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Simple, sequence-specific, and sensitive methods for DNA/RNA analysis are required for the
rapid diagnosis of infection and genetic diseases, genome study, mRNA monitoring in living
cells as well as environmental and forensic applications. The aim of this work is to introduce
a new approach for the design of a highly selective probe for nucleic-acid detection based on
deoxyribozyme molecules. The formation of at least 15-20 nucleotide-long hybrids between
probe and analyte is required to uniquely define a specific fragment in a nucleic acid mixture
of the genome size. Hybrids of such length are too stable to be sensitive to base mispairing
since a single mismatch unit results in a relatively small energetic penalty.[1] Conventional
techniques that use buffers with low ionic strength, denaturing agents, or elevated temperatures
do not always lead to the desirable selectivity.[1,2] One approach to improve selectivity of
nucleicacid hybridization was realized with conformationally constrained probes, such as
molecular beacons (MBs).[3,4] MBs are oligo-eoxyribonucleotide hairpins with a fluorophore
and quencher conjugated to the opposite ends of the oligomer. Binding to complementary
nucleic acids switches MBs to the elongated conformation and increases their fluorescence.
MBs distinguish mismatches over a wider temperature range than unconstrained probes do,
because the stem—loop structure stabilizes the probe—analyte dissociated state.[4]
Alternatively, the specificity of nucleic-acid recognition can be increased by splitting the probe
into two halves.[5] Binary probes are more selective than conventional probes because each
relatively short hybrid (7-10 nucleotides) is extremely sensitive to single-base mispairings.
Here, a binary probe based on a deoxyribozyme that contains structural constrains is designed
for the recognition of single-base substitutions in 20-mer DNA analytes, at room temperature.

Deoxyribozymes, or DNA enzymes, are catalytic oligodeoxyribonucleotides derived by in
vitro selection.[6] The advantages offered by catalytic DNAs include high chemical stability,
low cost for synthesis, biocompatibility, and ease of structural prediction and modification.
Thisrelatively new class of catalytic molecules has been considered as a promising biochemical
tool for nucleic-acid detection.[7] One particular attraction of DNA enzyme-based probes is
their potentially improved sensitivity due to the catalytic amplification of the positive signal.
Therefore, binary probes based on deoxyribozymes promise to be both highly selective and
sensitive. Deoxyribozyme E6, which was selected earlier by Breaker and Joyce,[8] was chosen
in this work as a model for proof-of-concept experiments.

Deoxyribozyme E6 (Figure 1A) is a Mg2*-dependent DNA enzyme that recognizes DNA
substrate with a single embedded ribonucleotide, and hydrolyzes the RNA phosphodiester bond
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with a catalytic rate of ~0.01 min~1.[8] It has been shown that E6 is able to cleave a fluorophore-
and quencher-labeled substrate with approximately the same rate.[7b] This fluorescence-based
approach has been used as the most convenient method for monitoring E6 catalytic activity.
E6 contains a variable stem-loop, which serves only a structural function and is not directly
involved in catalysis; this allowed the design of the binary probe.

Deoxyribozyme E6 was divided into two fragments (biE6a and biE6b), the inessential AAG
loop was removed, stem 1 was elongated to six nucleotides, and the analyte-binding arms were
added to each half with dithymidine linkers (Figure 1 B). Structural constraints in the form of
two pentanucleotide stems (stem 2 and 3) were introduced in the analyte-binding arms to further
increase the selectivity of the binary probe.[5e] The reporter substrate (F substrate; Figure 1C)
used in the study was complementary to the substrate-binding arms of the deoxyribozyme and
contained a fluorophore and quencher at its 5’- and 3’-ends, respectively. When the nucleic-
acid analyte was added, the two subunits of the enzyme cooperatively hybridized to the
complementary region of the analyte and re-formed the deoxyribozyme catalytic core (Figure
1C). The active enzyme cleaved the reporter substrate; this led to higher fluorescence (Figure
1C).

It was found that addition of 80 nm A20 DNA analyte to a solution of biE6 and F substrate
triggered an approximately four-times increase in fluorescence after 1 h incubation (Figure 2
A, graph 2). The rate of fluorescence increase was about the same when 80 nw E6 was incubated
with F substrate (graph 4). Therefore, 80 nu A20 generated about 80 nw active biE6 in solution
according to the suggested scheme (Figure 1 C). At the same time, biE6 activity was not
observed in the absence of A20 analyte (graph 1). Polyacrylamide gel electrophoresis (PAGE)
of the reaction mixtures revealed cleavage of F substrate in reaction mixtures 2 and 4 (Figure
2B, lanes 2 and 4), but not in control samples 1 and 3 (lanes 1 and 3). The observed intensities
of the cleavage product in samples 2 and 4 were about the same; this was in good agreement
with the fluorescent data (Figure 2A). These results prove the suggested model for analyte-
dependent binary deoxyribozyme activation (Figure 1 C), and indicate that hybridization of
the analyte-binding arms to A20 does not significantly reduce the catalytic activity of the core.

To investigate the selectivity of biE6 the probe was incubated with single-base substituted
analogues of A20 analyte (Table 1). It was found that the binary deoxyribozyme distinguished
nineteen mutants out of the twenty tested (column 3). The discrimination factors (DFs) for
eleven of the oligodeoxyribonucleotides were significantly higher than 3 (marked bold in Table
1). Taking into account that a signal:-background ratio (S/B) >3-4 is considered acceptable
for fluorescence-based assays,[9] | conclude that biE6 might be practically useful for the
detection of at least some of these eleven mutations. In comparison, the conventional
molecular-beacon approach did not provide such high selectivity: MB-A20 (FAM-5’-
CTCGCACCC ACTCTCTCCATGCGAG-dabcyl), an anti-A20 molecular beacon,
distinguished true target from only 14 single-base substituted oligonucleotides with low DFs
(Table 1, last column). These results indicate that biE6 might be an efficient single nucleotide
polymorphism typing tool even at room temperature.

In order to determine the sensitivity limit of the probe, biE6 was incubated with various
concentrations of A20 analyte in the presence of F substrate. The ratios of the fluorescence
intensities and background fluorescence as a function of the logarithm of analyte concentration
are shown in Figure 3. In the presence of 1 nv analyte, the probe-generated fluorescence was
more than three-times greater than the background (S/B 3.9). At the same time, the probe
demonstrated high selectivity: 100 nm A20-4 gave a S/B ratio (1.9) that did not exceed the
threshold of 3 (graph 2). In comparison, MB-A20 detected A20 only at a concentration of 20
nw (graph 3), while 100 nv A20-4 generated a detectable signal (S/B ~3; Figure 3, graph 4).
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Thus, in the experiments with A20 and A20-4, biE6 was at least 20-times more sensitive and
more selective than MB-A20.

Although binary hammerhead ribozymes[10] and binary deoxyribozyme ligases[11] have been
reported, to the best of my knowledge, biE6 is the first split DNAzyme designed for fluorescent
detection of specific nucleic acids. Excellent selectivity at room temperature is the main
advantage of this probe. The binary construct based on E6 deoxyribozyme can detect 1 nu
analyte. At the same time, split probes designed on the platforms of more efficient enzymes,
such as DNAzymes recently obtained by Li and colleagues,[12] can potentially improve the
sensitivity of this approach. The probe promises to be relatively inexpensive for multiplex
analysis, since it requires synthesis of only two short unmodified DNA strands for each new
analyte sequence while the double labeled reporter substrate is universal and can be utilized
efficiently in bulk amounts. All these advantages raise the hope that further development of
the technique will deliver a highly selective, sensitive, and inexpensive PCR-free method for
nucleic-acid analysis.

Experimental Section

Materials

DNAse/RNAse free water was purchased from Fisher Scientific, Inc. (Pittsburgh, PA, USA)
and used for all buffers and for the stock solutions of oligonucleotides. Oligonucleotides were
custom made by Integrated DNA Technologies, Inc. (Coralville, 1A, USA) and by TriLink
BioTechnologies, Inc. (San Diego, CA, USA). Fluorescent spectra were measured by using a
Perkin—Elmer (San Jose, CA, USA) LS-55 luminescence spectrometer with a Hamamatsu
xenon lamp. Experiments were performed at an excitation wavelength of 485 nm and emission
was monitored from 500 to 550 nm; data were processed by using Microsoft Excel.

Polyacrylamide gel electrophoresis (PAGE)

F substrate (200 nw) and biE6 (100 nw, each strand) were incubated in the absence or presence
of A20 DNA analyte (80 nw) in MgCl, (50 mw), HEPES (50 mwm), pH 7.4 (samples 1 and 2).
Control sample 3 contained F substrate (200 nwu) only; control sample 4 contained F substrate
(200 nw) and deoxyribozyme E6 (80 nw). After 1 hr incubation at room temperature each sample
(100 pL) was ethanol precipitated and centrifuged (10 min, 16100 RCF). The resulting pellets
were dissolve in 90% formamide (5 pL) that contained EDTA(50 mw), bromophenol blue (0.1
%), xylene cyanol (0.1 %), TBE buffer (1x), and analyzed by using a polyacrylamide gel (20%)
containing urea (7w). The gel was photographed, without staining, by using Alpha-imager 3400
(Alpha Innotech, San Leandro, CA, USA).

Discrimination factors

Solutions of F substrate (200 nw) and biE6 (200 nm each strand) were incubated in the presence
of A20 DNA analyte (80 nw) or one of the single-base substituted oligodeoxyribonucleotides
in MgCl, (50 mw), HEPES (50 mw), pH 7.4. Fluorescence-emission spectra were recorded after
2 h incubation at room temperature. Fluorescence intensities at 517 nw were used for the
calculation of the discrimination factors.

Sensitivity experiments

F substrate (1000 nw) and biE6 (100 nw each strand) were incubated with various concentrations
of A20 or A20-4 in NaCl (1m), HEPES (50 mw), pH 7.4, ZnCl, (1 mwm), and split into six tubes
(120 pL in each). Since biE6 showed ~ 15% higher efficiency in Zn2*-containing buffer than
in Mg2*-containing buffer (data not shown) the former buffer was chosen for sensitivity

experiments. Control samples used for measuring the background fluorescence did not contain
the analyte or its analogues. Fluorescent-emission spectra were recorded after 30 h incubation
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at room temperature. The ratio between the fluorescence intensities at 517 nm in the presence
of A20 or A20-4 and the fluorescence intensity of the control sample were calculated. The
average values of three independent experiments were plotted as a function of analyte
concentration.

MB-A20 assay

Experiments with MB-A20 (FAM-5’-CTCGCACCCACTCTCTCCATGCGAG-dabcyl)
were carried out in the buffer that was earlier optimized for the selective recognition of DNA
analytes by a molecular beacon: KCI (100 mw), MgCls (1 mw), Tris-HCI (10 mw), pH 8.0.[4]
For selectivity studies, a solution of MB-A20 (20 nw) was incubated in the presence of either
A20 (40 nw) or one of the single-base substituted oligodeoxynucleotides. For sensitivity studies,
a solution of MB-A20 (20 nv) was incubated with various concentrations of either A20 or
A20-4. The control sample did not contain A20 or A20-4. Fluorescent-emission spectra were
measured after 15 min incubation at room temperature. The fluorescence intensities at 517
nw were measured for calculation of DFs and S/B ratios.
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Figure 1.

Design of the binary deoxyribozyme probe. A) Structures of the parent deoxyribozyme E6.
[8] B) Binary deoxyribozyme biE6. C) Scheme for fluorescent detection of the analyte-
dependent catalytic activity of biE6. The dithymidine linkers are shown in lower case letters.
FAM indicates fluorescein, BH1 is black hole quencher 1.
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Figure 2.

Binary deoxyribozyme cleaves fluorogenic substrate only in the presence of A20 DNA analyte.
F substrate (200 nw) and biE6 (100 nw, each strand) were incubated in the absence (sample 1)
or presence (sample 2) of A20 DNA analyte (80 nw) in MgCl, (50 mwm), HEPES (50 mw), pH
7.4. Sample 3 contained F substrate only (control); sample 4 contained F substrate (200 nw)
and deoxyribozyme E6 (80 nw). A) Fluorescent intensities (FU) at 517 nm are represented as
a function of incubation time. The numbers next to the graphs correspond to the samples. Data
are average values of three independent measurements. B) PAGE analysis of samples after 1
h incubation at room temperature. Lanes 1-4 correspond to samples 1-4, respectively. Only
the 5’-end cleavage product, which contains the FAM group, was visible in the gel without
staining.
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Figure 3.
Sensitivity of biE6 (graphs 1 and 2) in comparison to MB-A20 (graphs 3 and 4). Relative

fluorescence intensities at 517 nm are represented as functions of A20 (graphs 1 and 3) and
A20-4 (graphs 2 and 4) concentrations; S/B is signal:background ratio.
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Discrimination factors (DFs)[a] for oligodeoxyribonucleotides that differed from A20 by a single nucleotide.

Oligodeoxyribonucleotide analytes biE6 MB-A20
name  sequencelb]
A20 5’-ATGGAGAGAG TGGGTGCGAG 1 1
A20-1  5-TTGGAGAGAG TGGGTGCGAG 9.3+1.3  2.1+0.6
A20-2 5’-AGGGAGAGAG TGGGTGCGAG 1.4+0.2 0.9+0.2
A20-3 5’-ATAGAGAGAG TGGGTGCGAG 5.4+0.8 1.1+0.1
A20-4 5-ATGTAGAGAG TGGGTGCGAG  43.7+3.2 2.1+0.3
A20-5 5’-ATGGCGAGAG TGGGTGCGAG  15.0+2.4 2.3+0.6
A20-6 5’-ATGGATAGAG TGGGTGCGAG 9.9+2.7 1.2+0.1
A20-7  5-ATGGAGGGAG TGGGTGCGAG  3.6+05  1.2+0.2
A20-8 5’-ATGGAGAAAG TGGGTGCGAG  17.9+2.6 1.6+0.1
A20-9 5’-ATGGAGAGCG TGGGTGCGAG 1.6+0.2 1.6+0.1
A20-10 5’-ATGGAGAGAT TGGGTGCGAG 3.0£0.4 1.1+0.1
A20-11 5-ATGGAGAGAG GGGGTGCGAG 1.7+0.2 1.3+0.2
A20-12 5-ATGGAGAGAG TAGGTGCGAG 2.7+0.6 1.1+0.1
A20-13 5-ATGGAGAGAG TGTGTGCGAG 2.5+0.2 1.3+0.1
A20-14 5-ATGGAGAGAG TGGITGCGAG 6.6+1.1 1.2+0.1
A20-15 5-ATGGAGAGAG TGGGAGCGAG 13.0+1.9 1.3+0.2
A20-16 5-ATGGAGAGAG TGGGTICGAG 3.0£0.2 1.2+0.1
A20-17 5-ATGGAGAGAG TGGGTGIGAG 9.3+x1.3 2.5+0.6
A20-18 5-ATGGAGAGAG TGGGTGCCAG 5.9+1.7 1.3+0.2
A20-19 5’-ATGGAGAGAG TGGGTGCGGG 1.4+0.3 1.2+0.1
A20-20 5-ATGGAGAGAG TGGGTGCGAA 0.9+0.1 1.1+0.1

[a]

DFs were calculated as the ratios between probe fluorescence intensities at 517 nm in the presence of A20 (true target) and fluorescence intensities

in the presence of each mismatched oligonucleotide, after subtraction of background fluorescence; mismatched positions are underlined. DFs that are

greater than 3 are marked in bold; data are the average values of four independent measurements.

[b]

type of each substitution was chosen randomly.

Chembiochem. Author manuscript; available in PMC 2010 October 5.

The sequences of the 20 single-base substituted oligodeoxyribonucleotides were designed so as to introduce one substitution in every position; the



