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Abstract Characterization and optimization studies of N-
methyl-4-hydrazino-7-nitrobenzofurazan (MNBDH) as a
new fluorogenic substrate in the peroxidation reaction cata-
lyzed by DNAzyme are reported. The effects of pH, H,O,
concentration, metal-cation type, and the concentration and
type of surfactant on the fluorescence intensity were investi-
gated. The optimized reaction was subsequently used for the
development of an assay for DNA detection based on a
molecular-beacon probe. The use of a fluorogenic substrate
enabled the detection of a single-stranded DNA target with a
1 nmol L™" detection limit.

Keywords Bioanalytical methods - Fluorescence - Nucleic
acids - Molecular beacon - DNAzyme

Introduction

DNA is one of the most important molecules in living organ-
isms. In addition to its biological function of storing genetic
information, these macromolecules have proved to also be a
useful material for nanotechnology [1], medicine [2], biotech-
nology [3], and the development of sensing devices [4]. One
of the DNA systems that have attracted great attention is
DNAzyme, which has peroxidase-mimicking activity [5]. To
have catalytic activity, a DNA oligonucleotide must first adopt
a G-quadruplex structure and then form a complex with a
molecule of hemin. The peroxidase-mimicking DNAzyme
catalyzes the reaction between hydrogen peroxide and an
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organic substrate. Through the selection of a proper substrate,
this system can be successfully incorporated into new bioas-
says. Most of the developed assays are based on chemilumi-
nescence with luminol as a substrate or on a colorimetric
approach with 2,2 -azino-bis(3-ethylbenzthiazoline)-6-sulfon-
ic acid (ABTS) as a substrate [6—12]. Using these substrates,
several analytical systems have been designed for the detec-
tion of analytes including metal ions [6, 7], DNA se-
quences [8, 9], proteins [10], enzymes [11], and others [12,
13].

Compared with protein enzymes, DNAzymes have several
advantages that enable the development of simpler bioassays.
First, they are thermally stable, do not require strict refrigera-
tor storage, and can be heated even to 90 °C and cooled to
room temperature with no effect on their catalytic activity.
Second, DNA oligonucleotides are simple and cheap regard-
ing synthesis, multiplication (by PCR), and purification. One
of the most important advantages of deoxyribozymes, how-
ever, is their ability to hybridize. This makes it possible to
design systems with selected features. A good example of
such a system is a molecular-beacon probe (MB). Xiao et al.
reported a system for DNA-target detection based on a
molecular-beacon probe, which, after DNA-target hybridiza-
tion to the MB loop, formed a peroxidase-mimicking
DNAzyme that catalyzed ABTS oxidation [14]. This system
enabled DNA detection at a 0.2 pmol L™ concentration.

Enhancement of the analytical signal through DNAzyme
action and use of a colorimetric detection technique enables
the determination of analytes in the submicromolar concen-
tration range. However, medicine and molecular biology are
still seeking detection systems that enable the detection of
molecules at nano or even picomolar levels. One solution that
provides higher sensitivity is the use of fluorogenic substrates,
which emit fluorescence after oxidation by a DNAzyme. Two
fluorogenic substrates have been used in the development of
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peroxidase DNAzyme sensors. Zhang et al. reported the use of
thiamine in the detection of thrombin, with a detection limit of
1 pmol L' [15]. Other research groups focused on use of
Amplex Red in DNAzyme systems for the detection of throm-
bin [16], glucose-oxidase activity [16], or lead ions [17]. With
the use of this substrate, which oxidizes to the strongly fluo-
rescent molecule resorufine, it was possible to develop
methods for the analytes mentioned above with detection
limits in the nanomolar range. However, new substrates are
required for the development of sensitive biosensors.

In this paper we report a new fluorogenic substrate, N-
methyl-4-hydrazino-7-nitrobenzofurazan (MNBDH), which
can be oxidized to a fluorescing amino derivative (N-methyl-
4-amino-7-nitrobenzofurazan (MNBDA)) in the presence of a
DNAzyme with peroxidase-mimicking activity. MNBDH has
several advantages over other fluorogenic substrates, which
often require an alkaline pH and have a short excitation
maximum wavelength. Use of MNBDH to develop a new,
sensitive assay for DNA detection by a molecular-beacon
probe is also presented.

Materials and methods
Reagents

All DNA oligonucleotides were purchased from Genomed
S.A., Poland (HPLC purity) and were used without further
purification. The sequences of the oligonucleotides able to
form G-quadruplexes (G4 DNA) used in this study were:

PS2.M: 5'GTG GGT AGG GCG GGT TGG3’

HT: 5’ATT AGG GTT AGG GTT AGG GTT AGG G3'

MB: 5'CCCT ACCC AGCC TTAA CTGT AGTA
CTGG TGAA ATTG CTGC CATT TGGG TAGG GCGG
GTTG GG3' (the loop region of MB is in bold, the duplex
region of MB is in italic, and the G4-forming tract is
underlined).

The target DNA (analyte) had a sequence complementary
to a part of the MB probe: 5’AATG GCAG CAAT TTCA
CCAG TACT ACAG TTAA GGC3’

The concentration of DNA was quantified by UV-Vis spec-
troscopy with the following extinction coefficients at 260 nm
(mol 'L em 1): 4=15,400, T=8700, G=11,500, and C=7400
[18]. All other chemicals were purchased from Sigma-Aldrich
and were used without further purification. A hemin stock
solution (102 mol L™") was prepared in DMSO and stored in
the dark at 30 °C for up to one month.

Synthesis of N-methyl-4-hydrazino-7-nitrobenzofurazan
N-Methyl-4-hydrazino-7-nitrobenzofurazan (MNBDH) was

synthesized based on a procedure by Biildt and Karst [19],
modified as follows: to a solution of 4-chloro-7-
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nitrobenzofurazan (I mmol) in ethanol (5 mL),
methylhydrazine (1.23 mmol) in ethanol (1 mL) was added
dropwise. The reaction mixture was heated under reflux, with
stirring, for 20 min. Chloroform (5 mL) was added to the
suspension, and the solution was stirred at 60 °C for 60 min.
The product precipitated as red crystals after one day at room
temperature. The precipitate was removed by filtration and
washed with hexane. Recrystallization from a methanol-1,2-
dichloroethane mixture resulted in a pure product with a 57 %
yield. The purity of the product was confirmed by NMR and
HPLC measurements. 'H NMR (400 MHz, DMSO-dg+D,0):
d(ppm)=3.88 (s, 3H, N-CH3), 6.6-6.81 (m, 1H, Hy, ), 8.46 (d,
1H, H,, J=8.9 Hz).

HPLC measurements

The HPLC chromatograms were recorded on a Waters chro-
matograph with photodiode (Model 2988) and fluorescence
(Model 2475) detectors. The measurements were conducted
before and after MNBDH oxidation with hydrogen peroxide,
catalyzed by DNAzyme. The samples contained 10 pmol L™
MNBDH, 1 pmol L' G4 DNA, 10 mmol L ™" Tris-HCI (pH=
8.0), 10 mmol L' KCI, 10 mmol L' NH,CI, and 2 pmol L™
hemin. The chromatogram of the solution after the peroxidase
reaction was recorded 10 min after the addition of 5 mmol L™
H,0,. All measurements were conducted using gradient con-
ditions (10 % A, 90 % B—60 % A, 40 % B) consisting of
60 % 10 mmol L™ NaCl (solvent A) and 40 % acetonitrile
(solvent B).

DNAzyme-activity measurements

The characterization and optimization experiments were con-
ducted using a Cary Eclipse Fluorescence Spectrometer
(Agilent, Australia) and an M200 Microplate Reader (Tecan,
Austria). The PS2.M oligonucleotide, in a solution containing
10 mmol L' Tris—HCI buffer (pH=8.0), cations
(100 mmol L™' KCI, 400 mmol L™' CH;COONH,),
2 umol L™ hemin, and 0.05 % Triton X-100, was heated for
5 min at 95 °C to ensure the denaturation and proper folding of
the G-quadruplex. The mixture was cooled on ice for 15 min
and then incubated for another 15 min at room temperature.
After MNBDH addition (10 umol L") the solution was
incubated in the dark for another 30 min. The peroxidase
reaction was initiated by the addition of H,O, (1 mmol L ™).
The peroxidation reaction product MNBDA had strong fluo-
rescence at 540 nm with an excitation wavelength of 470 nm.
For the molecular-beacon system, the probe (MB) solution
was prepared and denatured as described above and, after
30 min incubation, a selected amount of analyte was added.
The hybridization between MB and the analyte was performed
for two hours. The next step involved the addition of the
hemin required for DNAzyme creation. After the addition of
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MNBDH and H,0O,, the fluorescence was monitored at
540 nm (Aexc=470 nm). The time-dependent fluorescence
data obtained were analyzed by calculating the initial rate of
reaction (V,;, measured in counts sfl) from the increase in the
fluorescence intensity (AF=F—F,, where F and F| are the
fluorescence intensity for the reaction catalyzed by DNAzyme
and by hemin alone, respectively) within an initial 0-30 s time
window. Error bars were calculated from n=3 experiments.

Melting profiles

The melting experiments were conducted on a Cary 300 UV-
Vis Spectrophotometer (Agilent, Australia). The investigated
systems contained 1 umol L™ G4 DNA, 10 mmol L™" Tris—
HCI (pH=8.0), and 100 mmol L™ KCI. The melting profiles
were recorded in the range 10-90 °C with a rate of 1 © min™"'
and a data interval of 0.5 °.

CD measurements

Before the CD measurements, sample solutions containing
1 umol L™" G4 DNA oligonucleotide, 10 mmol L™ Tris—
HCI (pH=8.0), and adequate cation were denatured at 95 °C
for 5 min and cooled on ice for 15 min. The CD spectra were
measured with a 100 nm min ™' scan speed and a 1 nm
bandwidth. All spectra were averaged from three scans.

Results and discussion

The catalytic effectiveness of the peroxidase-mimicking
DNAzyme system depends not only on the DNA sequence
and, more specifically, the G-quadruplex topology but also on
the reaction conditions [20]. Furthermore, each substrate may
require a different optimum set of conditions [21]. The opti-
mization is therefore the first and necessary step in the devel-
opment of sensors using new peroxidase substrates. MNBDH

Fig. 1 Scheme of the analytical
approach for DNA detection
based on a molecular-beacon
probe that consists of the PS2.M
sequence (domains B+C) and a
domainA4 that is complementary
to the analyte. The DNAzyme
formed by the probe after
analyte—-DNA hybridization is
able to catalyze MNBDH
oxidation to MNBDA

B

was first used as a substrate for horseradish peroxidase by
Meyer et al. [22]. This compound is nonfluorescent as a
hydrazine derivative, but it can be oxidized by H,0, in the
presence of HRP or DNAzyme to N-methyl-4-amino-7-
nitrobezofurazan (MNBDA), as shown in Fig. 1.

As mentioned in the experimental section, the original
procedure of MNBDH synthesis was modified to obtain a
higher yield (57 %). The product of the synthesis was charac-
terized by "H NMR (experimental section) and UV-Vis spec-
troscopy, and the purity was confirmed by HPLC.
Figures 2a, b show chromatograms for MNBDH only, and
Figs. 2¢, d show chromatograms for the reaction mixture after
oxidation catalyzed by DNAzyme. The first chromatogram
recorded with a diode-array detector (A=488 nm) yielded one
peak at Ri=3.4 min. This confirmed that the synthesized
product is pure, can be used without further purification, and
is not fluorescent (fluorescence detection). Next, the MNBDH
was oxidized by H,O, in the presence of DNAzyme for
10 min before HPLC separation, which was monitored by a
diode array and a fluorescent detector (Aox=480, A\en=556)
and resulted in two peaks at 3.4 and 4.2 min with colorimetric
detection and only one peak (R=4.3) when a fluorescence
detector was used. The intense peak in the chromatogram
using a fluorescence detector corresponds to MNBDA formed
by oxidation by the DNAzyme. The excitation and emission
spectra of MNBDA are shown in Fig. 2e.

The optimization experiments were conducted on a micro-
plate reader, which enabled parallel measurements of up to 96
samples. The optical system of this instrument is equipped
with fixed slits (excitation at 9 nm, emission at 20 nm). For all
optimization experiments, the kinetic changes of the fluores-
cence at 557 nm with excitation at 470 nm were recorded for
20 min with 10 s intervals. The excitation and emission
wavelength were shifted from the maximum by use of a fixed
20 nm slit. Figure 2f gives the changes in the fluorescence of
the system with reaction time for the buffer only (trace a); the
hemin solution, which itself has some peroxidase activity
(trace b); and the DNAzyme based on HT telomeric DNA
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Fig. 2 HPLC chromatogram of MNBDH with (a) colorimetric and (b)
fluorescence detection. Chromatogram of MNBDH after the reaction
catalyzed by DNAzyme, using the (¢) colorimetric detector and (d)
fluorescence detector. (e) Absorption (black) and fluorescence (gray)
spectra of MNBDA: A\x=450, Aeyy=540 nm, and 5-nm slits. (f) Depen-
dence on time of the fluorescence intensity of the MNBDA for (@)
10 mmol L™ Tris-HCI pH=8.0, 100 mmol L' KCI (buffer A); (b)

(trace ¢) and on the PS2.M sequence (trace d). The intensity
trace for the buffer reveals that the oxidation reaction does not
occur without a catalyst. Hemin, as mentioned, had low per-
oxidase activity and can catalyze the oxidation of MNBDH to
some extent, as indicated by a noticeable increase in the
fluorescence signal (trace b). The DNAzyme based on the
telomeric sequence (trace c) has activity only slightly higher
than that for hemin alone. The modest activity of the
DNAzyme based on the telomeric HT sequence can be ex-
plained by its weak binding affinity to hemin [23]. The highest
activity is produced by the system based on the PS2.M se-
quence, which is regarded as a model peroxidase-mimicking
DNAzyme. This experiment confirmed that the peroxidase-
mimicking DNAzyme successfully catalyzed the oxidation of
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buffer A+2 pmol L' hemin; (¢) buffer A, 2 umol L' hemin,
1 umol L! HT; and (d) buffer A, 2 umol L' hemin, 1 pmol L}
PS2.M. All probes contained 100 pmol L' MNBDH, and the reaction
was initiated by the injection of H,O, into the final 100 umol L™
concentration. The kinetic traces were recorded for 20 min with 10 s
intervals: Aex=470, A\ey;=557 nm

MNBDH and that this substrate can be used for the develop-
ment of sensors based on the deoxyribozyme approach.

The first factor that we considered in the evaluation of the
reaction conditions was the pH of the buffer. Travascio et al.,
in their first paper on a peroxidase-mimicking DNAzyme,
reported that the highest catalytic activity for their system with
ABTS as a substrate was observed in the pH range 7-9, with
the maximum at approximately 8.5. With that in mind, we
measured the catalytic activity of DNAzyme based on the
PS2.M sequence in the oxidation of MNBDH in the same
pH range of 7-9. The fluorescence intensity changes with
reaction time for different pH values are shown in Fig. 3.
However, the fluorescence intensity is not a convenient vari-
able for the characterization of kinetic data; the initial reaction
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Fig. 3 Effect of pH on the MNBDH oxidation catalyzed by DNAzyme
based on the PS2.M sequence. (a) Dependence of the normalized initial
rate on the pH of the reaction solution. (b) Kinetic profiles (fluorescence
changes) of the MNBDA generated in the peroxidase reaction at selected
pH values of 10 mmol L™ Tris—HCI buffer (1 pmol L' G4 DNA,

rate better reflects the enzyme efficiency. The initial reaction
rate (Vi) can be easily determined from the fluorescence
intensity vs. time. As shown in Fig. 3, the highest Vj,;; for
MNBDH oxidation with H,O, catalyzed by DNAzyme is
observed at pH 8.0, and all further experiments were conducted
at this buffer pH. To verify whether changes in the activity of
the system with pH were connected with the DNAzyme struc-
tural alteration, circular-dichroism (CD) experiments were
conducted at different pH values. In the presence of potassium
ions, the PS2.M oligonucleotide forms a hybrid G-quadruplex
or a mixture of parallel and antiparallel structures [24]. On the
CD spectra, this is represented by two positive bands at 260
and 295 nm and a negative band at 240 nm. As shown in
Fig. 3b, no substantial changes are observed in the spectra of
the PS2.M quadruplex at different pH values, which can be
regarded as a proof that the G-quadruplex does not change its
structure. The CD band at 260 nm is significantly more intense
than that at 295 nm, indicating that a quadruplex with a parallel
arrangement dominates in this mixture.

In the next step, the effect of the HO, concentration on the
catalyzed reaction was examined. The peroxidase reaction rate
was found to depend only on the H,O, concentration, because
the binding of hydrogen peroxide by hemin is the limiting step
of'this reaction [25]. Thus, with an increase in the concentration
of hydrogen peroxide, the rate of reaction should also increase.
However, H,O, is suspected to also have other effects on the
system because of its oxidative potential, which can damage the
DNAzyme. Because of these two opposing effects, it is essen-
tial to determine the optimum concentration of hydrogen per-
oxide. We examined the effect of the H,O, concentration on the
DNAzyme activity in the range 10 pmol L™'~150 mmol L™’
(Fig. 4). With increasing concentration of hydrogen peroxide,

2 pumol L™! hemin, 100 mmol L' KCI, 100 pmol L' MNBDH, and
15 mmol L' H,0,). (¢) CD spectra of the PS2.M quadruplex at different
pH values (1 pmol L' DNA, 10 mmol L ™" Tris-HC, and 100 mmol L'
KCl)

the Vi also initially increases, reaching a maximum at an H,O,
concentration of 20-30 mmol L™". After this point, the reaction
rate drops instantly. As mentioned earlier, this reduction may be
connected with the DNAzyme damage by hydrogen peroxide.
The optimum concentration ratio of H,O, to MNBDH was
calculated to be approximately 300.

One of the most important factors that affects the
DNAzyme activity is the type of cation involved in the
quadruplex formation and its concentration. The G-
quadruplex structure is stabilized by three main forces. First,
there are Hoogsteen-type hydrogen bonds between the gua-
nine residues. Second, hydrophobic interactions operate

Relative Vinit [s"%]

T T T T T

60 80 100 120 140 160

H,0, concentration [mM]
Fig. 4 Effect of hydrogen peroxide on V;y;; of the DNAzyme-catalyzed
oxidation of MNBDH. Conditions: 1 pmol L' PS2.M, 2 umol L™
hemin, 10 mmol L™ Tris-HCI pH=8.0, 100 umol L ' MNBDH,
100 mmol L™ KCl, and 0.05 % Triton X-100. The remaining conditions
are as in Fig. 3
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between the planar guanine rings, which enable the stacking
of bases on top of each other. Finally, the electrostatic inter-
action between the phosphoric-acid residues and the metal
cations can reduce the repulsive forces between the anionic
phosphates. Moreover, depending on the ionic radius, a cation
can penetrate the channel created in the middle of the G4
structure, in which it may undergo coordination by guanine
carbonyl groups. A guanine-rich oligonucleotide can form
different topologies of the G-quadruplex depending on the
nature (ionic radius) of the cation. This, in turn, has an effect
on the G4-hemin binding properties. The parallel topology
has been proved to be the structure with the highest affinity for
binding hemin because of the accessible external G-quartets,
which enable the end-stacking mode of hemin binding [23]. In
contrast, antiparallel topologies have protruding loops in ex-
ternal G-quartets, which create spatial barriers for hemin bind-
ing. According to literature reports, in the presence of sodium
cations the PS2.M oligonucleotide forms an antiparallel to-
pology, whereas potassium ions induce the formation of a
hybrid structure or a mixture of parallel and antiparallel struc-
tures [24]. Most papers suggest that potassium cations are
necessary to ensure proper G-quadruplex folding and to pre-
serve the DNAzyme activity [26]. Some reports suggest that
the presence of other cations with potassium can positively
alter the DNAzyme efficiency [21]. Therefore, we investigat-
ed how the type of cation affected the MNBDH oxidation
catalyzed by DNAzyme based on the PS2.M sequence. The
results are presented in Fig. 5a. The initial velocities for
particular systems were calculated in relation to the activity
of a sample containing an excess of potassium ions (100 %).
We examined the effect of mono (K*, Na", NH, ) and divalent
(Mg*", Ca*", Sr*") cations. The addition of a second cation
with potassium was also evaluated. The highest initial rate was

250

-
® O
o O g

200 -

(o2}
o

Relative Vinit (%)
n
o

N
o

1:1 2:3 1:141:93:24:19:1

150 -

o

100 -

Relative Vipit (%)

50

Fig. 5 The effect of the type and concentration of cations (a) and
surfactants (b) on the initial rate of the MNBDH oxidation catalyzed by
the peroxidase-mimicking DNAzyme. (a) Relative initial velocity of the
reaction in the samples containing different cations. Insert: the effect of

@ Springer

observed for the system containing potassium and ammonium
cations together (ca. 150 %). Therefore, in the next step, we
examined the effect of the ratio of the K™ to NH4 " concentra-
tions (Fig. 5a insert), and 100 mmol L™' K" with
400 mmol L' NH," was the most effective composition for
this reaction. A mixture of K™ and NH," cations at this ratio
was therefore used in further experiments.

The final optimization experiments focused on the type and
concentration of surfactant. We investigated two surfactants:
Triton X-100, which is commonly used in all peroxidase-
DNAzyme assays, and Brij 58, which we reported to be a
good alternative to Triton X-100 [19]. For Triton X-100, the
best results were obtained at a surfactant concentration of
0.005 % (ca. 8x107> mol L™") (Fig. 5b), whereas the highest
initial rate for Brij 58 was observed at a concentration of 1 x
107> mol L™". The CMC values for Triton X-100 and Brij 58
are approximately 2.4x10* and 0.8x10~* mol L™, respec-
tively. This implies that, for the DNAzymes, the preferential
concentration of the surfactant is below its CMC value, mean-
ing that micelles are not yet formed. The results obtained with
Brij 58 as the surfactant were slightly better than those for the
system with Triton X-100. For further experiments, we recom-
mend the use of Brij 58 as the surfactant in DNAzyme assays.

The optimized oxidation of MNBDH by peroxidase
DNAzyme can be used in the development of sensitive assays.
Here, we present the procedure for target-DNA-sequence
detection using a molecular-beacon probe. A depiction of
the system design is presented in Fig. 1. The molecular-
beacon probe consists of three elements. Part A contains two
segments, one that is complementary to the analyte and a
second that is complementary to domain B (both form the
duplex portion of the MB structure). Domains B and C to-
gether represent the PS2.M sequence. The G-quadruplex

s/ b

Viuo/counts sec

T T
10-6M 10-5M 104M 103 M

Brij 58

T T
0.0005% 0.001% 0.005% 0.01%  0.05%

Triton X-100

the concentration ratio of K"/NH," on the initial velocity. (b) Initial
reaction rates for the systems containing the surfactants Triton X-100
and Brij 58 at the selected concentrations. All conditions are as in Fig. 3
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Fig. 6 Characterization of the MB—analyte system. (a) Melting profiles
of the MB systems in the absence and presence of 100 mmol L™' potas-
sium. The solid line represents MB alone, the dotted line represents MB
with the analyte, the dashed line represents MB in the presence of
potassium cations, and the dash-dot line represents MB as an analyte in

structure cannot be formed because part of the PS2.M se-
quence is involved in the duplex formation. When the analyte
is present, it can hybridize with the loop of the MB structure
and thereby opens the molecular beacon. The PS2.M se-
quence, which is thus released, can form a G-quadruplex
structure and, after hemin binding, forms a DNAzyme able
to catalyze the peroxidase reaction. There is an alternative
blunt-end structure for the MB used in this study that contains
a T-T mismatch in the duplex region. This can affect the
stability of the MB structure in the presence of Hg®" ions
[27]. This is not, however, significant because of the low
concentration of this metal in biological samples. The MB
system is a very popular design in the development of bioas-
says, and has also been used in combination with a DNAzyme
with peroxidase activity [14]. However, the reported detection
limit of 0.2 umol L™" obtained with ABTS as a substrate can
be significantly improved by the use of a fluorogenic sub-
strate, for example MNBDH.

To characterize the MB construct and to ensure that the
entire system worked properly, we conducted melting and CD
experiments. Melting profiles were obtained by measuring the
absorbance changes in relation to temperature. Figure 6a rep-
resents the system without cations present, in which a G-
quadruplex cannot be formed. The molecular beacon has a
melting temperature (7m) (which indicates half the DNA
oligonucleotide to be melted) of approximately 28 °C, which

Table 1 Melting temperatures (7m) for all melting systems

TmMB (°C) TmMB+analyte (°C)
Without metal ions 28.8+1 Tm, Tm,
27.0+0.1 56.7+0.2
K" 30.9+0.5 59.3+0.6

100

15 T T T T T T T T
180 200 220 240 260 280 300 320 340 360

A [nm]

the presence of K*. Conditions: 1 pmol L™! DNA (MB or analyte), and
10 mmol L™" Tris—HCI pH=8.0. (b) CD spectra of MB (black) and MB+
analyte (dashed): 1 pmol L' DNA, 10 mmol L™ Tris—HCl pH=8.0, and
100 mmol L™ KCI

characterizes the double-stranded stem of the MB. When the
analyte is present, two waves can be distinguished on the
melting curve. The first is at a 7m of 27 °C, and the second
is at a Tm of approximately 56 °C. The first melting step
corresponds to a fraction of the molecular beacon which is
in the native form (it is a similar 7m value to that of the system
without the analyte). The second melting step corresponds to
the denaturation of the MB—analyte duplex. When potassium
cations are present, the MB alone has 7Tm=31 °C (Fig. 6a).
The addition of analyte causes a shift of the melting temper-
ature to 59 °C, but only a single melting step is observed. The
G-quadruplex probably has a similar melting temperature to
that of the MB—analyte duplex. The values of the melting
temperatures for all tested systems are collected in Table 1.
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Fig. 7 Analytical performance of the MB-probe-based DNAzyme fluo-
rimetric DNA assay. Calibration curve for the DNA-analyte determina-
tion using the DNAzyme-based MB assay with the fluorogenic MNBDH
substrate. Conditions: 20 nmol L' MB, 40 nmol L ™! hemin, 5 pumol L!
MNBDH, and 1.5 mmol L' H,0,
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These results confirmed that the MB and analyte hybridized
and formed a more stable duplex than that present in the stem
of the MB structure. Unfortunately, the results obtained at
295 nm, the wavelength chosen as the best to observe forma-
tion of the G4 structure, seemed not to be suitable for 7m
determination. This is most probably because of the complex-
ity of the system, resulting in the overlapping of spectral
changes associated with the simultaneous melting of the
double-stranded DNA and the G-quadruplex. To verify the
structural changes of MB, CD experiments were conducted
(Fig. 6b). Both for MB alone and with addition of the analyte,
the positive bands at 270 nm and negative bands at 245 nm are
present. The addition of the analyte causes an increase in the
band intensities. Depending on the topology, the G-
quadruplexes have characteristic CD bands: there is a positive
band at 260 nm and a negative band at 240 nm for parallel G4,
whereas the antiparallel structure has a positive band at
290 nm and negative band at 260 nm. A common feature of
the G-quadruplexes is an additional characteristic peak at
210 nm. For duplex DNA, a positive band at 260-280 nm
and a negative band at 245 nm are observed [28]. It is difficult
to determine definitely whether the observed CD bands
(Fig. 6b) are connected with the G-quadruplex or the duplex
structure. Most probably, each recorded spectrum is a super-
position of the bands from these two DNA structures. Al-
though the melting profiles and CD spectra did not provide
clear evidence of G-quadruplex formation, the duplex forma-
tion after analyte addition (Fig. 6a) enables one to conclude
that the PS2.M domain is unbound and is free to form the G-
quadruplex structure.

The optimized and characterized system was next used to
develop an assay for DNA detection. The experiments were
conducted in the 0.1-20 nmol L™" concentration range of the
target DNA by the procedure described in the experimental
section. The calibration curve based on the dependence of the
initial rate on the analyte concentration is linear (Fig. 7) and
confirms that fluorogenic MNBDH can be successfully incor-
porated into assays based on peroxidase-mimicking
DNAzymes. The detection limit of the assay, calculated from
the standard deviation of the blank, corresponds to a concen-
tration of the analyte (DNA strand) of 1 nmol L™".

Conclusions

This study introduced a new fluorogenic substrate for assays
based on peroxidase-mimicking DNAzymes. The oxidation
reaction of N-methyl-4-hydrazino-7-nitrobenzofurazan by
H,0, was optimized to obtain a high fluorescence signal. It
has been revealed that this system has the highest activity at
pH 8. The ratio of cpon/cvnepi~300 produced the best
results. In the optimization experiments, the best types of
cation (K"+NH,") and surfactant (Brij 58) were also selected.

@ Springer

The optimized reaction was then used to detect a DNA se-
quence by use of a molecular-beacon probe (MB). The MB—
analyte system was characterized by recording the circular-
dichroism spectra and melting profiles. The experiment with
different concentrations of the analyte proved that this system
can be successfully used in assays for DNA detection. The
calibration curve was linear in the range of 1-20 nmol L™" of
analyte. The detection limit for the setup was estimated to be
1 nmol L™, The results proved that MNBDH as a fluorogenic
substrate and peroxidase DNAzyme as a biocatalyst form a
sensitive system for bioassay development. Further applica-
tion studies are in progress.

Acknowledgments This work was supported by Grant no. 2011/03/N/
ST4/00653 from the National Science Centre, Poland.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Roh YH, Ruiz RCH, Peng S, Lee JB, Luo D (2011) Engineering
DNA-based functional materials. Chem Soc Rev 40:5730-5744
2. Smith D, Schiiller V, Engst C, Radler J, Liedl T (2013) Nucleic acids
nanostructures for biomedical applications. Nanomedicine-UK 8:
105-121
3. Stadler A, Chi C, Van der Lelie D, Gang O (2010) DNA-
incorporating nanomaterials in biotechnological applications.
Nanomedicine-UK 5:319-334
4. Briones C, Martin-Gago JA (2006) Nucleic Acids and Their Analogs as
Nanomaterials for Biosensor Development. Curr Nanosci 2:257-273
5. Travascio P, Li Y, Sen D (1998) DNA-enhanced peroxidase activity
of'a DNA-aptamer-hemin complex. Chem Biol 5:505-517
6. Kong DM, Cai LL, Shen HX (2010) Quantitative detection of Ag + and
cysteine using G-quadruplex-hemin DNAzymes. Analyst 135:1253-1258
7. Li T, Li B, Wang E, Dong S (2009) G-quadruplex-based DNAzyme
for sensitive mercury detection with the naked eye. Chem Commun
3551-3553
8. Deng M, Zhang D, Zhou Y, Zhou X (2008) Highly Effective
Colorimetric and Visual Detection of Nucleic Acids Using an
Asymmetrically Split Peroxidase DNAzyme. J] Am Chem Soc 130:
13095-13102
9. Weizmann Y, Cheglakov Z, Willner I (2008) A Fok I/DNA Machine
that Duplicates its Analyte Gene Sequence. ] Am Chem Soc 130:
17224-17225
10. Li T, Wang E, Dong S (2008) Chemiluminescence thrombin
aptasensor using high-activity DNAzyme as catalytic label. Chem
Commun 5520-5522
11. Li W, Liu Z, Lin H, Nie Z, Chen J, Xu X, Yao S (2010) Label-Free
Colorimetric Assay for Methyltransferase Activity Based on a Novel
Methylation-Responsive DNAzyme Strategy. Anal Chem 82:1935-1941
12. Kosman J, Juskowiak B (2011) Peroxidase-mimicking DNAzymes
for biosensing applications: a review. Anal Chim Acta 707:7-17
13. Teller C, Simcha S, Willner I (2009) Aptamer-DNAzyme Hairpins
for Amplified Biosensing. Anal Chem 81:9114-9119
14. Xiao Y, Pavlov V, Niazov T, Dishon A, Kotler M, Willner I (2004)
Catalytic Beacons for the Detection of DNA and Telomerase
Activity. ] Am Chem Soc 126:7430-7431



N-Methyl-4-hydrazino-7-nitrobenzofurazan: a fluorogenic substrate

7057

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang Y, Li B, Jin Y (2011) Label-free fluorescent detection of
thrombin using G-quadruplex-based DNAzyme as sensing platform.
Analyst 136:3268-3273

Golub E, Freeman R, Niazov A, Willner I (2011) Hemin/G-
quadruplexes as DNAzymes for fluorescent detection of DNA,
aptamer thrombin complexes, and probing the activity of glucose
oxidase. Analyst 136:4397-4401

LiCL, Liu KT, Lin YW, Chang HT (2011) Fluorescence Detection of
Lead(IIl) Ions Through Their Induced Catalytic Activity of
DNAzymes. Anal Chem 83:225-230

Fasman GD (1975) Handbook of Biochemistry and Molecular
Biology, Volume 1: Nucleic Acids, third edition, CRC Press, Boca
Raton

. Biildt A, Karst U (1999) N-Methyl-4-hydrazino-7-nitrobenzofurazan

as a New Reagent for Air Monitroing of Aldehydes and Ketones.
Anal Chem 71:1893-1898

Kosman J, Juskowiak B (2012) Optimization study of the catalytic
activity of DNAzymes based on telomeric G-quadruplexes. Cent Eur
J Chem 10:368-372

Nakayama S, Sintim HO (2012) Investigating the interactions be-
tween cations, peroxidation substrates and G-quadruplex topology in
DNAzyme peroxidation reactions using statistical testing. Anal Chim
Acta 747:1-6

Meyer J, Biildt A, Vogel M, Karst U (2000) 4-(N-Methylhydrazino)-
7-nitro-2,1,3-benzooxadiazole (MNBDH): A Novel Fluorogenic
Peroxidase Substrate. Angew Chem Int Ed 39:1453-1455

King DM, Wu J, Wang N, Yang W, Shen HX (2009) Peroxidase
activity-structure relationship of the intermolecular four-stranded G-
quadruplex-hemin complexes and their application in Hg>" ion de-
tection. Talanta 80:459-465

Cheng X, Liu X, Bing T, Cao Z, Shangguan D (2009) General
peroxidase activity of G-quadruplex-hemin complexes and its appli-
cation in ligand screening. Biochemistry 48:7817-7823

Travascio P, Witting PK, Mauk AG, Sen D (2001) The peroxidase
activity of hemin-DNA oligonucleotide complex: free radical damage
to specific guanine bases of the DNA. J Am Chem Soc 123:1337-1348
Li T, Wang E, Dong S (2009) G-quadruplex-based DNAzyme as a
sensing platform for ultrasensitive colorimetric potassium detection.
Chem Commun 5:580-582

Stobiecka M, Molinero AA, Chalupa A, Hepel M (2012) Mercury/
Homocysteine Ligation-Induced ON/OFF-Switching of a T-T
Mismatch-Based Oligonucleotide Molecular Beacon. Anal Chem
84:4970-4978

Kypr J, Kejnovska I, Renciuk D, Vorlickova M (2009) Circular
dichroism and conformational polymorphism of DNA. Nucleic
Acids Res 37:1713-1725

Joanna Kosman is a post-doc in
the Laboratory of Bioanalytical
Chemistry at the Faculty of
Chemistry, Adam Mickiewicz
University in Poznan, Poland.
She received her Ph.D. in Chem-
istry and BSc in Biotechnology
from Adam Mickiewicz Universi-
ty. Her research is focused on
DNAzymes with peroxidase ac-
tivity and their bioanalytical ap-
plications.

Yu-Tang Wu received her MSc
degree from Paris-Sud University
after completing the two-year
master’s program SERP-Chem.
During her master’s project,
which she performed in the Lab-
oratory of Bioanalytical Chemis-
try at the Faculty of Chemistry,
Adam Mickiewicz University,
she worked with fluorogenic sub-
strate for peroxidase-mimicking
DNAzyme.

Agata Gluszynska is an adjunct
in the Laboratory of Bioanalytical
Chemistry at the Faculty of
Chemistry, Adam Mickiewicz
University. Her research interests
include the synthesis of new car-
bazole ligands, potential inhibi-
tors of telomerase, and the study
of ligand interactions with differ-
ent DNA structures.

Bernard Juskowiak is a Head of
Laboratory of Bioanalytical
Chemistry at the Faculty of
Chemistry, A. Mickiewicz Uni-
versity in Poznan, Poland. His re-
search interests include applica-
tion of fluorescence, fluorescence
quenching, photoisomerization,
and FRET processes for sensing
purposes, synthesis of selective
ligands for G-quadruplex binding,
and development of
oligonucleotide-based fluores-
cent-sensing probes including
DNAzymes.

@ Springer



	N-Methyl-4-hydrazino-7-nitrobenzofurazan: a fluorogenic �substrate for peroxidase-like DNAzyme, and its potential �application
	Abstract
	Introduction
	Materials and methods
	Reagents
	Synthesis of N-methyl-4-hydrazino-7-nitrobenzofurazan
	HPLC measurements
	DNAzyme-activity measurements
	Melting profiles
	CD measurements

	Results and discussion
	Conclusions
	References


