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We designed and synthesized several fluorescent nucleotides from thiophene, anthracene and pyrene,
which have different sizes, and screened their incorporation and extension capability during the rolling
circle amplification of DNA. The thiophene-based fluorescent nucleotide (dUthioTP) could highly incor-
porate and extended into the rolling circle DNA product, while other fluorescent nucleotides (dUanthTP,
and dUpyrTP) could not. This dUthioTP fluorescent nucleotide could be used for the detection of miRNA
24-3P, which is related PRRSV. This direct labeling system during rolling circle DNA amplification
exhibited an increased fluorescence signal showing gel formation for the detection of miRNA 24-3P.
This direct labeling system is a very simple and cost-efficient method for the detection miRNA 24-3P
and also exhibited highly sensitive and selective detection properties.

� 2018 Published by Elsevier Ltd.
MiRNAs are small endogenous single-stranded noncoding RNAs
that regulate gene expression with a focus on the translation.1

There have been many different types of miRNAs reported related
to diverse cell processes, such as cell proliferation, differentiation,
stress resistance, and apoptosis.2,3 This diverse relationship of miR-
NAs in cell processes could allowmiRNA to be used as a biomarker,
particularly targeting several human diseases as well as animal
diseases.4–7 miRNA also has a critical key role in viral infections
by regulating the expression of virus RNA or DNA. Porcine repro-
ductive and respiratory syndrome virus (PRRSV) induces a severe
disease in pigs and is one of the most significant viruses that causes
large economic losses.8 miR-24-3P promoted PRRSV replication
and could be used as a biomarker for the detection of PRRSV.9

For the detection of miRNAs, many different types of probing
systems have been developed, such as real time PCR10,11, northern
blot12, and antibody.13 However, for the practical detection of
miRNA, the extremely low number of copies of miRNA in the blood
is limiting and causes low sensitivity. Thus, researchers have tried
to amplify the signal by employing a degradation enzyme such as
exonuclease III14 or duplex specific enzyme.15 The rolling circle
amplification (RCA) method16 is another alternative efficient
method for signal amplification. Based on the rolling circle
amplification system, many different types of visualization
methods have been developed using intercalative dye17, SYBR
Green18, fluorescent primers19, stem-loop molecular beacons20,21,
a G-quadruplex-gold combination system22, or a graphene oxide
based probing system.23

However, most of these visualization methods are indirect sig-
nal amplification methods and use complicated processes, which
are time-consuming and have a high cost. Our goal, with regards
to that point of view, was to develop a simple direct labeling sys-
tem during the RCA process without further complicated labeling
processes (Scheme 1). For this purpose, we developed a fluorescent
nucleotide triphosphate, which could be incorporated and
extended into the rolling circle amplified DNA showing a fluores-
cence signal increase. For this purpose, the most important process
is to find a fluorescent nucleotide that could be recognized by
Phi29 DNA polymerase and incorporated and extended into the
RCA DNA. This is an exceedingly challenging and promising task
because the active site of DNA polymerase is very tight and restric-
tive against mutated nucleotides.

We screened three different sized fluorophores including pyr-
ene (four-membered aromatic ring), anthracene (three-membered
aromatic ring), and thiophene (one aromatic ring) based on deoxy
uridine.24 Pyrene is a large-sized efficient fluorophore, which
shows unique excimer-fluorescence properties when they organize
together.25 Anthracene is mid-sized fluorophore, which has a light-
induced dimerization property.26 Thiophene is the smallest fluo-
rescent nucleotide, which shows a weak fluorescence property.27
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Scheme 1. Concept of rolling circle amplification with fluorescent nucleotide.
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First, we synthesized fluorescent nucleotide triphosphate based
on the Yoshiuki method28 via several steps and confirmed the syn-
thesis using NMR and mass spectrometry (see Supporting Informa-
tion). Then, we examined the enzymatic incorporation properties
of these fluorescent nucleotides using the RCA system. For this,
we designed RCT 1 as a rolling circle template, which is the com-
plementary sequence-targeting miRNA 24-3P (Table 1). RCT 1
Table 1
Oligonucleotide sequences that were used for this study.

Name Sequences

RCT 1 50-aPho-TGA ACT GAG CCA ACT GCT GCT GCT GCT GCT
GCT GCT GCT GCT GAC TGT TCC TGC

miRNA 24-3P 50- ugg cuc agu uca gca gga aca g
ORN 1 50- ugg cuc agu ucu gca gga aca g
miRNA 21 50- uag cuu auc aga cug aug uug a

a Pho:Phosphate

Fig. 1. RCA reaction using dUpyrTP, dUanthTP, and dUthioTP. a) Denaturing polyacrylam
RCT 1; Lane 3: miRNA 24-3P + RCT 1 ligated with T4 ligase; Lane 4: miRNA 24-3P + RCT
confirming the success of the RCA reaction (see Supporting Information for detail RCA rea
reaction with dNTP; lane 2: RCA reaction with dUpyrTP, dATP, dCTP, dGTP; lane 3: RCA re
dCTP, dGTP. d) Time dependent fluorescence spectra to determine the effect of dUthioTP.
were excited at 354 nm.
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hybridized with miRNA 24-3P and could form a circular DNA with
ligation using T4 DNA Ligase. To confirm the circular DNA forma-
tion, we used EXO 1 enzyme, which could cleave single-stranded
DNA selectively but could not cleave the circular DNA. Figure 1a
shows clear evidence of RCT 1 circular DNA formation.

To validate the rolling circle amplification using our unnatural
fluorescent nucleotides, we added phi 29 DNA polymerase with
dATP, dGTP, and dCTP including each fluorescent nucleotide
(dUpyrTP, dUanthTP, and dUthioTP) into the RCT 1 circular
DNA, which is complementary to the miRNA24-3P sequence. We
examined agarose gel electrophoresis to confirm the RCA product
by using enzymatic synthesis (Fig. 1b). Interestingly, it showed a
size-dependent incorporation and extension pattern. From
dUpyrTP and dUanthTP, we did not observe any amplified DNA
product, while we could observe amplified DNA product using
dUthioTP. Only by using dUthioTP did we observe over 10 kb
RCA DNA product. From this result, we noted that only the
ide gel data to confirm the ligated reaction. Lane 1:miRNA 24-3P; Lane 2: template
1 ligated with T4 ligase and treated with Exo I nuclease. b) and c) Agarose gel data,
ction condition). M: Marker 1 kb; lane 1: miRNA 24-3P + RCT 1 + T4 ligase and RCA
action with dUantTP, dATP, dCTP, dGTP; lane 4: RCA reaction with dUthioTP, dATP,
All RCA reactions were prepared with dNTP and including 5 mM dUthio. All samples
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Fig. 2. Sensitivity data of dUthioTP-RCA system for the detection of miRNA24-3P. a) Agarose gel data confirming the RCA reaction (M: Marker 1 kb; Lane 1: 10�1; Lane 2:
10�3; Lane 3:10�6; Lane 4: 10�9 mM of target miRNA 24-3P; b) concentration-dependent (10�9, 10�6, 10�3 and 10�1 mM of target miRNA 24-3P) fluorescence data using
dUthioTP-RCA. All samples were excited at 354 nm. Fluorescence signal change (F-F0), where F (with target miRNA 24-3P) and F0 (without target miRNA 24-3P) are the
fluorescence intensities from the RCA product.
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small-sized fluorescent nucleotide could be recognized by the phi
29 DNA polymerase and may be used for the direct labeling of
the RCA reaction.

For the direct labeling, we examined the fluorescence properties
of this dUthioTP-RCA system (Fig. 1c). Interestingly, it showed a
fluorescence signal corresponding to DNA amplification product.
Interestingly, we also observed the DNA gel formation during the
RCA reaction. Thus, we checked if this fluorescence signal is from
the incorporation and extension of our dUthioTP during the rolling
Fig. 3. Selectivity data of dUthioTP-RCA for the detection of miRNA 24-3P. a) Denaturi
miRNA 24-3P, lane 2: RCT 1; lane 3: miRNA 24-3P + RCT 1 + T4 ligase; lane 4: miRNA 2
ligase; lane 7: ORN 1 + RCT 1 + T4 ligase + Exo I nuclease; lane 8:miRNA 21; lane 9:miRN
Agarose gel data, confirming the success of the RCA reaction (M: Marker 1 Kb; lane 1:miR
ligase + phi 29 DNA polymerase; lane 3: miRNA 21 + RCT 1 + T4 ligase + phi 29 DNA poly
of the target miRNA 24-3P, mismatched miRNA (ORN 1) and random target (miRNA 21
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circle amplification or just from the simple interaction of dUthioTP
monomer with the DNA gel. To demonstrate this, we simply added
dUthio nucleoside monomer with dNTP during the rolling circle
amplification. However, we could not observe any increased fluo-
rescence (Fig. 1d). From this experiment, we confirmed that the
fluorescence is from the incorporation and extension of dUthioTP
into the RCA DNA.

Next, to evaluate the sensitivity of this dUthioTP-RCA probing
system, we measured the fluorescence spectra depending on
ng polyacrylamide gel data confirming the circular DNA structure of RCT 1 (lane 1:
4-3P + RCT 1 + T4 ligase + Exo I nuclease; lane 5: ORN 1; lane 6: ORN 1 + RCT 1 + T4
A 21 + RCT 1 + T4 ligase; lane 10:miRNA 21 + RCT 1 + T4 ligase + Exo I nuclease. b)
NA 24-3P + RCT 1 + T4 ligase + phi 29 DNA polymerase; lane 2: ORN 1 + RCT 1 + T4

merase). c) Fluorescence spectra of dUthioTP-RCA system alone and in the presence
). All samples were excited at 354 nm.
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different amounts of miRNA24-3P from uM to aM. To measure
this, we checked whether the RCA product depends on the concen-
tration of miRNA 24-3P (Fig. 2a). Figure 2a shows that the amount
of RCA product depends on the amount of miRNA24-3P. We also
measured that the fluorescence spectra, with the expectation that
the dUthioTP incorporation induces different fluorescence signals
depending on the concentration of miRNA24-3P (Fig. 2b). Figure
2b exhibited a clear increased fluorescence signal even using a
low concentration of miRNA24-3P. From this result we confirm
that our direct incorporation of dUthioTP with the RCA probing
system could discriminate the signal without and with the target
miRNA 24-3P even at low concentrations.

Finally, to assess specificity, we designed and synthesized ORN
1 and miRNA21 as a one base mismatch and other miRNA
sequences. Figure 3a shows the selective circular DNA formation.
We observed circular DNA formation with miRNA24-3P, while
we could not observe circular DNA formation with ORN 1 and
miRNA 21. We also observed RCA product with miRNA24-3P,
but we could not observe any RCA product with ORN 1 and
miRNA21 sequences, which shows clear evidence of the selective
detection of targetmiRNA24-3P. Finally, we measured the fluores-
cence spectra to confirm the selectivity, and we could not observe
any fluorescence signal increase with ORN 1 or miRNA21, while
we could observe a dramatic fluorescence increase with target
miRNA24-3P. From all of these results, we believe that our direct
labeling system using dUthioTP-RCA could be used for the detec-
tion miRNA24-3P with simple processing and low cost.

In conclusion, to achieve a simple process for the detection of
miRNA 24-3P, we tried to develop a fluorescent nucleotide that
is recognized by phi29 DNA polymerase. For this purpose, we
designed and attached several different sizes of fluorescent sub-
strate at the 50 position of deoxy uridine bases such as thiophene
(dUthioTP), anthracene (dUanthTP), and pyrene (dUpyrTP). We
screened the incorporation and extension capability of these fluo-
rescent nucleotides during rolling circle amplification using phi 29
DNA polymerase. Among these, only dUthioTP exhibited a high
incorporation and extension capability into the rolling circle DNA
product. This dUthioTP-RCA system could be used to detect the
miRNA 24-3P, which is related with PRRSV. We also examined
the sensitivity and selectivity using this dUthioTP-RCA probing
system and confirmed that this system could detect miRNA 24-
3P with high sensitivity. We also observed that this dUthioTP
probing system could discriminate the miRNA 24-3P from one
base (ORN 1) and random miRNA 21. Thus, we believe that
dUthioTP-RCA probing system is very efficient for the detection
Please cite this article in press as: Le B.H., Seo Y.J. Bioorg. Med. Chem. Lett. (20
of miRNA 24-3P with high sensitivity and selectivity, and does
not require any other extra labeling step, which reduce a compli-
cated time-consuming process and high cost.
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