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We herein describe a novel quantitative PCR (qPCR) method, which operates in both signal-off and on

manners, by utilizing a unique property of fluorescent nucleobase analogs. The first, signal-off method is

developed by designing the primers to contain pyrrolo-dC (PdC), one of the most common fluorescent

nucleobase analogs. The specially designed single-stranded primer is extended to form double-stranded

DNA during PCR and the fluorescence signal from the PdCs incorporated in the primer is accordingly

reduced due to its conformation-dependent fluorescence properties. In addition, the second, signal-on

method is devised by designing the primers to contain 50-overhang sequences complementary to the

PdC-incorporated DNA probes. At the initial phase, the PdC-incorporated DNA probes are hybridized to

the 50-overhang sequences of the primer, exhibiting the significantly quenched fluorescence signal, but

are detached by either hydrolysis or strand displacement reaction during PCR, leading to the highly

enhanced fluorescence signal. This method is more advanced than the first one since it produces signal-

on fluorescence response and permits the use of a single PdC-incorporated DNA probe for the

detection of multiple target nucleic acids, remarkably decreasing the assay cost. With these novel qPCR

methods, we successfully quantified target nucleic acids derived from sexually transmitted disease (STD)

pathogens with high accuracy. Importantly, the proposed strategies overcome the major drawbacks in

the current SYBR Green and TaqMan probe-based qPCR methods such as low specificity and high assay

cost.
1. Introduction

Quantitative PCR (qPCR) has been extensively utilized as the
most powerful tool for accurate analysis of target nucleic acids
in the biological and medical communities.1–4 In principle,
qPCR is achieved bymeasuring the uorescence signal, which is
proportionally increased or decreased as the target nucleic acids
are amplied during PCR, thereby enabling the simultaneous
amplication and detection. In addition, based on the linear
correlation between the initial amount of target nucleic acids
and the threshold cycle (Ct) at which the uorescence signal
Engineering (BK21 Program), KAIST, 291

public of Korea. E-mail: hgpark@kaist.ac.

932

, Co-Innovation Centre for Sustainable

restry University, 159 Longpan road,

abgenomics Co. Ltd., Yong-In, 449-795,

llege of Engineering, Konkuk University,

kskonkuk@gmail.com; Fax: +82-2-450-

tion (ESI) available. See DOI:

is work.

hemistry 2018
exceeds a certain threshold signal intensity, the concentration
of target nucleic acids is accurately and quantitatively deter-
mined, which has not been accomplished in the conventional
end-point PCR.5–7

With these merits, numerous qPCR methods have been re-
ported, most of which rely on either intercalating uorescent
dyes or sequence-specic uorescent probes.8–17 The represen-
tative example of the intercalating uorescent dyes is SYBR
Green, which emits the high uorescence signal aer it binds to
double-stranded DNA. Although this method is universally
applied with low assay cost, it has a critical limitation that it is
not sequence-specic and thus is susceptible to the false posi-
tive signals originating from either primer-dimers or non-
specic amplications. On the other hand, sequence-specic
uorescent probes including TaqMan probe, molecular
beacons, FRET probes, Scorpions primer, and universal
template (UT) probe enable the accurate quantication of target
nucleic acids with high sequence specicity.9,12,14,16,18–21

However, most of them require expensive dual modication
with uorophore and quencher, thereby increasing the total
assay cost and limiting the wide-spread use.22,23

To eliminate the drawbacks in the current qPCR methods,
interesting alternative strategies have been suggested. Particu-
larly, there have been a lot of efforts to reduce the assay cost by
RSC Adv., 2018, 8, 37391–37395 | 37391
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designing new sequence specic uorescent probes that do not
require the quencher modication. For instance, Seidel et al.
utilized guanine, which possesses the highest quenching
capability among the four natural nucleobases, as the substitute
for the expensive quenchers.24 In another study, Nazarenko
et al. found that the uorescence properties of the internally
conjugated uorophores can be altered depending on the
structural change from the single- to double-stranded form,
which was exploited to monitor PCR process.25 Overall, these
strategies offered the promising results with the decreased
assay cost, however the signal change was not large enough to
achieve the high detection sensitivity and accuracy. Therefore,
there still has been high demands for the development of a new
qPCR method that can be universally applied with the high
sequence specicity.

As a signaling component which can overcome the unsolved
drawbacks in the previous efforts, uorescent nucleobase
analogs have gained the special attention due to their high
quantum yields and structure-dependent uorescence proper-
ties.26–31 More importantly, it not only eliminates uorophore or
quencher modication, but also enables the high detection
sensitivity. However, some limitations exist for the uorescent
nucleobase analogs, which include the spectral overlap of 2-
aminopurine with those of biomolecules, and the incompati-
bility of 3-methylisoxanthopterin with DNA polymerases. These
points must be carefully considered for the selection of proper
uorescent nucleobase analogs and development of sensing
technologies with high reliability and sensitivity.32–35

By taking these into consideration, we herein devised novel
qPCR methods by employing pyrrolo-dC (PdC), one of the most
common uorescent nucleobase analogs.36–38 The PdC intrin-
sically possesses high uorescence signal in a single-stranded
form, but shows signicantly quenched one in a double-
stranded form aer being hybridized to a complementary
DNA. In addition, its small size causes the negligible steric
hindrance, which enables the efficient extension reaction cata-
lyzed by DNA polymerase.39–43 With these novel features of PdC,
we rationally designed PdC-incorporated DNA primers and
probes, which were successfully utilized to quantify the target
nucleic acids derived from sexually transmitted disease (STD)
pathogens with high accuracy.

2. Experimental section
2.1 Materials

All the oligonucleotides utilized in this study were purchased
from Genotech Co. (Daejeon, Korea) and Integrated DNA Tech-
nologies (IDT, IA, USA). The uorescent nucleobase analogs,
PdCs, were incorporated into the reverse primer for Chlamydia
trachomatis (CT) and the universal uorescent base (UFB) probe
that is complementary to the 50-overhang sequences of the
forward primer for Mycoplasma hominis (MH). The specic
sequence information of the oligonucleotides is listed in Table
S1.† The two different types of DNA polymerases, i-StarMAX™ II
DNA polymerase and Vent® (exo-) DNA polymerase, were
purchased from iNtRON Biotechnology (Gyeonggi-do, Korea) and
New England Biolabs (MA, USA), respectively.
37392 | RSC Adv., 2018, 8, 37391–37395
2.2 DNA extraction

Urine samples (30 mL) obtained by prostatic massage of male
patients infected by CT and MH were centrifuged at 14 000g for
2 min, washed twice with 1 mL of 1� phosphate buffered saline
(PBS; 0.2 M sodium phosphate, 1.5 M sodium chloride, pH 7.4),
and resuspended in 400 mL of 1� PBS for DNA extraction.
Genomic DNA was extracted from these samples using the
AccuPrep Genomic DNA Extraction Kit (Bioneer, Korea)
according to the manufacturer's protocol, and stored at �20 �C
before use. Copy numbers of the genomic DNA were calculated
by measuring the absorbance at 260 nm using the ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington,
USA).
2.3 PdC-based signal-off qPCR

The PCR amplication of the specic gene of CT was performed
by using DNA Engine (PTC-200) Peltier Thermal Cycler (Bio-Rad,
CA, USA) in 60 mL solution containing 1 mL of target genomic
DNA, 0.25 mM of each primer, 0.1 mM of each dNTP, and 1.5 U
of i-StarMAX™ II DNA polymerase in 1� PCR reaction buffer
(10 mM Tris–HCl, 50 mM KCl, and 1.5 mM MgCl2, pH 9). The
PCR protocol was programmed at 94 �C for 5 min, followed by
40 cycles of 94 �C for 20 s, 52 �C for 30 s, and 72 �C for 20 s. The
uorescence signal was recorded at the end of every annealing
step using an RF-5301PC spectrouorophotometer (Shimadzu,
Japan) with the excitation and emission wavelength at 350 nm
and 450 nm, respectively.
2.4 PdC-based signal-on qPCR

The PCR amplication of the specic gene of MH was performed
by using DNA Engine (PTC-200) Peltier Thermal Cycler (Bio-Rad,
CA, USA) in 60 mL solution containing 1 mL of target genomic
DNA, 0.25 mM of each primer, 0.1 mM of each dNTP, and 1.4 U of
i-StarMAX™ II DNA polymerase or Vent® (exo-) DNA polymerase
in corresponding 1� PCR reaction buffer containing 10mMTris–
HCl (pH 9), 50 mM KCl, and 1.5 mM MgCl2 for i-StarMAX™ II
DNA polymerase and 20 mM Tris–HCl (pH 8.8), 10 mM
(NH4)2SO4, 10 mM KCl, 2 mM MgCl2, and 0.1% Triton X-100 for
Vent® (exo-) DNA polymerase. The PCR protocol was pro-
grammed at 94 �C for 5 min, followed by 40 cycles of 94 �C for
20 s, 52 �C for 30 s, and 72 �C for 30 s. The uorescence signal was
recorded at the end of every extension step using an RF-5301PC
spectrouorophotometer (Shimadzu, Japan) with the excitation
and emission wavelength at 350 nm and 450 nm, respectively.
2.5 TaqMan probe-based qPCR

The TaqMan probe-based qPCR for the detection of specic
genes of CT andMHwas performed by using CFX96™ (Bio-Rad,
CA, USA) in 20 mL solution containing 1 mL of target genomic
DNA, 0.25 mM of each primer, 0.25 mM of TaqMan probe in 1�
master mix (Finnzymes, Finland). The PCR protocol for the
amplication of CT and MH gene was programmed at 95 �C for
15 min, followed by 50 cycles of 95 �C for 15 s and 60 �C for 60 s.
The uorescence signal was recorded at the end of every
extension step.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic illustration of the signal-off qPCR strategy utilizing
PdC-incorporated primer.

Fig. 2 Schematic illustration of the signal-on qPCR strategy utilizing
UFB probe.
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3. Results and discussion
3.1 PdC-based qPCR strategies

The basic principle of the developed qPCR method is illustrated
in Fig. 1, which utilizes the forward and PdC-incorporated
reverse primer to amplify target nucleic acids. At the initial
phase, the PdCs in the single-stranded reverse primer emits
high uorescence signal. However, as the PdC-incorporated
reverse primer anneals to the template DNA, the uorescence
signal from PdC is signicantly quenched. As a result, the
uorescence signal is decreased in proportion to the amount of
DNA products amplied during PCR.

In addition, an advanced qPCR method, which generates the
signal-on uorescence response, is developed by rationally
designing universal uorescent base (UFB) probes that enable
the detection of various target nucleic acids at a low cost (Fig. 2).
In contrast to the rst signal-off strategy using PdC-
incorporated primer, the signal-on strategy utilizes UFB probe
that initially anneals to the 50-overhang sequences of the
forward primer, exhibiting low uorescence signal. In the
extension step during the PCR process, the bound UFB probe is
either hydrolyzed or displaced by the activity of Taq DNA poly-
merase or Vent® (exo-) DNA polymerase, respectively, leading to
the liberation of the PdCs.
3.2 Investigation of hybridization-induced uorescence
signal change from PdCs

First, we measured the hybridization-induced uorescence
signal change by varying the number of PdCs. As shown in
Fig. S1,† the uorescence signal from the PdC is remarkably
diminished when the PdC-incorporated DNA is hybridized to
the complementary DNA. Importantly, as the number of PdC
was increased, the more signicant uorescence signal change
was observed upon hybridization. However, when more than
This journal is © The Royal Society of Chemistry 2018
three PdCs were incorporated, the uorescence signal change
was not signicantly increased. Based on these results, three
PdCs were incorporated into DNA sequences, which was utilized
for further experiments.

3.3 Signal-off qPCR strategy utilizing PdC-incorporated
primer

Next, we checked the utility of the PdC-incorporated DNA for the
real-time monitoring of PCR. As a model target, Chlamydia
trachomatis (CT), the most common bacterium causing sexually
transmitted diseases (STDs) was selected and the specic DNA
primers were designed. As envisioned in the design of the new
strategy, the uorescence signal of PdC was decreased as the
number of PCR cycle was increased (Fig. 3). In addition, the
standard curve between threshold cycle (Ct) and logarithm of
the initial copy number of target nucleic acids was obtained
with the great square regression coefficient (R2) of 0.9968.
Importantly, the results were well matched with that of TaqMan
probe-based assay, which indicates that the PdC-based qPCR
method proposed in this study is well suited for the quantitative
analysis of target nucleic acids (Fig. S2†).

3.4 Signal-on qPCR strategy utilizing UFB probe

In the same manner to the signal-off strategy, the applicability
of the UFB probe-based qPCR method was demonstrated
through the quantitative analysis of the target genomic DNA
from Mycoplasma hominis (MH), another common bacterium
causing STDs such as pelvic inammatory disease (PID),
urethritis, and cervicitis. As shown in Fig. 4(a), the uorescence
signal was increased as the PCR proceeded and an excellent
linear relationship was observed between Ct and logarithm of
initial copy number of the target nucleic acids (R2 ¼ 0.9922). It
should be noted that the direct comparison of uorescence
intensities in both modes is difficult because the reaction buffer
conditions and DNA polymerase activities are different in both
RSC Adv., 2018, 8, 37391–37395 | 37393
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Fig. 3 Quantitative analysis of target nucleic acids from CT using the PdC-based signal-off qPCR method. (a) Real-time fluorescence signals
from the reaction solutions with varying initial copy numbers of target nucleic acids. (b) Linear relationship between Ct and logarithm of initial
copy number of target nucleic acids (104 to 108 copies).

Fig. 4 Quantitative analysis of target nucleic acids fromMH using PdC-based signal-on qPCRmethod in (a) hydrolysis or (b) strand displacement
mode. (1) Real-time fluorescence signals from the reaction solutions with varying initial copy numbers of target nucleic acids. (2) Linear rela-
tionship between Ct and logarithm of initial copy number of target nucleic acids (104 to 108 copies).
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cases. Importantly, the results were well matched with that of
TaqMan probe-based assay (Fig. S3†). Overall, the PdC-based
qPCR methods are reproducible and could be utilized for the
quantitative analysis of target nucleic acids while overcoming
the disadvantages of current strategies. It should be noted that
the PdC-based qPCR method based on either signal-on or
signal-off uorescence response is highly advantageous
compared to current qPCR methods that relies on TaqMan
probe because it does not require the expensive quencher
37394 | RSC Adv., 2018, 8, 37391–37395
moieties, which signicantly reduces the assay cost, and it can
be universally applied to the detection of various target nucleic
acids.
4. Conclusions

Herein, we devised new qPCRmethods, which operate in signal-
off and on manners, based on the unique uorescence prop-
erties of PdC. By rationally designing the PdC-incorporated DNA
This journal is © The Royal Society of Chemistry 2018
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primers and probes, target nucleic acids extracted from STD
pathogens were successfully determined with high accuracy.
Importantly, the developed system possesses the high sequence
specicity and cost-effectiveness which has not been accom-
plished by the current qPCR techniques utilizing TaqMan
probe, molecular beacon, FRET probe, Scorpions primer, and
UT probe. To the best of our knowledge, this is the rst report to
develop qPCR methods utilizing uorescent nucleobase
analogs, which will pave the way for the accurate and quanti-
tative detection of target nucleic acids in the clinical
diagnostics.
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