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Production of dumbbell probe

‘through hairpin cleavage-ligation

“and increasing RCA sensitivity
e and specificity by circle to circle
et amplification

Hua Wei'2, Suming Tang?, Tianyu Hu?, Guojie Zhao? & Yifu Guan?

Dumbbell probe (DP) attracts increasing interests in rolling circle amplification (RCA). A universal DP
production method through cleavage-ligation of hairpin was proposed and optimized. The production
is characterized by restriction endonuclease (RE)-induced cleavage ends ligation. It has the advantage
of phosphorylation-free, splint-free and purification-free. To optimize designing, we found that the
position of RE cleavage sequence in the stem and the primer position in the loop affected the formation
and amplification of DP obviously. Both sticky and blunt ends cleaved by RE produce DP efficiently.
Moreover, we introduced this DP into circle to circle (C2C) RCA based on the same cleavage-ligation
principle, and acquired high sensitivity. By combining a two-ligation design and the C2C strategy,
specificity for detecting let-7 family members was increased extremely. Furthermore, coreaction of
different steps facilitated convenient formation and amplification process of DP.

. Nucleic acids detection is one of the most promising molecular diagnosing technologies. Its application can range
© from the traditional single nucleotide polymorphism (SNP) detection to the increasingly discovered microRNA
detection!=. Various detection technologies are available, such as polymerase chain reaction (PCR) and its
derivatives. Different from these thermal recycle amplification methods, isothermal amplification methods have
attracted more and more interests. The main advantage of this kind of technology is the constant reaction tem-
. perature independent on a thermal recycler. Rolling circle amplification (RCA) is an attracting isothermal ampli-
fication method with the advantage of sensitivity and simplicity. It has been exploited to various methods for
- detecting biosamples such as cells*, DNA®, RNAS, proteins’ and small molecules®. In addition, it is also a powerful
: tool for enzymatic catalysis assay, such as asymmetric cleavage of restriction endonuclease (RE)®, methylation
assay'’, topoisomerase activity'' and polynucleotide kinase catalysis'2. RCA is mainly characterized by a circular
single-stranded DNA (ssDNA) template. DNA polymerases bearing strand-displacing activity, such as phi29
DNA polymerase, can extend primer many rounds along circular template, and release large macromolecule
. ssDNA products with tandem sequences complementary to the template. Thus, a key point for all RCA-based
. methods is to prepare a circular DNA template.
: Though RCA amplification and detection processes have seen various elaborate strategies, the first step of
. template circularization remains less changed. Commonly used method for circular template production is link-
© ingalinear oligonucleotide in a head-to-tail way. Two kinds of ligases are used for the head-to-tail ligations. One
. is double-stranded DNA (dsDNA) ligase, such as T4 DNA ligase and E. coli. DNA ligase, the other is ssDNA
. ligase, such as CircLigase. With the help of a sequence-specific oligonucleotide (splint), template oligonucleotide
. can be ligated by dsDNA ligase. However, splint should be additionally designed and removed before RCA in
some cases'>!4, since remaining linear splint can result in unwanted RCA background'®. Another ligation method
using ssDNA ligase is much simple in a splint-independent way. However, nonspecificity of the ligated substrate
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DNA limits its application in a mixed nucleic acids reaction system. Moreover, almost all oligonucleotides are
solid-phase synthesized from 3’ to 5’ end’®, therefore, they are deficient in 5’ phosphorate group, which is req-
uisite for DNA ligase activity'”. Consequently, a phosphorylation process of the linear oligonucleotide is always
required before ligation.

In recent years, some groups have noticed the special characteristics of dumbbell probe (DP) employed in
RCA, and achieved exciting progress. It was used to detect RNA and transcription factor sensitively by inter-
calating SYBR Green I into the stem part of DP'®1°. Combined with nickase and G-quadruplex, a DNAzyme
method was proposed?. It was also used for ATP detection by introducing a third loop into the stem?!. A target
sequence recycled RCA (TR-RCA) has been developed by opening the dumbbell stem with the target sequence?.
Methyltransferase activity has been analyzed by methylation at the stem part®. The cleavage of dumbbell probe
was also used in a logic gate operation®%. However, the production of dumbbell probe by cleavage-ligation of hair-
pin (HP) has not been proposed to our knowledge.

Here, we presented a circular template production method based on hairpin cleavage-ligation process.
Moreover, we explored key factors affecting this method, including the position of RE cleavage sequence in the
stem, the primer binding position in the loop, and the usage of different kinds of REs. Furthermore, by employing
another round of cleavage-ligation, we realized circle to circle (C2C) amplification to enhance both the sensitivity
and specificity of DP RCA obviously. Finally, we proved the feasibility of coreaction system of DP RCA, and pro-
vided a more convenient way for DP production and C2C RCA.

Results and Discussion

Formation of circular DP by cleavage-ligation of hairpin. The circular template of RCA is tradition-
ally formed by the ligation of a linear template in a head-to-tail way with a requisite 5’ phosphorylation. REs rec-
ognize and cleave sequence-specific dsDNA, leaving a 5’ phosphate group at the break site*. The phosphate and
the sticky ends after cleavage are natural substrates for T4 DNA ligase, as they have been used in molecular clon-
ing. Here, this strategy was introduced into circular template preparation. RE recognition sequence was designed
in the stem of a hairpin. After cleavage, hairpin was conveniently self-ligated into dumbbell-shaped circular tem-
plate i.e. dumbbell probe. Therefore, a hairpin using two simple steps can easily form a DP for RCA (Fig. 1A).

Based on this concept, we designed a hairpin (37 nt loop and 18 bp stem) containing EcoRI recognition
sequence (G/AATTC) in the stem, and carried out sequential cleavage and ligation reactions. The products were
analyzed by native polyacrylamide gel electrophoresis (PAGE). The results clearly showed a band shift of DP for-
mation by a cleavage-ligation of hairpin, and a reverse band shift by a re-cleavage after ligation (Fig. 1B). To test
the RCA activity of the produced DP, the DP was employed in RCA and the products were analyzed by agarose
gel electrophoresis, which showed macromolecule products of RCA near sample well, and the DP RCA products
can be cleaved into small hairpins. Moreover, a cleaved DP failed to carry out RCA reaction (See Supplementary
Fig. S1). These results clearly proved the success in hairpin circularization. Further optimization of reaction time
found that ten minutes ligation was sufficient, which was much quicker than the complete cleavage reaction of
about 1 hour (Fig. 1), suggested RE cleavage was a rate-limiting step.

As famous tool enzymes, numerous REs can be used for cleavage. Different cleaved ends have been noticed as
a factor affecting ligation efficiency in molecular cloning. Therefore, we tested the DP production possibility of all
three kinds of RE cleavage ends: 5" overhang sticky end, 3’ overhang sticky end and blunt end. We chose EcoRI
(G/AATTC) to produce a 4nt long 5’ overhang sticky end, Pstl (CTGCA/G) to produce a 4nt long 3’ overhang
sticky end, and EcoRV (GAT/ATC) for blunt end production. Our results showed that both sticky ends and blunt
end were suitable for efficient DP production based on hairpin cleavage-ligation, which verified the method to
bear a universal application for numerous RE candidates (Fig. 1C).

We found that the position of RE recognition sequence embedded in hairpin stem played key role in cleavage
and ligation reactions. The additional base pairs beside recognition sequence at the end of substrate DNA has
been found to enhance RE cleavage efficiency, which is called ‘base pairs from end’?*. However, the optimal length
varies according to different REs. Our results showed that a 3 bp-end was sufficient for EcoRI, PstI and EcoRV
to complete DP formation. However, for Nsil (ATGCA/T), the 3 bp-end hairpin substrate (HP-N1) produced
much less DP than the 6 bp-end hairpin substrate (HP-N2) did (Fig. 1D). In addition, this is the first report to our
knowledge to find Nsil cleavage needs a relatively long ‘base pairs from end’ This unexpected result also suggested
a feasible new way for RE assay by using DP.

The stem length between RE recognition sequence and the loop might affect both cleavage and ligation, since
the disordered loop might interfere with enzyme-substrate interaction. By shortening this part of stem length
from 10bp to 7 and 4bp (HP1, HP2 and HP3), we found the efficiency of DP formation decreased obviously for
4bp length by using EcoRI cleavage (Fig. 1E). This might be due to the inhibited hairpin ligation, since the DNA
ligase is less efficient when the end distal to join is less than 10 nt'”?’.

Primer initiation of DP RCA. A precast circular template is favorable for many RCA techniques'>?*%°. The
detection kits also prefer a pre-purified circular template. However, the production methods of the head-to-tail
ligation always introduce a splint oligonucleotide. Together with unligated template, these linear oligonucleotides
can act as primers leaving unwanted detection backgrounds. Therefore, extra laborious purification steps are
required to eliminate these linear oligonucleotides, such as Exonuclease I (EXOI) or Exonuclease IIT (EXOIII)
digestion, and denaturing gel purification (GP). Interestingly, we found that the DP formed by cleavage-ligation
strategy was free of purification. We compared the two common purification methods (exonuclease digestion
and gel purification) of the splint-ligated circular template (SLC) with DP RCA background. Since pure circular
template is hard to initiate RCA without primer, our results showed that RCA rates of SLC approaching zero
after exonucleases cleavage (Fig. 2B). Through denaturing PAGE and gel cut purification of circular template
band, RCA rate can be diminished to baseline and can be also restored by adding a primer (Fig. 2C). However,
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Figure 1. Verification and optimization of hairpin (HP) cleavage-ligation. (A) Schematic illustration of
dumbbell probe (DP) formation by cleavage-ligation of hairpin. (B) DP formation analyzed by PAGE. Only
after cleavage, hairpin can be ligated into a band-shifted DP, which can be recleaved into hairpin. (C) All of the
three kinds of cleaved ends produced by EcoRI, Pst] and EcoRV are suitable to form DP efficiently. (D) Effects
of stem length at the end side of the RE recognition sequence on DP formation. Nsil recognition sequence is
underlined. (E) Effects of stem length at the loop side of the RE recognition sequence on DP formation. EcoRI
recognition sequence is underlined.

the formed DP hardly gave a RCA signal, only if a primer oligonucleotide was added (Fig. 2A). Moreover, we
found a hairpin oligonucleotide was difficult to initiate DP RCA, which suggested that even there were remaining
hairpins from an uncompleted ligation, their contribution to background signal was limited. This might be due
to the special duplex ends structure of hairpin. The base-paired stem blocked a free 3’ end and prevented hairpin
as a primer to initiate RCA.

We also found that the primer binding position designed in template to initiate DP RCA affected RCA effi-
ciency obviously. It has been noticed that the stem part of DP is not suitable for primer initiation, since the
stable duplex base pairs prevent primer binding?2. However, the role of primer position in the loop has not been
explored. Therefore, we designed three DPs (12bp stem and 40 nt loop) with the same primer (20 nt long) comple-
mentary to different loop positions of these DPs (Fig. 3A). One was in the middle of the loop (L10) leaving 10 nt
gap on each side, the other two binding positions approached stem by 5’ and 3’ end respectively (L20 and L0).
We compared the RCA rates of these three DP binding positions and found that in case of L0, RCA efficiency
was reduced significantly, while L20 and L10 presented similar amplification rates, which was higher than that of
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Figure 2. Comparison of the pure circular template background and the primer-initiated RCA.

(A) RCA fluorescence of hairpin-formed DP with or without primer. (B) RCA fluorescence of splint-ligated
circular template (SLC) with Exonuclease I or Exonuclease III digestion to purify circular template. (C) RCA
fluorescence of gel-purified SLC with or without primer. The upper parts are schematic, and the lower parts are
fluorescence curves. For comparison, same amounts of circular template of the three methods were used.
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Figure 3. Effects of primer position on DP RCA. (A) Schematic diagram of different dumbbell probes. L20:
20 nt from primer’s 3’ end to the stem; L10: 10 nt from primer’s 3 end to the stem; L0: 0 nt from primer’s 3’ end
to the stem. (B) The left part is fluorescence time course curve of three dumbbell probes; the right part is relative
RCA rates of the three probes. The relative RCA rates were calculated by the slope of fluorescence time course
curve normalized by L20.
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Figure 4. Formation of the 2"! DP from RCA products of the 1t DP. (A) Schematic from the 1°* HP to the 2
DP. (B) Cleavage and religation of the 1 DP. (C) Time course cleavage of the RCA products of the 1% DP.
(D) The 2° DP formation from the 2° HP ligation.

L0 (Fig. 3B). Since DNA polymerase extends from primer’s 3’ end and will encounter the downstream stem, we
supposed that the distance from primer’s 3’ end to the stem might be the key point. From L0 to L10 and L20, the
distance from primer’s 3’ end to the stem increased gradually (0, 10, 20 nt respectively) which was indeed accord
with their RCA efficiency.

Circle to circle amplification of DP RCA. DP formed by cleavage-ligation of hairpin is characterized by
a RE cleavage site in the stem. This cleavable stem can be passed to the RCA product of DP, which can be easily
cut into hairpins (See supplementary Fig. S1). These hairpins in turn can be conveniently ligated into DP again
(Fig. 4A). Thus, one original DP can produce hundreds of DPs through RCA amplification. To prove this concept,
we named original hairpin as the 1® HP, DP formed by the 1** HP as the 1** DP, hairpin from cleaved RCA prod-
ucts as the 2°¢ HP, DP formed by the 2" HP as the 2" DP. Using gel electrophoresis, the cut site of the 1% DP was
verified by being cleaved into the 1 HP and being ligated into DP again (Fig. 4B). Electrophoresis also confirmed
that the RCA products of the 1% DP can be cleaved into the 2"¢ HP gradually for an increasing cleavage time
(Fig. 4C), and the 2"¢ HP was shown to be ligated into the 2" DP by PAGE analysis (Fig. 4D). Through the ampli-
fication of circular template, in comparison with a single round of DP RCA, the detection sensitivity of the second
round of DP RCA monitored by microplate reader increased over 1000 times (detection limit from 3.45 fmol to
0.48 amol) with the linear range over two magnitudes (Fig. 5). If another round of amplification is employed, the
sensitivity is possible to increase further. Admittedly, during the cleavage of RCA product, the 1 DP can be also
cut into the 1% HP, which might hybridize the 2"¢ HP to interfere with the 2" DP formation. However, the 1000
folds of RCA amplification produced dominant 2" HP compared with 1% HP, therefore, this interference can be
omitted to some extent.

Increased specificity by circle to circle DP RCA. Primer initiation for a precast circular template is
convenient for common sequence detection; however, it is still difficult to discriminate highly similar sequences.
Let-7 family is a conserved miRNA family which bears high sequence similarity®®. As a model for high spe-
cific assay, we designed several DP detection probes for discriminating let-7a from other five similar members
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Figure 5. Amplification comparison of the single RCA and the two rounds RCA (C2C RCA).

(A) Amplification curve of the single RCA by fluorescence detection. (B) DP detection linearity by the single
RCA. (C) Amplification curve of the second round of RCA by fluorescence detection. (D) DP detection linearity
by the second round of RCA. RCA rates in (B,D) were calculated by the slope of fluorescence curve in (A,C)
respectively.

(let-7b~7f). The loop of DP complementary to let-7a cDNA (clet-7a) was circularized and ligated by T4 DNA
ligase. Two ligation points in the middle of clet-7a sequence were designed. One was located between A and
C, which we called the left ligation point (the left diagram of Fig. 6A,B), the other was between C and T, called
the right ligation point (the middle diagram of Fig. 6A,B). We compared the detection specificity of these two
ligation sites. By using the left ligation point, we can only discriminate clet-7a from 7b, 7c, 7d and 7f, but not 7e
(Fig. 6C,G). When we used the right ligation point, clet-7a can be only discriminated from 7e and 7f, but not 7b,
7c and 7d (Fig. 6D,H). The results were reasonable when we noticed the proximity of mismatch position to the
ligation point. The mismatches of clet-7b, 7c and 7d were near the left ligation point; therefore they can be dis-
criminated by left ligation point but not right ligation point. The mismatch of clet-7e was close to the right ligation
point which therefore can discriminate it easily (Fig. 6B). For the purpose of distinguishing all these family mem-
bers simultaneously, we embedded both of these two ligation points at each loop in one DP (the right diagram of
Fig. 6A). Thus, the DP can be circularized only in the case of linking both of these two kinds of ligation points.
Our results showed that this strategy achieved effective discrimination for all the tested members (Fig. 6E,I).
Furthermore, after the first amplification of DP, we conducted the second amplification of the 2" DP through
C2C process, and acquired even higher specificity (Fig. 6E]). These results suggested that the two-ligation design
and two rounds of amplification of DP efficiently enhanced its detection specificity.

Coreaction feasibility of multiple reactions. C2C amplification has been introduced into common RCA
and achieved high sensitivity in previous reports**2. However, the steps of C2C RCA are laborious, since each
cycle includes adding splint, cleavage, ligation and polymerization. Therefore, a more convenient way for C2C is
extremely attracting. For DP RCA combined with C2C, the cleavage and ligation are naturally merged into the
stem part in circular template free of designing additional splint oligonucleotide. Here, we further proved the
feasibility of DP formation by coreaction of multiple reactions to acquire more convenience.

For the 1*' DP formation, we conducted the cleavage and ligation of hairpins at the same time, and electro-
phoresis showed that DP band accumulated gradually with the decrease of hairpin band (Fig. 7A). This can be
explained by the instability of the cleaved stem end, which was only 3 base-paired, therefore, was instable in
reaction temperature and dispersed instantly. Then, the following ligation between cleaved hairpins produced
the 1 DP.

SCIENTIFICREPORTS | 6:29229 | DOI: 10.1038/srep29229 6



www.nature.com/scientificreports/

A

L]

RRR

+m

B
3 o )
e cDNA for Ly
> S let-7a: AACTATACAACCTACTACCTCA
let-7b: AA CAACCTACTACCTCA
let-7c: AAC[€ATACAACCTACTACCTCA
let-7d: AACTATCAACCTACTACCTCH
let-7e: AACTATACAACCTCTACCTCA
let-7f; AACTATACAARICTACTACCTCA
D F
1 .g.,;::':' o e
. ‘f:
H“i‘“’»‘“'im;:'l b . ||:;;ammniﬂiﬂiﬂiﬁim
| | i y

RRR
&
RRR
=
RRR

o ) -

T

O

o ll

Figure 6. Enhanced specificity by two-ligation design and the 2" amplification. (A) Schematic of the two
ligation points: arrow represents the left ligation point and triangle represents the right ligation point. (B) Let-7
family sequences alignment marked with ligation points. (C~J) Family members’ discrimination by RCA.
Single left ligation point for discriminating let-7a by fluorescence signal (C) and relative RCA rate (G); single
right ligation point for discrimination by fluorescence signal (D) and relative RCA rate (H); two ligation points
for discrimination by the single RCA fluorescence signal (E) and relative RCA rate (I); two ligation points for
discrimination by the C2C RCA fluorescence signal (F) and relative RCA rate (J). Relative RCA rates (RRR) in
(G~J) were calculated by the slope of fluorescence curve in (C~F).

z ES
I D s w7 W7 m7d s IR

G

A
80bp-
60bp- g
40bp- 60bp- |

40bp-

20bp-

C D

M Omin  5min  10min  30min 60min M Omin  5min  10min  30min 60min

80bp-
Ribpe 80bp-
40bp- 60bp-
200p- 40bp-

Figure 7. Coreaction of multiple reactions. (A) The 1* DP formation by coreaction of hairpin cleavage and
ligation. (B) The 2" DP formation by coreaction of cleavage and ligation after the 1 DP RCA. (C) Coreaction of
the 1 DP polymerization and cleavage. (D) The 2" DP formation by ligation from the 2" HP in (C).

For the 2" DP formation, the RCA product of the 1% DP was cleaved and ligated simultaneously. Results ver-
ified the enriched 2" DP band by PAGE analysis (Fig. 7B). The cleavage of RCA macromolecule product quickly
dispersed large amounts of cleaved 24 HPs before ligase can act. Consequently, after dimerization, hairpins were
ligated into the 2" DP. Another reason for DP accumulation was that we used much higher ligase activity than RE
activity. Therefore, DP was preferred to be ligated rather than to be cleaved.
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Another coreaction effort was the combination of polymerization and cleavage reactions, since these two
reactions were rate-limiting steps which were much slower than ligation process. However, except RCA product,
the dumbbell circular template can be also digested by REs, and a cleaved circular template fails to carry out RCA
reaction anymore. Therefore, we introduced nucleotide analog to protect template from RE cleavage. An opti-
mum analog should resist RE cleavage without interfering with polymerization reaction of RCA. From a selecting
study, we found phosphorothioate (PS) modification at A5pG6 position can strongly suppress Pstl activity, and
PS had little effects on RCA efficiency®**4. Consequently, we used DP with a PS-modified PstI hexamer in the
stem to conduct this coreaction. Results showed a successful accumulation of the 2" HP during the coreaction
process (Fig. 7C), and after a quick ligation reaction (10 minutes), the 2°¢ HP turned into the 2°¢ DP conveniently
(Fig. 7D).

In summary, we presented a cleavage-ligation strategy to produce circular dumbbell probe. It has the advan-
tages of phosphorylation-free, splint-free and purification-free. The position of RE recognition sequence in the
stem affected DP formation obviously. Both sticky ends and blunt end cleaved by REs were efficient for DP for-
mation. The primer position in the loop also affected DP RCA efficiency obviously. By introducing C2C into DP
RCA, the amplification rate increased about 1000 times. Combined with a two-ligation strategy, DP C2C RCA
achieved extremely high specificity for let-7 family discrimination. The coreaction of multiple reactions provided
more convenient operations.

Methods

Oligonucleotides and reagents. Oligonucleotides at HPLC grade were purchased from Sangon Biotech
Co. Ltd. (Shanghai, China). The concentration was determined by the absorption coefficiency of each sample.
Their sequences were listed in Supplementary Table S1, and the oligonucleotides for forming the circular tem-
plates had a phosphoric acid group at the 5'-terminal. Phi29 DNA polymerase and Nsil restriction endonuclease
were purchased from NEB (Ipswith, MA). SYBR Green II was from Invitrogen (Waltham, MA). T4 DNA Ligase
and restriction endonucleases EcoRI, EcoRV and PstI were from TaKaRa Biotechnology Co. Ltd. (Dalian, China).

SLC preparation. For splint-mediated ligation, the 5'-end of the circular template was phosphorylated. The
5’- and 3’-portions of the circular template (1 pM) were hybridized with 1 uM of splint oligonucleotide in a
head-to-tail fashion, and were covalently linked by T4 DNA ligase (175 U) at 16 °C for 60 min. Ligation buffer
contains 50 mM Tris pH 8.0, 10 mM MgCl,, 5mM DTT, and 0.1 mM ATP in 10 pl reaction system.

DP preparation through RE cleavage-ligation. For hairpin-mediated ligation, hairpin of 1 pmol was
cleaved by RE. The cleavage reaction was carried out in 10 pl reaction buffer containing 50 mM Tris pH 7.5,
10mM MgCl,, I mM DTT, and 100 mM NaCl. The cleavage was initiated by adding 5U REs (EcoRI, EcoRV,
Pstl or Nil). After incubation at 37 °C for 30 min, the cleavage was stopped by heating at 90 °C for 10 min. After
cleavage, by adding 1 nmol ATP and 175U T4 DNA ligase, ligation reaction was conducted at 37 °C for 10 min.

Exonuclease digestion and gel purification. After SLC preparation described above, the 1pmol
splint-ligated circular template was digested by Exonuclease I 5U or Exonuclease III 5 U respectively in 10 pl
reaction system at 37 °C for 30 minutes. After digestion, the exonucleases were deactivated at 80 °C for 15 minutes.
0.1 pmol undigested and digested SLC were applied for RCA respectively. For gel purification process, SLC was
verified and separated by 9% denatured PAGE (7 M urea) and silver staining as described®. The circular template
band was cut after electrophoresis. The gel was crushed, and the circular template was extracted by H,0O and
centrifugation. Concentration of the purified circular template was determined by ultraviolet at 260 nm. 0.1 pmol
gel-purified SLC was applied with or without primer for RCA respectively. RCA procedure was described below.

Rolling circle amplification. 0.1~1pmol ligated circular template with or without primer were added into
RCA reaction solution which was composed of 50 mM Tris pH 7.5, 10 mM MgCl,, 10mM (NH,),SO,, 4 mM
DTT, SYBR Green II (1:10000), and phi29 DNA polymerase 3 U in 100 pl solution. Fluorescence signals were
recorded on Microplate Reader (Infinite M200, Tecan, USA) with excitation wavelength at 480 nm and emission
wavelength at 524 nm. The fluorescence emission was monitored for over ~20 min at 37°C.

References

1. Zou, Z. et al. Ligation-rolling circle amplification combined with gamma-cyclodextrin mediated stemless molecular beacon for
sensitive and specific genotyping of single-nucleotide polymorphism. Talanta 125, 306-312 (2014).

2. Heo, H. Y., Chung, S., Kim, Y. T., Kim do, H. & Seo, T. S. A valveless rotary microfluidic device for multiplex point mutation
identification based on ligation-rolling circle amplification. Biosens Bioelectron 78, 140-146 (2016).

3. Tian, Q. et al. Carbon nanotube enhanced label-free detection of microRNAs based on hairpin probe triggered solid-phase rolling-
circle amplification. Nanoscale 7, 987-993 (2015).

4. Guo, Y. et al. Label-free and highly sensitive electrochemical detection of E. coli based on rolling circle amplifications coupled
peroxidase-mimicking DNAzyme amplification. Biosens Bioelectron 75, 315-319 (2016).

5. Zhang, X. et al. Chemiluminescence detection of DNA/microRNA based on cation-exchange of CuS nanoparticles and rolling circle
amplification. Chem Commun (Camb) 51, 6952-6955 (2015).

6. Zhu, X. et al. Detection of microRNA SNPs with ultrahigh specificity by using reduced graphene oxide-assisted rolling circle
amplification. Chem Commun (Camb) 51, 10002-10005 (2015).

7. Zhu, Y., Wang, H., Wang, L., Zhu, J. & Jiang, W. Cascade Signal Amplification Based on Copper Nanoparticle-Reported Rolling
Circle Amplification for Ultrasensitive Electrochemical Detection of the Prostate Cancer Biomarker. ACS Appl Mater Interfaces
(2016).

8. Zhao, G. et al. A novel strategy to analyze l-tryptophan through allosteric Trp repressor based on rolling circle amplification. Biosens
Bioelectron 71, 103-107 (2015).

9. Zhao, G. et al. A RCA-based assay for analyzing individual strand break in DNA heteroduplex cleavage by restriction endonucleases.
Chem Commun (Camb) 50, 11930-11933 (2014).

SCIENTIFICREPORTS | 6:29229 | DOI: 10.1038/srep29229 8



www.nature.com/scientificreports/

10. Geng, Y., Wu, ., Shao, L., Yan, F. & Ju, H. Sensitive colorimetric biosensing for methylation analysis of p16/CDKN2 promoter with
hyperbranched rolling circle amplification. Biosens Bioelectron 61, 593-597 (2014).

11. Zuccaro, L. et al. Rolling circle amplification-based detection of human topoisomerase I activity on magnetic beads. Anal Biochem
451, 42-44 (2014).

12. Jiang, H. X, Kong, D. M. & Shen, H. X. Amplified detection of DNA ligase and polynucleotide kinase/phosphatase on the basis of
enrichment of catalytic G-quadruplex DNAzyme by rolling circle amplification. Biosens Bioelectron 55, 133-138 (2014).

13. Murakami, T., Sumaoka, J. & Komiyama, M. Sensitive RNA detection by combining three-way junction formation and primer
generation-rolling circle amplification. Nucleic Acids Res 40, 22 (2012).

14. Murakami, T., Sumaoka, J. & Komiyama, M. Sensitive isothermal detection of nucleic-acid sequence by primer generation-rolling
circle amplification. Nucleic Acids Res 37, €19 (2009).

15. Takahashi, H., Matsumoto, A., Sugiyama, S. & Kobori, T. Direct detection of green fluorescent protein messenger RNA expressed in
Escherichia coli by rolling circle amplification. Anal Biochem 401, 242-249 (2010).

16. Reese, C. B. Oligo- and poly-nucleotides: 50 years of chemical synthesis. Organic & Biomolecular Chemistry 3, 3851 (2005).

17. Zhao, B. et al. Effects of 2’-O-methyl nucleotide on ligation capability of T4 DNA ligase. Acta Biochim Biophys Sin (Shanghai) 46,
727-737 (2014).

18. Halamek, J. et al. Multi-enzyme logic network architectures for assessing injuries: digital processing of biomarkers. Mol Biosyst 6,
2554-2560 (2010).

19. Li, C,, Qiu, X, Hou, Z. & Deng, K. A dumbell probe-mediated rolling circle amplification strategy for highly sensitive transcription
factor detection. Biosens Bioelectron 64, 505-510 (2015).

20. Bi, S., Cui, Y. & Li, L. Dumbbell probe-mediated cascade isothermal amplification: a novel strategy for label-free detection of
microRNAs and its application to real sample assay. Anal Chim Acta 760, 69-74 (2013).

21. Xue, Q., Wang, L. & Jiang, W. A novel label-free cascade amplification strategy based on dumbbell probe-mediated rolling circle
amplification-responsive G-quadruplex formation for highly sensitive and selective detection of NAD + or ATP. Chem Commun
(Camb) 49, 2640-2642 (2013).

22. Long, Y., Zhou, X. & Xing, D. An isothermal and sensitive nucleic acids assay by target sequence recycled rolling circle amplification.
Biosens Bioelectron 46, 102-107 (2013).

23. Zhao, H., Wang, L. & Jiang, W. Target-protected dumbbell molecular probe mediated cascade rolling circle amplification strategy for
the sensitive assay of DNA methyltransferase activity. Chem Commun (Camb) (2016).

24. Xu, W,, Deng, R., Wang, L. & Li, ]. Multiresponsive rolling circle amplification for DNA logic gates mediated by endonuclease. Anal
Chem 86, 7813-7818 (2014).

25. Gupta, R., Capalash, N. & Sharma, P. Restriction endonucleases: natural and directed evolution. Appl Microbiol Biotechnol 94,
583-599 (2012).

26. Moreira, R. F. & Noren, C. J. Minimum duplex requirements for restriction enzyme cleavage near the termini of linear DNA
fragments. Biotechniques 19 56, 58-59 (1995).

27. Pritchard, C. E. & Southern, E. M. Effects of base mismatches on joining of short oligodeoxynucleotides by DNA ligases. Nucleic
Acids Res 25, 3403-3407 (1997).

28. Chapin, S. C. & Doyle, P. S. Ultrasensitive multiplexed microRNA quantification on encoded gel microparticles using rolling circle
amplification. Anal Chem 83,7179-7185 (2011).

29. Akter, E, Mie, M. & Kobatake, E. Immuno-rolling circle amplification using a multibinding fusion protein. Anal Biochem 416,
174-179 (2011).

30. Boyerinas, B., Park, S. M., Hau, A., Murmann, A. E. & Peter, M. E. The role of let-7 in cell differentiation and cancer. Endocr Relat
Cancer 17, F19-36 (2010).

31. Dahl, E et al. Circle-to-circle amplification for precise and sensitive DNA analysis. Proc Natl Acad Sci USA 101, 4548-4553 (2004).

32. Kuhnemund, M., Witters, D., Nilsson, M. & Lammertyn, J. Circle-to-circle amplification on a digital microfluidic chip for amplified
single molecule detection. Lab Chip 14, 2983-2992 (2014).

33. Zhao, G. et al. Enzymatic Cleavage of Type II Restriction Endonucleases on the 2’-O-Methyl Nucleotide and Phosphorothioate
Substituted DNA. PLoS One 8, €79415 (2013).

34. Tang, S. et al. Suppression of rolling circle amplification by nucleotide analogs in circular template for three DNA polymerases. Biosci
Biotechnol Biochem, 1-7 (2016).

35. Zhao, G. & Guan, Y. Polymerization behavior of Klenow fragment and Taq DNA polymerase in short primer extension reactions.
Acta Biochim Biophys Sin (Shanghai) 42, 722-728 (2010).

Acknowledgements
This work was supported by grants from National Natural Science Foundation of China (Nos 81301517 and
81371896) and Doctoral Startup Found of Liaoning Province (No. 20131139).

Author Contributions
G.Z.and Y.G. conceived and designed the experiments, and provided experimental materials. H-W., S.T. and T.H.
performed the experiments. G.Z. wrote the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Wei, H. et al. Production of dumbbell probe through hairpin cleavage-ligation and
increasing RCA sensitivity and specificity by circle to circle amplification. Sci. Rep. 6, 29229; doi: 10.1038/
srep29229 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:29229 | DOI: 10.1038/srep29229 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Production of dumbbell probe through hairpin cleavage-ligation and increasing RCA sensitivity and specificity by circle to circle amplification
	Introduction
	Results and Discussion
	Formation of circular DP by cleavage-ligation of hairpin
	Primer initiation of DP RCA
	Circle to circle amplification of DP RCA
	Increased specificity by circle to circle DP RCA
	Coreaction feasibility of multiple reactions

	Methods
	Oligonucleotides and reagents
	SLC preparation
	DP preparation through RE cleavage-ligation
	Exonuclease digestion and gel purification
	Rolling circle amplification

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Production of dumbbell probe through hairpin cleavage-ligation and increasing RCA sensitivity and specificity by circle to circle amplification
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29229
            
         
          
             
                Hua Wei
                Suming Tang
                Tianyu Hu
                Guojie Zhao
                Yifu Guan
            
         
          doi:10.1038/srep29229
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29229
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29229
            
         
      
       
          
          
          
             
                doi:10.1038/srep29229
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29229
            
         
          
          
      
       
       
          True
      
   




