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. An exonucleolytic digestion-assisted exponential rolling circle amplification (RCA) strategy

: was developed for sensitive and sequence-specific detection of target DNA embedded in long-

. stranded genomic DNA. Herein, Phi29 DNA polymerase plays two important roles as exonuclease
and polymerase. Long-stranded genomic DNAs can be broken into small DNA fragments after

. ultrasonication. The fragments that contain target DNA, hybridize with a linear padlock probe to

. trigger the formation of a circular RCA template. The tails protruding from the 3’-end of the target

° DNA sequences are then digested by the 3’ — 5’ exonuclease activity of Phi29 DNA polymerase even if

. they fold into a double-stranded structure. The digested DNA fragments can then initiate subsequent
RCA reaction. RCA products, which are designed to fold into G-quadruplex structures, exponentially

. accumulate when appropriate nicking endonuclease recognition sites are introduced rationally into

. the RCA template. This method is demonstrated to work well for real genomic DNA detection using
human pathogen Cryptococcus neoformans as a model. In addition, this work has two other important
discoveries: First, the presence of a 3/-tail can protect the RCA primer from degradation by Phi29 DNA
polymerase. Second, 3’ — 5’ exonucleolytic activity of Phi29 DNA polymerase can work for both single-
and double-stranded DNA.

. Sequence-specific detection of target DNA using reliable, cost-effective and sensitive strategies often attracts
: broad attention due to its importance in clinical diagnosis and genetic research. In the past few decades, sig-
. nificant and substantial progress has been made in this field'>. In order to realize ultrasensitive detection of
© target DNA, many promising methods have been designed on the basis of various DNA amplification techniques,
including polymerase chain reaction (PCR)%, rolling circle amplification (RCA)®'°, exonuclease I1I-aided tar-
get recycling!! 12, strand-displacement signal amplification'*-!¢, hybridization chain reaction'”!® and nicking
endonuclease signal amplification'®?. Of all these DNA amplification techniques, PCR is the most well-known
and frequently used. However, PCR has some intrinsic limitations, including the requirement of rapid thermal
. cycling, precise temperature control, thermostable DNA polymerases and high denaturation temperature. This
: makes it difficult to execute point-of-service analyses. To overcome these, some isothermal DNA amplification
: techniques®!, which can be performed at a constant and relatively low temperature, have been designed and
- widely applied in DNA-sensing applications.
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As an important isothermal DNA amplification technique, RCA has attracted more and more attention in
biosensing applications and various RCA-based DNA detection strategies have been reported'?2-*2. However,
most of these works are restricted to the detection of artificial synthetic short-stranded DNA oligonucleotides'*:
27-32 These short-stranded target DNA might be used as indicators for the genomic DNA of interest (e.g. path-
ogen genes, oncogenes, or antioncogenes) because the possibility of identical DNA sequence occurring in other
non-target genomes is only 1/4" (n is the nucleotide number in the short-stranded target DNA). In practical
applications, however, the target DNA is often embedded in long-stranded genomic sequences. There are two
ways to cut long-stranded genomic DNA into smaller fragments. One is nuclease-mediated biochemical cleavage.
Although site-specific, this method requires the occurrence of nuclease recognition sites near the target DNA
sequence, thus the scope of its application might be restricted. The other way is mechanical breakage via ultra-
sonication. This method has no particular requirements for the DNA sequence and can work for all the genomic
DNA of interest, but the main difficulty is that the target DNA may be embedded in DNA fragments with random
lengths.

RCA-based DNA sensors mainly work in three ways: (1) Target DNA is used to trigger the formation of the
circular RCA template, and an additional RCA primer is needed!'* 2. (2) Target DNA is used as the RCA primer,
and preformed circular RCA template is needed®”*°. (3) Target DNA plays both roles*"*2. Compared to the first
two ways, the last one might provide relatively easier experimental operation, simpler reaction components and
thus lower background signal. However, such a strategy has never been combined with ultrasonication to detect
target DNA embedded in long-stranded genomic DNA. One reason might be that researchers take for granted
that the 3’-ends of the DNA fragments should fully match the RCA template when they are used as the primer to
initiate the RCA reaction, but ignore the 3’ — 5’ exonuclease activity of Phi29 DNA polymerase®*-*°.

Herein, we demonstrate that the 3’ — 5’ exonuclease activity of Phi29 DNA polymerase can digest the tail pro-
truding from the 3’-end of target DNA even if the 3'-tail folds into an intramolecular double-stranded structure,
thus it can efficiently convert different lengths of target DNA-containing fragments into RCA primers. Based
on this, an easy-to-operate biosensing strategy was designed and was demonstrated to work well for the sensi-
tive and sequence-specific detection of target DNA embedded in long-stranded genomic DNA using the human
pathogen Cryptococcus neoformans (C. neoformans) as a model. Target DNA-triggered production of circular
RCA template confers that the method has extraordinarily high detection specificity, and can easily discriminate
single-nucleotide polymorphisms (SNPs).

Results and Discussion

Detection of target DNA embedded in DNA fragments by exponential exonucleolytic diges-
tion-assisted RCA. Our aim was to achieve RCA-amplified detection of target DNA embedded in long-
stranded genomic DNA. As shown in Fig. 1a, to make the long-stranded genomic DNA fulfill the needs for
RCA-based detection, we selected to cut long genomic DNA into short-stranded DNA fragments by ultrasoni-
cation. Because the resulting short DNA fragments have much simpler self-folding structures than long genomic
DNA, the linear padlock probe can easily access the target DNA sequence embedded in them and be ligated by
T4 DNA ligase to form a circular padlock probe, which can be used as the template in subsequent RCA. To allow
the RCA reaction to proceed without the requirement of an additional RCA primer, it is better that the target
DNA can be used as the primer to initiate RCA. However, due to the uncertainty of the DNA breakage sites
during ultrasonication, it is possible that the target DNA sequence is still embedded in the resulting short DNA
fragments. That is, different lengths of tails, which are non-complementary with the circular padlock probe, might
protrude from the 5'- and 3’-ends of the target DNA sequence. Thanks to the 3’ — 5’ exonuclease activity of Phi29
DNA polymerase, the 3’-end tail can be gradually digested until the remaining part can be converted to RCA
primer and is extended along the circular template via the polymerase activity of Phi29 DNA polymerase. RCA
can then proceed smoothly. Herein, Phi29 DNA polymerase plays two important roles: an exonuclease and a pol-
ymerase. Although Phi29 DNA polymerase is commonly used in RCA reactions, its exonuclease activity is rarely
utilized. In the proposed strategy, exonuclease activity of Phi29 DNA polymerase was used to digest the 3'-tail of
target DNA to prepare the RCA primer. As a result, we named the RCA reaction an exonucleolytic digestion-as-
sisted RCA (ED-RCA). Certainly, amplified RCA products can be determined by gel electrophoresis. However,
to achieve rapid, sensitive and label-free detection, a C-rich sequence, whose complementary sequence can fold
into a unique DNA secondary structure—G-quadruplex, was introduced in the padlock probe. As the ED-RCA
progresses, more and more G-quadruplexes are accumulated, which can be easily probed by the commercially
available fluorescent dye thioflavin T (ThT), a highly sensitive G-quadruplex fluorescent probe showing excellent
specificity against other structural DNAs, including single- and double-stranded DNAs*!-**.

To demonstrate the feasibility of the proposed ED-RCA, several artificial DNA oligonucleotides (Table S1)
with different lengths were designed to mimic the short DNA fragments obtained by ultrasonication of long
genomic DNA. Each of them contains the target DNA sequence but with different tail lengths at its 3’- or/and
5’-ends. For examples, TD represents the target DNA with no tails at two ends. In 5-TD-20, a 5-nucleotide tail
and a 20-nucleotide tail are added at the 5'- and 3’-ends, respectively. Other oligonucleotides are named in the
same way.

First, we used 5-TD-20 as a model to investigate whether the target DNA embedded in it can be detected by
the proposed ED-RCA strategy or not. The results shown in Fig. 2a indicate that both TD and 5-TD-20 could trig-
ger the circularization of a linear padlock probe. However, since the tails protruding from the two ends of 5-TD-
20 increase the steric hindrance for its contact with linear padlock probe, 5-TD-20-triggered circularization had
lower efficiency than the TD-triggered one. This was reflected by the presence of more unreacted single-stranded
DNAs, which could be digested upon addition of exonuclease I (Exol) in the 5-TD-20/padlock probe mixture.
Interestingly, the circularization product triggered by TD had a similar electrophoretic mobility before and after
digestion with Exol. On the contrary, after Exol digestion, the 5-TD-20-triggered circularization product showed
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Figure 1. Working mechanism of ED-RCA for detection of target DNA embedded long-stranded genome. (a)
Linear RCA mode; (b) Exponential RCA mode.

a slightly faster mobility. These results suggest that the circularization products exist as the complexes of TD (or
5-TD-20) and padlock probe. TD could perfectly hybridize with the padlock probe, Exol digestion was ineffec-
tive. In 5-TD-20/padlock probe complex, however, the single-stranded 3’-tail could be digested by the 3’ — 5’
exonuclease activity of Exol, thus resulting in a slight increase in electrophoretic mobility.

From the above experiments, we find that 5-TD-20 can also trigger the formation of circular RCA template
and its protruding 3’-tail can be cut off by Exol. Thus, it is reasonable to speculate that the 3’ — 5’ exonuclease
activity of Phi29 DNA polymerase might also digest the 3’-tail of 5-TD-20 and convert it to an RCA primer. As a
result, the subsequent RCA reaction might be initiated without adding an additional RCA primer. Such a spec-
ulation was demonstrated by the similar results given by TD and 5-TD-20-triggered RCA systems in gel electro-
phoresis and fluorescence assays (Fig. 2b and c). That is, both reaction systems gave a bright electrophoresis band
with a very slow mobility, indicating the formation of long-stranded RCA products. As expected, the obtained
RCA products could fold into a large number of G-quadruplex units (Figure S1), thus leading to the obvious fluo-
rescence enhancement of the G-quadruplex probe ThT. These results suggest that the proposed ED-RCA strategy
might be used for the amplified detection of target DNAs embedded in DNA fragments.

A traditional RCA reaction follows a linear amplification manner with a relatively limited efficiency. To fur-
ther increase the detection sensitivity, a nicking endonuclease-mediated exponential RCA strategy can be intro-
duced (Fig. 1b)?#: 4, To achieve this, two recognition sites of a nicking endonuclease (Nb.BbvCI) were inserted
in the padlock probe sequence. When the aforementioned ED-RCA reaction is initiated, the produced RCA prod-
ucts can be recognized and cleaved by Nb.BbvClI at the recognition sites. The resulting DNA fragments containing
target DNA sequence can, in turn, hybridize with unreacted linear padlock probe and trigger the formation of
new circular RCA templates. As a result, the RCA reaction is continuously enlarged and exponential signal ampli-
fication can be achieved. As shown in Fig. 3a, such an exponential ED-RCA (named ED-eRCA) indeed gave a
much higher fluorescence signal than corresponding linear ED-RCA without Nb.BbvCI mediation. A gel electro-
phoresis assay (Fig. 3b) showed that linear ED-RCA gave a bright DNA band that corresponds to long-stranded
RCA products. However, almost no observable DNA bands were given by ED-eRCA. This is consistent with the
proposed mechanism that RCA products have been nicked into DNA fragments with different lengths*2. Under
the same conditions, all of the negative controls, in which one of the necessary RCA components (5-TD-20, pad-
lock probe, Phi29 polymerase or T4 ligase) is absent, emitted no fluorescence. Such low background signals are
a benefit of the excellent recognition specificity of ThT to G-quadruplexes. As long as RCA templates, primers,
undesired amplification products and other components cannot fold into G-quadruplex structures, a non-specific
fluorescent signal will not be given.
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Figure 2. (a) Non-denaturing PAGE assay of circularization products produced under different conditions.
Lane M is the DNA ladder marker. The experimental conditions for lanes 1-7 are shown in the top of the figure.
(b) Agarose gel electrophoresis and (c) fluorescence analysis of the ED-RCA systems triggered by TD or 5-TD-
20.

(a) 400 1—— (no) 5-TD-20 (b)

2 —— Include all
3 —— (no) Nb.BbvCI

M 123456

S 3004 ;

3 4 —— (no) Phi29 polymerase

:—; 5 —— (no) T4 ligase 7000 bp
cc) 2004 6 —— (no) padlock probe

3 5500 bp
5]

5 1] 3500 bp
= 2000 bp

460 480 500 520 540 s60 s80 600 e20 1000bp
Wavelength (nm)

Figure 3. (a) Fluorescence and (b) agarose gel electrophoresis assay of 5-TD-20-triggered ED-RCA reaction
systems. 1 nM of 5-TD-20 were used in fluorescence and electrophoresis assays. The insert in (a) shows the
photographed images of the exponential RCA systems without or with 5-TD-20 addition.

Effects of protruding tails on ED-eRCA. The above experiments imply that the proposed ED-eRCA
strategy has the potential to detect target DNAs embedded in DNA fragments obtained by the ultrasonication
of long-stranded genomic DNA. Due to the uncertainty of DNA breakage sites during ultrasonication, different
lengths of tails may occur at the two ends of the target DNA sequence. Therefore, the effects of tail length and tail
position on target DNA detection were investigated.

Theoretically, the 3/-tail will have much more effect on the conversion of the target DNA-containing fragment
to RCA primer than the 5'-tail. Therefore, the effects of the 3’-tail were investigated first. According to our previ-
ous speculation, increasing the length of the 3'-tail should decrease the fluorescence signal of the detection system
because it may hamper not only the formation of a circular template but also the conversion of the target DNA
to RCA primer. Contrary to our expectation, however, increasing the length of the 3’-tail resulted in an obvious
enhancement of the fluorescence signal (Fig. 4a). When the 3/-tail length was increased to 40 nucleotides (TD-
40), a 1.9-fold fluorescence signal was observed compared to the TD. A gel electrophoresis assay demonstrated
that increasing the 3’-tail length indeed hampered the formation of a circular template and resulted in the pres-
ence of more unreacted single-stranded DNAs (Figure S2a). Thus, the enhancement of the fluorescence signal
might be caused by the improvement of target DNA conversion to RCA primer. It is reported that the 3’ — 5’
exonuclease activity of Phi29 DNA polymerase could degrade RCA primers, thus resulting in a reduction of
amplification yields. To overcome this, Dean et al. prepared exonuclease-resistant primers by using thiophosphate
linkages for the two 3’-terminal nucleotides®. Our results suggest that the presence of a 3/-tail can also protect
RCA primers from degradation by Phi29 DNA polymerase and improve the amplification yields, and such a pro-
tection increases with tail length. This finding might provide a simple but promising way to increase RCA yields
and thus improve the detection sensitivity of RCA-based sensing platforms. In our proposed ED-eRCA strategy,
target DNA plays two important roles: triggering the formation of the RCA template and initiating the subsequent
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Figure 4. ED-eRCA analysis for different target DNA-containing fragments. (a) With different lengths of 3’-
tails; (b) with different lengths of 5'-tails or both 5’- and 3/-tails; (c) with different lengths of 3’-tails that can fold
into intramolecular stem-loop structure with 5-bp stem; (d) with different lengths of 3’-tails that can fold into
different lengths of double-stranded structures. The concentration of each target DNA is 1 nM.

RCA reaction. As mentioned above, a long 3’-tail does not benefit the preparation of the RCA template. As a
result, when the 3’-tail was longer than 40 nucleotides, a slight decrease in fluorescence signal was observed, but
the signal level was still much higher than that given by the TD.

The effects of the 5'-tail were then investigated. Differently from the case of the 3'-tail, the fluorescence signal
decrease was caused by the 5'-tail (Fig. 4b). The reason is that the presence of the 5'-tail will affect the circulariza-
tion of the linear padlock probe, but cannot protect the RCA primer from degradation by Phi29 DNA polymer-
ase. When the 3’-tail was added, the DNA fragments obtained with both 5’- and 3’-tails gave higher fluorescence
signals than their counterparts with only a 5'-tail, thus demonstrating the protection of the RCA primer by the
3/-tail.

According to previous reports®, it seems that the 3’ — 5’ exonuclease activity of Phi29 DNA polymerase can
work on single-stranded DNA but not on double-stranded DNA. In practical applications, however, it is possible
that the 3’-tail may self-fold into intramolecular stem-loop structures. If Phi29 DNA polymerase cannot work
on the double-stranded stem, target DNA cannot convert to the RCA primer and the RCA reaction cannot be
initiated. To test this, the 3'-tail was designed as a stem-loop structure. To our surprise, the resulting DNA oligo-
nucleotides (for example TD-31S5, which has a 31-nucleotide 3/-tail that can fold into a stem-loop structure with
a 5-bp stem) could also trigger the RCA reaction, and the fluorescence signals given were still higher than that
given by TD (Fig. 4c). These results indicate that the formation of a stem-loop structure at the 3’-tail will not stop
the conversion of target DNA to the RCA primer, thus suggesting that the 3’ — 5’ exonuclease activity of Phi29
DNA polymerase might also be able to work for stem-loop structure. Such a speculation could be demonstrated
by a gel electrophoresis assay. After incubating with Phi29 DNA polymerase, TD-31S5 could also be digested
by the 3’ — 5’ exonuclease activity of this polymerase, though the digestion efficiency was lower than those of
5-TD-30 and TD-60 (Figure S2b). One possible reason is that the 3’ — 5’ exonuclease activity of Phi29 DNA pol-
ymerase might also work for double-stranded DNA, the other possible reason is that the transient dissociation of
the double-stranded stem provides Phi29 DNA polymerase with an appropriate substrate. To further investigate
this, 3/-tails with different lengths of double-stranded structures were added to the 3/-end of the target DNA
sequence and the resulting oligonucleotides were used in the ED-eRCA assay. As shown in Fig. 4d, an obvious
fluorescence enhancement was also observed with the increase of the 3/-tail length even if an increasing length
of double-stranded structure was formed. For example, more than 2.6-fold fluorescence signal was observed for
TD-43520, which has a 43-nucleotide 3’-tail that can fold into a double-stranded structure with 23 base pairs,
compared to TD. Moreover, the fluorescence enhancement was even higher than that give by the oligonucleo-
tide with a similar 3’-tail length but without double-stranded structure formation (Fig. 4a). The reason might
be that the formation of double-stranded structures increases the rigidity of the 3’-tail, thus reducing the steric
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Figure 5. 5-TD-20 quantitation using ED-eRCA. (a) 5-TD-20 concentration-dependent fluorescent spectral
change of the detection system; (b) 5-TD-20 concentration-dependent fluorescent signal change at 485 nm.

The insert in (a) shows the fluorescence spectral change in the 5-TD-20 concentration range of 0-100 pM; The
insert in (b) shows the fluorescence signal change at 485 nm in the 5-TD-20 concentration range of 0.05 fM-100
pM. The solid line represents a linear fit to the data. All experiments were performed in triplicate.

hindrance of the hybridization between target DNA sequence and the linear padlock probe. The fact that signif-
icant fluorescence enhancement could still be observed even when the double-stranded structure was increased
to 30 base pairs might preclude the possibility of a transient dissociation of the double-stranded structure. That
is to say, the 3’ — 5 exonuclease activity of Phi29 DNA polymerase is valid for both single- and double-stranded
DNA. This finding greatly increases the possibility of the proposed ED-eRCA strategy for practical applications.
This finding might also be useful for the future design of RCA strategies. That is, to reduce the effect of Phi29
DNA polymerase-triggered primer degradation on amplification efficiency, a primer with a well-designed 3’-tail
could be used. To achieve an optimal performance, the Phi29 DNA polymerase concentration should be carefully
selected to equilibrate its exonuclease activity and polymerase activity according to different demands.

Sensitivity of ED-eRCA for target DNA detection. The aforementioned experiments demonstrate that
the proposed ED-eRCA strategy can be used for the detection of target DNA embedded in DNA fragments.
Using 5-TD-20 as the model DNA fragment, the sensitivity of the ED-eRCA method was evaluated. As shown in
Fig. 5, the fluorescence signal of the detection system continuously increased with 5-TD-20 concentration. On the
logarithmic scale, a linear relationship (R?=0.9983) was observed between the fluorescence signal and 5-TD-20
concentration in the range of 0.05 fM-100 pM. The linear regression equation was F =43.32 + 8.821gC (pM) and
the detection limit was estimated to be 0.02 fM (30/S), which was much lower than that given by ED-RCA with a
linear amplification manner (1.48 pM, Figure S3). In the same way, DNA concentration-dependent fluorescence
responses were also studied for three other DNA fragments and their mixture (Figures S4-S7). Interestingly, all of
the four DNA fragments and their mixture could be quantitated in similar linear detection ranges, and no great
difference was observed among the obtained linear regression equations (Figure S8 and Table S2). These results
reveal that the proposed method can be used for the quantitation of the mixture of different lengths of DNA frag-
ments containing target DNA sequence.

SNP detection. SNPs are single-nucleotide variations in gene sequences. As the most abundant form of
genetic variation, SNPs are the genetic basis of some diseases and are associated with drug resistance. SNP iden-
tification is crucial for not only genetic basis elucidation of complex human diseases but also the development
of personalized medicine. To determine whether the proposed method could be used to identify SNPs or not, a
C base in the middle of the target DNA sequence was replaced by G, A or T to generate three 5-TD-20 mutants.
When these mutants were used, a mismatched base pair occurs at the ligation site, thus the linear padlock probe
cannot be ligated to form a circular RCA template and the subsequent RCA reaction cannot be initiated. As shown
in Fig. 6, only perfectly matched 5-TD-20 could give strong fluorescence enhancement, none of the three mutants
could lead to an obvious fluorescence change compared to the blank control. Overall, target DNA-triggered cir-
cularization of the padlock probe confers the detection system with extraordinarily high specificity”, allowing the
proposed method to easily identify SNPs embedded in long genomic DNA.

Application to the detection of human pathogen genes. Finally, to evaluate the feasibility of the
ED-eRCA strategy in practical applications, genomic DNA extracted from C. neoformans was detected. As a
basidiomycete fungus, C. neoformans is an opportunistic human pathogen that primarily infects immunocom-
promised individuals, such as individuals with AIDS, organ transplant recipients and patients receiving high
doses of corticosteroid treatment*®->. The major clinical manifestation of cryptococcosis is life-threatening
meningoencephalitis, which is one of the most important HIV-related opportunistic infections, especially in the
developing world®'. Herein, to achieve the detection of C. neoformans, a padlock probe targeting a 23-nucleotide
sequence in its virulence gene was designed (Table S3). When the pathogen genomic DNA was fragmented by
ultrasonication, the padlock probe could hybridize with the DNA fragments containing target DNA sequence
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Figure 7. Detection of C. neoformans genomic DNA by ED-eRCA.

and be ligated by T4 DNA ligase to form a circular RCA template. Although different target DNA-containing
fragments might contain different lengths of 3-tails, all of them may be converted to RCA primer to initiate the
RCA reaction since all the 3’-tails would be cut off by the 3’ — 5’ exonuclease activity of Phi29 DNA polymerase.
As expected, C. neoformans genomic DNA concentration-dependent fluorescence enhancement was given by
the detection system and the lowest detection concentration was 0.001 ng/uL (the red columns in Fig. 7). On
the contrary, there is nearly no signal without ultrasonication (the blue column in Fig. 7). These results strongly
demonstrate the feasibility of the proposed ED-eRCA method for the detection of target DNA embedded in long
genomic DNA.

Conclusion

In summary, by utilizing the dual functions of Phi29 DNA polymerase, 3’ — 5’ exonuclease activity and pol-
ymerase activity, an ED-eRCA method was developed for the detection of target DNA embedded in long
genomic DNA. In this method, long genomic DNA is cut into small DNA fragments by ultrasonication. The
target DNA-containing fragments play two roles: triggering the formation of circular RCA template and initiating
the subsequent RCA reaction. Multiple functions of reaction components, combined with the greatly enhanced
amplification efficiency of exponential RCA and label-free but highly specific detection of amplification products,
confer the proposed ED-eRCA with the ability of highly sensitive and sequence-specific detection of target DNA
embedded in different lengths of DNA fragments. Its feasibility for target DNA detection in long genomic DNA
was demonstrated by using human pathogen C. neoformans as a model. This method was also demonstrated to
be applicable for highly specific identification of SNPs occurring in long DNA fragments. This method has great
application potential in a variety of areas such as environmental monitoring, food safety control, and clinical
diagnosis. As byproducts, another two important discoveries were reported in this work. One is that the presence
of a 3’-tail can protect the RCA primer from degradation by Phi29 DNA polymerase, thus can help to improve
the amplification yields. The other is that 3’ — 5’ exonuclease activity of Phi29 DNA polymerase can work for
both single- and double-stranded DNA. These findings might be useful in further improving the sensitivity of
RCA-based sensing platforms and to find new applications for Phi29 DNA polymerase.
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Methods

Materials and reagents. All oligonucleotides (Table S1) were purchased from Sangon Biotech. Co. Ltd.
(Shanghai, China). Their concentrations were represented as single-stranded concentrations, which were calcu-
lated by measuring the UV absorbance at 260 nm. Molar extinction coeflicient was determined by OligoAnayzer
3.1 software provided in the following website (http://sg.idtdna.com/calc/analyzer). Thioflavin T (3,6-dime-
thyl-2-(4-dimethylaminophenyl)benzo-thiazolium cation, ThT) was obtained from Sigma-Aldrich (Shanghai,
China). T4 DNA ligase, Phi29 DNA polymerase, nicking endonuclease Nb.BbvCI, deoxyribonucleoside
5’-triphosphate mixture (ANTPs) and exonuclease I (Exo I) were obtained from New England Biolabs (Beijing,
China). Agarose, ethidium bromide (EB), ammonium persulfate, DNA Marker IV and D2000 were obtained from
Tiangen Biotech. Co. Ltd. (Beijing, China). N,N,N’,N’-tetramethylethylenediamine (TEMED) was obtained from
Beyotime (Shanghai, China). 30% Acr-Bis (29:1) was obtained CWBIO (Beijing, China). Loading buffer (0.25% of
bromophenol blue, 0.25% of xylene cyanol, 30% of glycerol and 10 mM of EDTA) and DNA ladder marker were
obtained from Takara (Dalian, China). All chemical reagents were of analytical grade and used without further
purification.

Exonucleolytic digestion-triggered exponential rolling circle amplification (ED-eRCA).  Circular
RCA template was prepared in 20 pL reaction mixture containing 1 x T4 DNA ligase buffer (50 mM Tris-HCI,
10 mM MgCl,, 1 mM ATP, pH 7.5), 500 nM linear padlock probe and different concentrations of target
DNA-containing oligonucleotide. To ensure that padlock probe can fully hybridize with target DNA, the mixture
was heated at 95 °C for 5min, and then cooled to 37°C and incubated at this temperature for 0.5h. After addition
0f 20 U of T4 DNA ligase, the mixture was allowed to incubate at 16 °C for 4 h to ensure that the 5'-phosphate and
3’-hydroxyl ends of linear padlock probe can be ligated to form a circular template. Above mixture was prepared
in 1 x Phi29 DNA polymerase buffer (50 mM Tris-HCI, 10 mM (NH,),SO4, 4mM DTT, pH 7.5), 3 ug/mL of BSA,
250uM each ANTP, 5 U Phi29 DNA polymerase, 5 U Nb.BbvCI and deionized water. The obtained 100 pL reac-
tion mixture was incubated at 30 °C for 5h to perform RCA reaction. Then, 8 uM ThT (final concentration) was
added and sufficiently mixed. Corresponding fluorescence signal of the mixture was measured on a Shimadzu
RF-5301pc fluorescence spectrometer (Shimadzu Ltd., Japan). The emission spectra were collected from 450 nm
to 620 nm using 425 nm as the excitation wavelength, and the fluorescence signal intensity at 485 nm was used for
quantitative analysis of target DNA-containing DNA fragments.

Non-denaturing polyacrylamide gel electrophoresis (PAGE) analysis of RCA template produc-
tion and the 3’ — 5’ exonuclease activity of Phi29 DNA polymerase. Target DNA-assisted circular
RCA template formation was verified by non-denaturing PAGE analysis. 20 pL ligation reaction solution was
mixed with 4 pL loading buffer. The mixture was loaded onto a 18% polyacrylamide gel, and PAGE analysis
was carried out in 1 x TBE buffer (89 mM of tris-boric acid, 2.0 mM of EDTA, pH 8.3) at a constant potential of
120V for 1h. After staining by EB solution for 30 min, the gel was photographed by a gel documentation system
(Huifuxingye, Beijing, China). The 3’ — 5’ exonuclease activity of Phi29 DNA polymerase was also demonstrated
by non-denaturing PAGE analysis. Solutions containing individual target DNAs (5-TD-20, TD-60 or TD-31S5)
were heated at 95°C for 5min, and then cooled to 37 °C and incubated at this temperature for 0.5h. After incu-
bating with 0.5 or 1 U/pL Phi29 DNA polymerase at 30 °C for 10 h, non-denaturing PAGE analysis was conducted
as above.

Agarose gel electrophoresis analysis of RCA products. RCA products were separated and analyzed by
agarose gel electrophoresis. Similar to PAGE analysis, RCA reaction solution (15 pL) was sufficiently mixed with
3L loading buffer. The mixture was loaded onto a 2% agarose gel, and the electrophoresis analysis was carried
out in 1 x TBE buffer at a constant potential of 70V for 1 h. After staining by EB solution for 30 min, the gel was
photographed using the gel documentation system.

Circular dichroism (CD) spectra analysis of RCA products. CD spectral analysis was used to demon-
strate the formation of G-quadruplex structure in RCA products. 3 mL RCA reaction mixture was collected and
its CD spectrum was recorded between 220 and 320 nm in 1 cm path length cuvette on a Jasco J-715 spectropola-
rimeter at room temperature. Spectra were averaged from three scans, which were recorded at 100 nm/min with
aresponse time of 1s and a bandwidth of 0.5nm.

Pathogen genomic DNA analysis. Cryptococcus neoformans var. neoformans strain JEC21 (serotype D)
was the generous gift of Prof. Xudong Zhu (Nankai University, Tianjin, China). Corresponding cryptococcal
genomic DNA was extracted according to the protocol described by Casadevall and Perfect™ and quantified by
measuring the UV absorbance at 260 nm. Then, the extracted genomic DNA was treated with ultrasonication at
0°C using 40 consecutive 30s-on/30s-off cycles at low power (KQ-300 DE numerical control ultrasonic cleaners,
China) to fragment the long DNA chains. The obtained short DNA fragments were diluted with Tris-HCI buffer
(20mM, pH 7.4) to different concentrations and were analyzed by the proposed ED-eRCA method as above
described.

References
1. Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and disease. Nature 461, 1071-1078 (2009).
2. Husale, S., Persson, H. H. J. & Sahin, O. DNA nanomechanics allows direct digital detection of complementary DNA and microRNA
targets. Nature 462, 1075-1079 (2009).
3. Hacia, J. G., Brody, L. C., Chee, M. S., Fodor, S. P. A. & Collins, E. S. Detection of heterozygous mutations in BRCA1 using high
density oligonucleotide arrays and two-color fluorescence analysis. Nat. Genet. 14, 441-447 (1996).
4. Dahl, E et al. Circle-to-circle amplification for precise and sensitive DNA analysis. Proc. Natl. Acad. Sci. USA 101, 4548-4553 (2004).

SCIENTIFICREPORTS|7:6373| DOI:10.1038/541598-017-06594-1 8


http://S1
http://sg.idtdna.com/calc/analyzer

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. Gerasimova, Y. V. & Kolpashchikov, D. M. Enzyme-assisted target recycling (EATR) for nucleic acid detection. Chem. Soc. Rev. 43,

6405-6438 (2014).

. Yu, C.-Y,, Yin, B.-C., Wang, S. L., Xu, Z. G. & Ye, B.-C. Improved ligation-mediated PCR method coupled with T7 RNA polymerase

for sensitive DNA detection. Anal. Chem. 86,7214-7218 (2014).

. Wang, N, Kong, D.-M. & Shen, H.-X. Amplification of G-quadruplex DNAzymes using PCR-like temperature cycles for specific

nucleic acid and single nucleotide polymorphism detection. Chem. Commun. 47, 1728-1730 (2011).

. Monsur Ali, M. et al. Rolling circle amplification: a versatile tool for chemical biology, materials science and medicine. Cherm. Soc.

Rev. 43, 3324-3341 (2014).

. Lizardi, P. M. et al. Mutation detection and single-molecule counting using isothermal rolling-circle amplification. Nat. Genet. 19,

225-232 (1998).

Song, W. L., Zhang, Q. & Sun, W. B. Ultrasensitive detection of nucleic acids by template enhanced hybridization followed by rolling
circle amplification and catalytic hairpin assembly. Chem. Commun. 51, 2392-2395 (2015).

Zuo, X. L., Xia, E, Xiao, Y. & Plaxco, K. W. Sensitive and selective amplified fluorescence DNA detection based on Exonuclease III-
aided target recycling. J. Am. Chem. Soc. 132, 1816-1818 (2010).

Tao, C. Y. et al. A new mode for highly sensitive and specific detection of DNA based on exonuclease I1I-assisted target recycling
amplification and mismatched catalytic hairpin assembly. Chem. Commun. 51, 4220-4222 (2015).

Zou, B. ], Song, Q. X., Wang, J. P, Liu, Y. L. & Zhou, G. H. Invasive reaction assisted strand-displacement signal amplification for
sensitive DNA detection. Chem. Commun. 50, 13722-13724 (2014).

Zhang, L.-R., Zhu, G. C. & Zhang, C.-Y. Homogeneous and label-free detection of MicroRNAs using bifunctional strand
displacement amplification-mediated hyperbranched rolling circle amplification. Anal. Chem. 86, 6703-6709 (2014).

Du, Y.-C., Zhu, L.-N. & Kong, D.-M. Label-free thioflavin T/G-quadruplex-based real-time strand displacement amplification for
biosensing applications. Biosens. Bioelectron. 86, 811-817 (2016).

Du, Y.-C,, Jiang, H.-X., Huo, Y.-E, Han, G.-M. & Kong, D.-M. Optimization of strand displacement amplification-sensitized
G-quadruplex DNAzyme-based sensing system and its application in activity detection of uracil-DNA glycosylase. Biosens.
Bioelectron. 77,971-977 (2016).

Liu, P. et al. Enzyme-free colorimetric detection of DNA by using gold nanoparticles and hybridization chain reaction amplification.
Anal. Chem. 85, 7689-7695 (2013).

Huang, J. H. et al. Molybdenum disulfide-based amplified fluorescence DNA detection using hybridization chain reactions. J. Mater.
Chem. B 3, 2395-2401 (2015).

Yang, L. L. et al. Highly selective and sensitive electrochemiluminescence biosensor for p53 DNA sequence based on nicking
endonuclease assisted target recycling and hyperbranched rolling circle amplification. Anal. Chem. 88, 5097-5103 (2016).

Kiesling, T. et al. Sequence specific detection of DNA using nicking endonuclease signal amplification (NESA). Nucleic Acids Res.
35,117 (2007).

Zhao, Y., Chen, F, Li, Q, Wang, L. & Fan, C. Isothermal amplification of nucleic acids. Chem. Rev. 115, 12491-12545 (2015).
Johne, R., Miiller, H., Rector, A., van Ranst, M. & Stevens, H. Rolling-circle amplification of viral DNA genomes using phi29
polymerase. Trends Microbiol. 17,205-211 (2009).

Jiang, H.-X., Zhao, M.-Y., Niu, C.-D. & Kong, D.-M. Real-time monitoring of rolling circle amplification using aggregation-induced
emission: applications in biological detection. Chem. Commun. 51, 16518-16521 (2015).

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).

Smolina, I, Lee, C. & Frank-Kamenetskii, M. Detection of low-copy-number genomic DNA sequences in individual bacterial cells
by using peptide nucleic acid-assisted rolling-circle amplification and fluorescence in situ hybridization. Appl. Environ. Microb. 73,
2324-2328 (2007).

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).

Dong, H. et al. Highly sensitive and selective chemiluminescent imaging for DNA detection by ligation-mediated rolling circle
amplified synthesis of DNAzyme. Biosens. Bioelectron. 41, 348-353 (2013).

Xu, W. et al. Ultrasensitive colorimetric DNA detection using a combination of rolling circle amplification and nicking
endonuclease-assisted nanoparticle amplification (NEANA). Small 8, 1846-1850 (2012).

Schopf, E. & Chen, Y. Attomole DNA detection assay via rolling circle amplification and single molecule detection. Anal. Biochem.
397, 115-117 (2010).

Liu, M. et al. A graphene-based biosensing platform based on the release of DNA probes and rolling circle amplification. ACS Nano
8, 5564-5573 (2014).

Hong, C., Baek, A., Hah, S. S., Jung, W. & Kim, D.-E. Fluorometric detection of microRNA using isothermal gene amplification and
graphene oxide. Anal. Chem. 88,2999-3003 (2016).

Jiang, H.-X., Liang, Z.-Z., Ma, Y.-H., Kong, D.-M. & Hong, Z.-Y. G-quadruplex fluorescent probe-mediated real-time rolling circle
amplification strategy for highly sensitive microRNA detection. Anal. Chim. Acta 943, 114-122 (2016).

Khare, V. & Eckert, K. A. The proofreading 3’ — 5’ exonuclease activity of DNA polymerases: a kinetic barrier to translesion DNA
synthesis. Mutat. Res. 510, 45-54 (2002).

de Vega, M., Lazaro, J. M., Salas, M. & Blanco, L. Primer-terminus stabilization at the 3’-5’ exonuclease active site of 29 DNA
polymerase. Involvement of two amino acid residues highly conserved in proofreading DNA polymerases. EMBO J. 15, 1182-1192
(1996).

Larsson, C. et al. In situ genotyping individual DNA molecules by target-primed rolling-circle amplification of padlock probes. Nat.
Methods 1,227-232 (2004).

Lagunavicius, A., Kiveryte, Z., Zimbaite-Ruskuliene, V., Radzvilavicius, T. & Janulaitis, A. Duality of polynucleotide substrates for
Phi29 DNA polymerase: 3’-5' RNase activity of the enzyme. RNA 14, 503-513 (2008).

Lagunavicius, A. et al. Novel application of Phi29 DNA polymerase: RNA detection and analysis in vitro and in situ by target RNA-
primed RCA. RNA 15, 765-771 (2009).

Merkiene, E., Gaidamaviciute, E., Riauba, L., Janulaitis, A. & Lagunavicius, A. Direct detection of RNA in vitro and in situ by target-
primed RCA: The impact of E. coli RNase III on the detection efficiency of RNA sequences distanced far from the 3’-end. RNA 16,
1508-1515 (2010).

Liu, M., Zhang, W. Q., Zhang, Q., Brennan, J. D. & Li, Y. F. Biosensing by tandem reactions of structure switching, nucleolytic
digestion, and DNA amplification of a DNA assembly. Angew. Chem. Int. Ed. 54, 9637-9641 (2015).

Banér, J., Nilsson, M., Mendel-Hartvig, M. & Landegren, U. Signal amplification of padlock probes by rolling circle replication.
Nucleic Acids Res. 26, 5073-5078 (1998).

Mobhanty, J. et al. Thioflavin T as an efficient inducer and selective fluorescent sensor for the human telomeric G-quadruplex DNA.
J. Am. Chem. Soc. 135, 367-376 (2013).

Zhao, D., Dong, X., Jiang, N., Zhang, D. & Liu, C. Selective recognition of parallel and anti-parallel thrombin-binding aptamer
G-quadruplexes by different fluorescent dyes. Nucleic Acids Res. 42,11612-11621 (2014).

de la Faverie, A. R, Guédin, A., Bedrat, A., Yatsunyk, L. A. & Mergny, J.-L. Thioflavin T as a fluorescence light-up probe for G4
formation. Nucleic Acids Res. 42, e65 (2014).

SCIENTIFICREPORTS|7:6373| DOI:10.1038/541598-017-06594-1 9



www.nature.com/scientificreports/

44. Liu, H. Y. et al. High specific and ultrasensitive isothermal detection of microRNA by padlock probe-based exponential rolling circle
amplification. Anal. Chem. 85,7941-7947 (2013).

45. Zhang, L., Zhu, G. & Zhang, C. Homogeneous and label-free detection of microRNAs using bifunctional strand displacement
amplification-mediated hyperbranched rolling circle amplification. Anal. Chem. 86, 6703-6709 (2014).

46. Dean, E B., Nelson, J. R,, Giesler, T. L. & Laksen, R. S. Rapid amplification of plasmid and phage DNA using Phi29 DNA polymerase
and multiply-primed rolling circle amplification. Genome Res. 11, 1095-1099 (2001).

47. Nilsson, M. et al. Padlock probes: Circularizing oligonucleotides for localized DNA detection. Science 265, 2085-2088 (1994).

48. Mitchell, T. G. & Perfect, J. Cryptococcosis in the era of AIDS-100 years after the discovery of cryptococcus neoformans. CIi.
Microbiol. Rev. 8, 515-548 (1995).

49. Brown, G. D., Denning, D. W. & Levitz, S. M. Tackling human fungal infections. Science 336, 647-647 (2012).

50. Zhu, X. D. & Williamson, P. R. A CLC-type chloride channel gene is required for laccase activity and virulence in cryptococcus
neoformans. Mol. Microbiol. 50, 1271-1281 (2003).

51. Park, B.]. et al. Estimation of the current global burden of cryptococcal meningitis among persons living with HIV/AIDS. AIDS 23,
525-530 (2009).

52. Casadevall, A. & Perfect, . Cryptococcus Neoformans. Washington DC: American Society for Microbiology Press (1998).

Acknowledgements
This work was supported by the National Natural Science Foundation of Tianjin (No. 16JCYBJC19900) and the
National Natural Science Foundation of China (No. 21322507).

Author Contributions

D.-M.K. conceived and designed the experiments, X.-Y.L. performed all assays, analysed the data, and wrote
the main manuscript text. D.-M.K. revised the manuscript. D.-M.K,, X.-Y.L., Y.-C.D. and Y.-P.Z. reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-06594-1

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:6373| DOI:10.1038/541598-017-06594-1 10


http://dx.doi.org/10.1038/s41598-017-06594-1
http://creativecommons.org/licenses/by/4.0/

	Dual functional Phi29 DNA polymerase-triggered exponential rolling circle amplification for sequence-specific detection of  ...
	Results and Discussion

	Detection of target DNA embedded in DNA fragments by exponential exonucleolytic digestion-assisted RCA. 
	Effects of protruding tails on ED-eRCA. 
	Sensitivity of ED-eRCA for target DNA detection. 
	SNP detection. 
	Application to the detection of human pathogen genes. 

	Conclusion

	Methods

	Materials and reagents. 
	Exonucleolytic digestion-triggered exponential rolling circle amplification (ED-eRCA). 
	Non-denaturing polyacrylamide gel electrophoresis (PAGE) analysis of RCA template production and the 3′ → 5′ exonuclease ac ...
	Agarose gel electrophoresis analysis of RCA products. 
	Circular dichroism (CD) spectra analysis of RCA products. 
	Pathogen genomic DNA analysis. 

	Acknowledgements

	Figure 1 Working mechanism of ED-RCA for detection of target DNA embedded long-stranded genome.
	Figure 2 (a) Non-denaturing PAGE assay of circularization products produced under different conditions.
	Figure 3 (a) Fluorescence and (b) agarose gel electrophoresis assay of 5-TD-20-triggered ED-RCA reaction systems.
	Figure 4 ED-eRCA analysis for different target DNA-containing fragments.
	Figure 5 5-TD-20 quantitation using ED-eRCA.
	Figure 6 ED-eRCA-based SNPs detection.
	Figure 7 Detection of C.


