas that of the mis-
match primer was A (Figure 3C).
These primers were used with
the d ACHTUNGTRENNUNG(TGG)10-tag. With the
match primer, the change in the
SPR intensity for the PCR solu-
tion was 41 RU before and after

Figure 2. A) The UV-melting profiles of d ACHTUNGTRENNUNG(TGG)n (5 mm) (n=4, n=6, n=10) in the absence (�) and presence (+) of
NCD (100 mm). B) The UV-melting profile of d ACHTUNGTRENNUNG(TGG)10/d ACHTUNGTRENNUNG(CCA)10 (2.5 mm) in the absence (�) and presence (+) of
NCD (50 mm). C) CD spectra of d ACHTUNGTRENNUNG(TGG)10 (5 mm) in the absence and presence of 15 mm and 30 mm of NCD. D) SPR
analyses of 100 nm d ACHTUNGTRENNUNG(TGG)4, d ACHTUNGTRENNUNG(TGG)6, and d ACHTUNGTRENNUNG(TGG)10 by the NCD-immobilized sensor.
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40 PCR cycles (Figure 3D). In
marked contrast, only a small
decrease (~3 RU) in SPR intensi-
ty was observed for the PCR
ACHTUNGTRENNUNGsolution with the mismatch
primer (Figure 3E). These SPR
analyses were in good agree-
ment with those of the PAGE
analyses (Figure S3), showing a
distinct formation of PCR prod-
uct with the match primer, but
not with the mismatch primer.
We have confirmed separately
that the progress of PCR was
observed for the unlabeled
match primer but not for mis-
match primer by PAGE analyses
(Figure S3).[12]

In the system combining the
TRS-tagged primer with the
MBL-immobilized SPR detection,
the reaction solution after PCR
could be measured directly
without any treatment by the
prepared MBL-immobilized
sensor. The detection was per-
formed effectively and finished
in less than 10 min, which
would be practical and simple
for the user. Compared with
conventional fluorescent detec-
tion with nonsequence specific
fluorescent dye, the binding of
MBL to the TRS-tag is highly
ACHTUNGTRENNUNGsequence dependent. Another
combination of TRS-tag and
MBL that is orthogonal to d-
ACHTUNGTRENNUNG(TGG)n-tag and NCD in terms of
the binding selectivity will be
useful for simultaneous SNP
typing by multiplex AS-PCR in
one tube. Furthermore, the
ACHTUNGTRENNUNGdetection of the TRS-tag is not
limited to the MBL-immobilized
SPR sensor, but can be done by
other sensing devices equipped
the MBL on its surface. The
method depicted herein could
provide a simple and rapid way
for monitoring PCR, and dem-
onstrate its potential for further
advancing current PCR technol-
ogies.

Figure 3. A) The native PAGE analyses of the PCR products. M, 100 bps ladder marker ; Lanes 1, 3, and 5, without
template; lanes 2, 4, and 6, with pUC18; lanes 1 and 2, unlabeled primer; lanes 3 and 4, d ACHTUNGTRENNUNG(TGG)6-tagged primer;
lanes 5 and 6, d ACHTUNGTRENNUNG(TGG)10-tagged primer. B) SPR analyses of the PCR solution with the d ACHTUNGTRENNUNG(TGG)10-tagged primer
before (black) and after PCR (red). C) Illustration of AS-PCR with TRS-tagged primer. D) SPR analyses of the PCR so-
lution with the d ACHTUNGTRENNUNG(TGG) 10-tagged match primer. E) SPR analyses of the PCR solution with the d ACHTUNGTRENNUNG(TGG)10-tagged mis-
match primer. F) Comparisons of normalized relative intensities of SPR signals before and after PCR corresponding
to (D) and (E).
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Experimental Section

Thermal denaturation profiles : UV melting experiments were car-
ried out with d ACHTUNGTRENNUNG(TGG)n (4.5 mm strand) and d ACHTUNGTRENNUNG(TGG)10/d ACHTUNGTRENNUNG(CCA)10

(2.5 mm) in a 10 mm sodium cacodylate buffer (pH 7.0) and 100 mm

NaCl using a SHIMADZU UV-2550 UV-vis spectrometer linked to a
Peltier temperature controller. The absorbance of the sample was
monitored at 260 nm from 2 to 98 8C with a heating rate of
1 8C min�1 in the absence and presence of a ligand (100 or 50 mm).

Circular dichroismic spectral studies : CD experiments were per-
formed on a J-725 CD spectrometer (JASCO). CD spectra of the tri-
nucleotide repeat dACHTUNGTRENNUNG(TGG)10 (5 mm) were measured at different con-
centrations of NCD (0, 15, and 300 mm) in 10 mm sodium cacody-
late buffer (pH 7.0) and 100 mm NaCl at 25 8C.

PCR : The sequence for PCR: dACHTUNGTRENNUNG(TGG)10-tagged primer: 5’-TGGTGG-
ACHTUNGTRENNUNGTGGTGGTGGTGGTGGTGGTGGTGGGTTTTCCCAGTCACGA-3’, un-
labeled primer: 5’-GTTTTCCCAGTCACGA-3’, Reverse primer: 5’-
TCTAGAGTCGACCTGC-3’, template: pUC18.

PCR was performed in a total volume of 120 mL containing 2 pg of
pUC18, 1 mm of each forward primer, 2 mm reverse primer, 54 mL of
milli-Q water, and 60 mL of the Taq DNA polymerase mixture
(Qiagen). 50 mL and 70 mL of the reaction mixture was used for the
SPR test and PCR, respectively. The amplification was carried out in
an automated DNA thermal cycle (Takara PCR Thermal Cycler). The
cycling program consisted of one denaturation step of 5 min at
95 8C, followed by 35 cycles of 6 s at 95 8C, 15 s at 55 8C, and 30 s
at 75 8C, with final extension 7 min at 75 8C. 20 mL of PCR amplifica-
tion products were analyzed on 8% polyacrylamide gel for 25 min
at 150 V in 0.7KTBE buffer, stained with SYBR Gold nucleic acid gel
stain and visualized using Safe Imager (Invitrogen). (Another 50 mL
of PCR solution was diluted with 150 mL HBS-N buffer subjected to
SPR analysis.)

Allele-specific PCR : The AS-PCR was investigated for the G at the
nucleotide position 375 of pUC18. The nucleotide at 3’ end of the
match primer was C, and A for the mismatch primer. These primers
were used with or without dACHTUNGTRENNUNG(TGG)10 tag. The sequence for allele-
specific PCR: Match unlabeled primer: 5’-GTTTTCCCAGTCACGAC-
3’, mismatch unlabeled primer: 5’-GTTTTCCCAGTCACGAA-3’,
match d ACHTUNGTRENNUNG(TGG)10-tagged primer: 5’-TGGTGGTGGTGGTGGTGGTGG-
ACHTUNGTRENNUNGTGGTGGTGGGTTTTCCCAGTCACGAC-3’, mismatch d ACHTUNGTRENNUNG(TGG)10-
tagged primer: 5’-TGGTGGTGGTGGTGGTGGTGGTGGTGGTGGGTT-
ACHTUNGTRENNUNGTTCCCAGTCACGAA-3’, reverse primer: 5’-TCTAGAGTCGACCTGC-
3’, template: pUC18. PCR was performed in a total volume of
120 mL containing 2 pg of pUC18, 1 mm of each forward primer,
1 mm reverse primer, 54 mL of milli-Q water, and 60 mL of Taq DNA
polymerase. The amplification was carried out in an automated
DNA thermal cycle (Takara PCR Thermal Cycler). The cycling pro-
gram consisted of one denaturation step of 5 min at 95 8C, fol-
lowed by 40 cycles of 6 s at 95 8C, 15 s at 55 8C, and 30 s at 75 8C,
with final extension 7 min at 75 8C. 20 mL of PCR amplification
products were analyzed on 8% polyacrylamide gel for 25 min at
150 V in 0.7KTBE buffer, stained with SYBR Gold nucleic acid gel
stain and visualized using Safe Imager (Invitrogen). Another 50 mL
of PCR solution was diluted with 150 mL HBS-N buffer and subject-
ed to SPR analysis.

General procedure for SPR binding experiments : All measure-
ments were carried out at 25 8C in a continuous flow of a buffer
(10 mm HEPES, pH 7.4) containing NaCl (1m) at a flow rate
30 mLmin�1 with a BIAcore 2000 system (BIAcore, Uppsala,
Sweden).

Preparation of the NCD-immobilized SPR sensor : NCD was im-
mobilized on a dextran matrix coated gold surface (CM5 chip, BIA-
core) through a bivalent linker of N-Boc-aminoaldehyde. First, NCD
was tethered by a reductive amination to the linker. Deprotection
of Boc-group produced a primary amine, which can be immobi-
lized on the sensor surface by coupling between the amine group
and activated carboxyl group on the CM5 chip using the standard
method with 1-(3-dimethylaminopropyl)- 3-ethylcarbodiimide hy-
drochloride (EDCI) and N-hydroxy succinimide (NHS).[8b]
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