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Strand displacement activated peroxidase activity
of hemin for fluorescent DNA sensingt

Quanbo Wang,? Nan Xu,? Zhen Gui,? Jianping Lei,® Huangxian Ju*® and Feng Yan*®

To efficiently regulate the catalytic activity of the peroxidase mimic hemin, this work designs a double-
stranded DNA probe containing an intermolecular dimer of hemin, whose peroxidase activity can be acti-
vated by a DNA strand displacement reaction. The double-stranded probe is prepared by annealing two
strands of hemin labelled DNA oligonucleotides. Using the fluorescent oxidation product of tyramine by
H,0O, as a tracing molecule, the low peroxidase activity of the hemin dimer ensures a low fluorescence
background. The strand displacement reaction of the target DNA dissociates the hemin dimer and thus
significantly increases the catalytic activity of hemin to produce a large amount of dityramine for fluor-
escence signal readout. Based on the strand displacement regulated peroxidase activity, a simple and sen-
sitive homogeneous fluorescent DNA sensing method is proposed. The detection can conveniently be
carried out in a 96-well plate within 20 min with a detection limit of 0.18 nM. This method shows high
specificity, which can effectively distinguish single-base mismatched DNA from perfectly matched target
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Introduction

Benefitting from the powerful programmable capability, DNA
has been assembled into complex three-dimensional struc-
tures,"* drug transportable nano-capsules®* or stimuli-respon-
sive hydrogels.””” The DNA-guided assembly of nanomaterials
has  been used to  fabricate  three-dimensional
nanostructures® " or develop sensors for small molecules and
nucleic acids.">™® The space distribution of nanomaterials on
the DNA templates can be precisely controlled for the design
of a signal switch."®?° Thus, the DNA-guided assembly of
enzymes has become an emerging area.*’ >°

In order to improve the catalytic properties of horseradish
peroxidase (HRP), which is extensively utilized in electrochemi-
cal, photoelectrochemical or fluorescence sensing,**° DNA
nanostructures have been used as a template to assemble
enzyme nanocomplexes.*’>> For instance, assembling HRP
and glucose oxidase on a DNA template and then encapsu-
lating them within a thin polymer shell can afford improved
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determination of various DNA analytes.

catalytic efficiency.>® As the active cofactor of HRP, hemin
is a promising peroxidase mimic.*'™® Its catalytic activity
can be enhanced by the formation of G-quadruplex/hemin
DNAzyme,** > or its adsorption on some carbon nano-
materials.*®*” Our previous work demonstrated the formation
of an intramolecular dimer of hemin by labelling two ends of
an oligonucleotide with two hemin molecules and proposed a
hybridization strategy to regulate the peroxidase activity of
hemin for detection of the target DNA.*® However, the circular
probe showed limited ability to distinguish single-base mis-
matched DNA from perfectly matched target DNA. To address
this problem, this work further designs an intermolecular
dimer of hemin labelled on two oligonucleotides and intro-
duces DNA strand displacement to achieve the regulation of
the peroxidase activity (Scheme 1).

DNA strand displacement can occur when a short single-
stranded DNA in a double-stranded DNA complex is displaced
by another long single-stranded DNA, usually with the help of
a toehold.**** It has been used for biosensing of both nucleic
acids and proteins.**™*” Here the strand displacement with
target DNA leads to the dissociation of a double-stranded DNA
probe (Scheme 1A). The probe was prepared with two pieces of
hemin labelled ssDNA. The neighbouring two hemin mole-
cules on the double-stranded probe formed a hemin dimer
with low peroxidase activity. After the strand displacement
with target DNA, two pieces of hemin labelled ssDNA were
separated to dissociate the hemin dimer and form highly
active hemin monomers. Using the oxidation reaction of

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/analyst
http://crossmark.crossref.org/dialog/?doi=10.1039/c5an01206f&domain=pdf&date_stamp=2015-09-07

Analyst

olgo probe target DNA / -
oligo2 ——& —_— s — — L.

low catalytic activity

@ Lk

0 /H,0,

10 min

high catalytic activity

1\ 10 min

@ hemin ¢ non-fluorescenttyramine ¢ fluorescentdityramine

Scheme 1 Schematic illustration of (A) target DNA-strand displacement
reaction regulated catalytic activity of the double-stranded probe, and
(B) homogeneous fluorescence strategy for DNA sensing in a 96-well
plate.

non-fluorescent tyramine by hydrogen peroxide (H,O,) as a
model, the total signal derived from the enzymatic catalysis of
hemin produced fluorescent dityramine (Scheme S1, ESIT).
The reaction possessed quick dynamics and could be com-
pleted within 10 min, leading to a relatively fast fluorescence
method for target DNA detection (Scheme 1B). The detection
of DNA could be conveniently carried out in a 96-well plate
with high specificity and high-throughput, indicating its prom-
ising applicability in complex samples.

Experimental
Materials and reagents

Tyramine and tris(hydroxymethyl) aminomethane (tris) were
purchased from Sigma-Aldrich Inc. (USA). Opti-MEM reduced-
serum medium (Item no. 31985-070) was obtained from
Thermo Fisher Scientific (USA). Tris-HCI buffer (50 mM, con-
taining 200 mM NacCl, pH 7.4) was used for homogeneous fluo-
rescence measurements. All other reagents were of analytical
grade and used without further purification. Ultrapure water
obtained from a Millipore water purification system (>18 MQ,
Milli-Q, Millipore) was used in all assays. All oligonucleotides
were synthesized and purified using high-performance liquid
chromatography by TAKARA Biotechnology (Dalian, China),
and their sequences are listed below:
Oligonucleotide 1 (oligo 1): 5-GTCTGTTTGAGGTTGCT-
hemin-3’
oligo 2:
oligo 3:
oligo 4:
oligo 5:
oligo 6:
oligo 7:

5-hemin-AGCAACCTCAAACAGACACCATGG-3’
5-GGTGTCTGTTTGAGGTTGCT-hemin-3'
5-GTGTCTGTTTGAGGTTGCT-hemin-3’
5-TGTCTGTTTGAGGTTGCT-hemin-3’
5-TCTGTTTGAGGTTGCT-hemin-3’
5-CTGTTTGAGGTTGCT-hemin-3’

oligo 8: 5-TGTTTGAGGTTGCT-hemin-3'

oligo 9: 5-GTTTGAGGTTGCT-hemin-3’

Target DNA: 5-CCATGGTGTCTGTTTGAGGTTGCT-3'

This journal is © The Royal Society of Chemistry 2015
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Single-base mismatched target 1 (smT1):

TTGAGGTTGCT-3'

smT2: 5'-CCATCGTGTCTGTTTGAGGTTGCT-3'

smT3: 5'-CCATGGTCTCTGTTTGAGGTTGCT-3'

smT4: 5'-CCATGGTGTCTGTTTCAGGTTGCT-3'

smT5: 5'-CCATGGTGTCTGTTTGACGTTGCT-3'

smT6: 5'-CCATGGTGTCTGTTTGAGGTTCCT-3'

Here, oligo 1 and oligos 3-9 were labelled with hemin
at their 3’ ends, while oligo 2 was labelled with hemin at its
5" end. Oligos 1-9 were characterized by mass spectroscopy
(Fig. S1-9, ESI}). Single-base mismatched targets with
different mismatched positions were named smT1-6, and mis-
matched bases are highlighted in underlined letters.

5-CCATGGTGTCTCT

Instrumentation

Fluorescence data were recorded on a Varioskan Flash multi-
mode reader (Thermo Scientific, USA). To measure the fluo-
rescence signal of dityramine, the excitation and emission
wavelengths were set to 320 and 410 nm, respectively, and the
excitation bandwidth was set to 5 nm. UV-vis absorption
spectra were obtained with a UV-3600 UV-vis-NIR spectropho-
tometer (Shimadzu, Japan). Mass spectra were recorded on an
Autoflex III Smartbeam mass spectrometer (Bruker, Germany).

Preparation of the double-stranded probe

Firstly, a 200 pL mixture containing oligo 1 (21 uM) and oligo 2
(21 pM) in 50 mM Tris-HCI buffer (pH 7.4, containing 100 mM
NaCl) was heated at 90 °C for 10 min, and gradually cooled
down to room temperature. The prepared double-stranded
probe was then diluted with 50 mM Tris-HCI buffer (pH 7.4,
containing 100 mM NacCl) to the concentration of 1 uM and
stored at 4 °C before use.

Optimization of detection conditions

A series of Tris-HCI buffers (50 mM) containing 100 mM NacCl
were prepared at pH 6.5, 7.0, 7.4, 8.0, 8.5 and 9.0 to optimize
the detection buffer, while the buffers (50 mM, pH 7.4) con-
taining different concentrations of NaCl were prepared to opti-
mize the NaCl concentration. The fluorescence signals were
recorded after adding 0.7 mM tyramine and 2.0 mM H,O, to
10 nM double-stranded probe in the presence and absence of
10 nM target DNA for 10 min. The maximum ratio of signal to
background was examined.

Similarly, 0.18, 0.35, 0.7, 1.4 or 2.8 mM of tyramine and
2.0 mM H,O, were added to the solution of 10 nM double-
stranded probe in the presence and absence of 10 nM target
DNA, and the fluorescence signals were recorded after a
10 min catalytic reaction to optimize the tyramine concen-
tration. The optimization of H,O, concentration was carried
out in a similar method.

Homogeneous fluorescence detection of DNA

In a 96-well plate, after 198 pL mixture of the double-stranded
probe (10.1 nM) and target DNA was incubated in 50 mM Tris-
HCI buffer (pH 7.4, containing 200 mM NacCl) at room tem-
perature for 10 min, 1.0 pL tyramine (140 mM) and 1.0 pL H,0,
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(400 mM) were added to initiate the catalytic reaction for
10 min. Finally, the fluorescence emission data at 410 nm
were recorded by using a plate reader at an excitation wave-
length of 320 nm.

Results and discussion
Structural change of the probe upon recognition of the target

To investigate the dissociation of the hemin dimer upon the
recognition of target DNA by the probe, UV-visible absorption
spectra of the probe in the absence or presence of the target
were obtained. The absorption spectrum of the double-
stranded probe showed a broadened peak at 378 nm (Fig. 1A,
curve a), which could be attributed to the formation of a face-
to-face hemin dimer.*® After mixing 1 pM double-stranded
probe with 1 pM target DNA to incubate for 10 min, the spec-
trum showed a sharp and red-shifted peak at 402 nm (Fig. 1A,
curve b), which was the characteristic peak of the hemin
monomer.’® After being mixed with target DNA, the absor-
bance of the double-stranded probe at 402 nm increased and
reached a plateau at 10 min (Fig. S10, curve blue, ESI{), indi-
cating that the dissociation of the hemin dimer could be com-
pleted within 10 min. The change of hemin absorption
suggested that the target DNA could displace the oligo 1 on
the double-stranded probe, and thus dissociate the hemin
dimer on the probe to hemin monomers.

Peroxidase activity change of the probe upon recognition to target

The fluorescence of dityramine was used to trace the change of
peroxidase activity of the double-stranded probe upon its reco-
gnition to target DNA. The fluorescence spectra were recorded
after mixing tyramine (0.7 mM) and H,0, (2.0 mM) with the
probe or the mixture of the probe and the target to initiate the
catalytic reaction for 10 min. In the absence of target DNA, the
fluorescence spectrum of the mixture of tyramine and H,O,
with 10 nM probe showed a low fluorescence peak at 410 nm
(Fig. 1B, curve a), which could be attributed to the weak cata-
lytic activity of the hemin dimer to produce a small quantity of
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Fig. 1 (A) UV-visible spectra of 1 pM double-stranded probe in the

absence (a) and the presence (b) of 1 pM target DNA. (B) Fluorescence
spectra of a mixture of 0.7 mM tyramine, and 2.0 mM H,0O, with 10 nM
double-stranded probe in the absence (a) and the presence (b) of 10 nM
target DNA or in the presence of 10 nM smT1 (c). Inset: fluorescence
kinetic curves of tyramine oxidation catalysed by the reaction product of
10 nM double-stranded probe without (a) and with (b) 10 nM target DNA
or smT1 (c).
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dityramine. After tyramine and H,0, were mixed with the
mixture of 10 nM probe and 10 nM target DNA for 10 min, the
fluorescence peak sharply increased (Fig. 1B, curve b), indicat-
ing the high peroxidase activity of the hemin monomers on
oligo 1 and oligo 2/target duplex due to the dissociation of the
hemin dimer after the strand displacement reaction of the
probe with target DNA. However, when using 10 nM single-
base mismatched target (smT1) to replace perfectly matched
target DNA, the fluorescence peak was far below that in the
presence of target DNA (Fig. 1B, curve c). Thus the double-
stranded probe could effectively distinguish the target DNA
and single-base mismatched target,”*™*> which could be used
to develop a highly specific DNA detection method.

As mentioned above, the hemin dimer showed weak cata-
Iytic activity, thus the fluorescence signal of the mixture of
tyramine (0.7 mM), H,O, (2.0 mM) and the double-stranded
probe (10 nM) showed a slightly increased fluorescence signal
at 410 nm over time (Fig. 1B inset, curve a). After hybridizing
10 nM double-stranded probe with 10 nM target DNA for
10 min, the fluorescence signal of a mixture of 0.7 mM tyra-
mine and 2.0 mM H,0, with the hybridization product at the
same reaction time increased obviously (inset in Fig. 1B, curve
b). The time-dependent curve gradually reached a plateau at
10 min, indicating a relatively fast enzymatic reaction kinetics.
The fluorescence signal of the mixture of tyramine and H,O,
with the hybridization product of the double-stranded probe
with smT1 (inset in Fig. 1B, curve c) only showed a minor
increment compared with the fluorescence signal in the
absence of the target, indicating excellent specificity of the
double-stranded probe.

Optimization of toehold length

The toehold length of the double-stranded probe in the strand
displacement reaction greatly influenced both the strand dis-
placement efficiency and the specificity of the probe. A series
of double-stranded probes with different toehold lengths were
prepared by hybridizing oligo 1 with hemin-labelled ssDNA
(oligo 2-9). Fig. 2 compares the fluorescence signals of the
hybridization products of probes with target DNA or smT1 in
the presence of H,O, and tyramine. The toehold length
showed a negligible effect on the signal catalyzed by the
double-stranded probe in the absence of the target (Fig. 2,
green). However, with the increasing toehold length from 4 to
11 nt, the fluorescence signal in the presence of target DNA
increased gradually and reached a plateau at 7 nt (Fig. 2, red),
indicating an increased strand displacement efficiency to
produce highly active hemin monomers. Absorbance kinetic
curves at 402 nm also suggested that the rate of the strand dis-
placement reaction increased with the elongation of the
toehold length, and a toehold length of 7 nt was adequate to
fully dissociate the hemin dimer to its monomers in 10 min
(Fig. S10, ESIt). In the presence of smT1, the fluorescence
signals did not obviously increase until the toehold length
reached 8 nt (Fig. 2, blue), which could be attributed to the
fact that the long toehold on the double-stranded probe
reduced the specificity of the strand displacement reaction.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Effect of the toehold length on the fluorescence signal of dityra-
mine formed in the presence of 10 nM double-stranded probe without
(green) and with (red) 10 nM target DNA or 10 nM smT1 (blue).

Thus an optimized toehold length of 7 nt was selected for
further experiments, at which the double-stranded probe could
be displaced by target DNA with high efficiency, and also effec-
tively discriminate smT1 from perfectly matched target DNA.
Notably, the optimized toehold length was a little longer than
the previously reported toehold-mediated stand displacement
reaction,*" which could be attributed to the strong face-to-face
n-7 interaction of the hemin dimer on the double-stranded
probe.

Optimization of detection conditions

The ratio of catalytic fluorescence signals of 10 nM double-
stranded probe in the presence or absence of 10 nM target
DNA was used to optimize the detection conditions (Fig. 3).
The pH and ion strength of reaction buffer influenced both
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Fig. 3 Effects of (A) pH, (B) NaCl, (C) tyramine and (D) H,O, concen-
trations on S/B, where S and B are fluorescence signals of the mixtures
of 0.7 mM tyramine, 2.0 mM H,O, with 10 nM double-stranded probe in
the presence and the absence of 10 nM target DNA, respectively.
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the strand displacement and enzymatic reaction rates. Similar
to our previous research, high NaCl concentrations decreased
the fluorescence signal due to the inhibited peroxidase activity
of hemin.*® The optimal pH and NaCl concentration were 7.4
and 200 mM, respectively (Fig. 3A and B). At 2.0 mM H,0,, the
ratio increased with the increasing tyramine concentration
and reached the maximum value at 0.7 mM (Fig. 3C). A higher
concentration of tyramine led to a high fluorescence back-
ground and a decreased ratio. Thus 0.7 mM tyramine was used
as the optimal condition, at which the maximum ratio
occurred at the H,O, concentration of 2.0 mM (Fig. 3D).

Detection of target DNA

The peroxidase activity change of hemin upon the recognition
of the double-stranded probe with target DNA to dissociate the
hemin dimer offered a method for homogeneous fluorescence
detection of DNA. The FL intensity was proportional to the
DNA concentration ranging from 0.25 to 10 nM (R = 0.995)
(Fig. 4A). The detection limit was estimated at 3¢ to be 0.18 nM.
The standard deviations for detection of six parallel target
DNA samples at 1.0, 5.0 and 10 nM are 4.8%, 7.2% and 1.5%,
respectively, indicating the acceptable reproducibility of the
proposed method. Compared with previously reported DNA
detection methods based on the G-quadruplex/hemin
DNAzyme,*** this method showed a lower detection limit
and much shorter detection time (Table S1, ESIf). The usage
of a plate reader to obtain the detection signal greatly simpli-
fied the sensing procedure and improved the detection
throughput.

Specificity of the detection method

The specificity of this protocol was investigated by comparing
the FL intensity increment in the presence of target DNA or
single-base mismatched targets with different mismatch posi-
tions (smT1-6). The FL intensity increment in the presence of
the single-base mismatched targets was much lower than that
of target DNA even in the 10-fold smT concentration (Fig. 4B),
indicating excellent specificity of this DNA detection method.
The specificity of this method was also examined by changing
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Fig. 4 (A) Fluorescence signals of dityramine formed in the presence of

10 nM double-stranded probe at 0.25, 1.0, 2.5, 3.8, 5.0, 7.5, 10, 25, 50
and 100 nM target DNA. Inset: calibration curve. (B) Fluorescence inten-
sity increment (AF) of 10 nM double-stranded probe with 10 nM comp-
lementary target or 10 nM (green) and 100 nM (red) single-base
mismatched targets (smT1-6).
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the mismatch position. The lowest specificity was obtained
with smT6 on which the mismatch position was far away from
the region complementary to the toehold of the double-
stranded probe. This could be attributed to the fact that the
mismatch position on the smT6 showed low influence on the
strand displacement reaction. Compared to the limited speci-
ficity of our previously reported circular probe,*® the introduc-
tion of DNA strand displacement in the probe design greatly
improved the specificity for single-base mismatched targets.

Detection of target DNA in cell medium

The feasibility of this method for the detection of target DNA
was verified with a cell medium. As supplemented in
Fig. S11,7 in 100-fold dilution of the cell medium containing
10 nM target DNA, this method showed a comparable response
to that in Tris-HCI buffer. The recovery of the detection was
calculated to be 103.4 + 2.3%. These results indicated the
potential application of this method for the detection of DNA
in complex samples.

Conclusions

This work designed an intermolecular dimer of hemin and a
method to effectively regulate the catalytic activity of the HRP
mimic hemin by a DNA strand displacement. The low peroxi-
dase activity of the hemin dimer formed on the double-
stranded probe ensured a low fluorescence background. The
strand displacement reaction of target DNA dissociated the
hemin dimer and thus significantly increased the catalytic
activity of hemin to produce a fluorescence signal. Based on
the strand displacement regulated peroxidase activity, a simple
and sensitive homogeneous fluorescence DNA sensing method
was proposed. This method showed high specificity, which
could effectively distinguish single-base mismatched targets
from perfectly matched target DNA. This work paved a promis-
ing way for tuning the catalytic activity of natural enzyme
mimics by designing switchable DNA structures. Also, the
double-stranded probe could be conveniently extended to
detect other analytes such as proteins after some modification.
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