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COLORIMETRIC BIOSENSOR WITH ALLOSTERIC DNAZYME ACTIVATION AND
ROLLING CIRCLE SIGNAL AMPLIFICATION

Title: Novel Colorimetric Biosensor System and Methods Thereof

Related Applications

[0001] This application claims the benefit of priority of copending U.S.
5 provisional application No. 61/138,719 filed December 18, 2008, the contents

of which are incorporated herein by reference in their entirety.

Field of the disclosure

[0002] The disclosure relates to a biosensor system and methods and
kits including this system. In particular, the disclosure relates to an allosteric

10 DNAzyme-rolling circle amplification-colorimetric biosensor system and
methods and uses thereof.

Background of the disclosure

[0003] DNA aptamers and DNAzymes have recently received
considerable attention in chemical biology research."! These two classes of
15 synthetic DNA molecules, which can be isolated from random DNA pools by
in vitro selection,’® are regarded as attractive alternatives to antibodies and
enzymes, particularly considering the fact that DNA has a greater chemical
stability and can be easily prepared by automated synthesis. To date, a large
number of DNA aptamers have been produced for recognition of targets from
20 small molecules (such as ATP) to proteins (such as thrombin) to complex
molecular assemblies like cells.”! Likewise, many DNAzymes have been
made to catalyze diverse chemical reactions, such as cleavage and ligation of
DNA and RNA.) More recently, the concept of allosteric ribozyme™ has been
adapted for the design of allosteric DNAzyme in which a DNA aptamer is
25 joined to a DNAzyme such that the activity of the DNAzyme can only be
activated by the ligand binding to the aptamer.” Allosteric DNAzymes are
interesting as biosensing tools because the molecular recognition event
between an aptamer and its specific ligand can be translated into the activity

of a DNAzyme for signal generation and amplification.

30 [0004] Rolling circle amplification (RCA) is a simple enzymatic process
that can be used to generate, with the use of a short DNA primer and a

circular template and under isothermal conditions, very long single-stranded
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DNA (ssDNA) molecules with tandem repeats.!” This reaction is carried out by
special DNA polymerases, such as ¢29 DNA polymerase, that have strand-
displacement abilities. RCA has traditionally been used to achieve sensitive
detection of DNA.®! In recent years, however, RCA has been expanded for
detection of other targets, such as proteins and small molecules, through the
use of DNA aptamers and allosteric DNAzymes.™ For example, the groups of
Willner and Mao have recently applied the RCA technique to generate
repetitive units of a reporter DNAzyme to achieve highly sensitive detection of
DNA.P#% Ellington and coworkers have created a ligand-dependent ligase
DNAzyme that can generate a circular DNA template to initiate an RCA

process as a way to detect small molecule targets ¥ and proteins.*!

Summary of the disclosure

[0005] The present disclosure includes a method of determining the

presence of a target in a sample comprising:

a) providing a substrate that comprises (i) a first DNA sequence that is
complementary to a circular template, (i) an RNA linkage and (iii) a second
DNA sequence;

b) providing an allosteric DNAzyme that binds the substrate and
masks the first DNA sequence in the absence of the target and that cleaves
the substrate into a first and second DNA sequence in the presence of the
target, releasing a primer comprising the first DNA sequence;

c) generating single stranded DNA molecules by rolling circle
amplification in the presence of the circular template and the primer; and

d) detecting the single stranded DNA molecules generated in c);

wherein detection of single stranded DNA molecules in (d) indicates

the presence of target in the sample.
[0006] In one embodiment, the detection of the single stranded DNA
molecules in d) is compared to a control, wherein a difference or similarity in
the detection between the sample and the control indicates the amount of
target in the sample.



10

15

20

25

30

WO 2010/069064 PCT/CA2009/001847

-3-

[0007] In another embodiment, the detection of the single stranded

DNA molecules is by a colorimetric assay.

[0008] In one embodiment, detecting the single stranded DNA

molecules in d) comprises:

d1) hybridizing the single stranded DNA molecules with a
complementary peptide nucleic acid (PNA) to form DNA-PNA
duplexes; and
d2) detecting the DNA-PNA duplexes with a duplex binding detection
agent;
wherein detection of the DNA-PNA duplexes in (d2) indicates the
presence of single stranded DNA molecules.
[0009] In another embodiment, detecting the single stranded DNA

molecules in d) comprises

d1) hybridizing the single stranded DNA molecules with gold
nanoparticles (AuNP) that are tethered to complementary DNA strands
to form AuNP-DNA-DNA duplexes; and
d2) detecting the AUNP-DNA-DNA duplexes;
wherein detection of AUNP-DNA-DNA duplexes in (d2) indicates the
presence of single stranded DNA molecules.
[0010] In yet another embodiment, detecting the single stranded DNA

molecules in d) comprises

d1) binding the single stranded DNA molecules with gold nanoparticles

(AuNP) to form AuNP-DNA complexes;

d2) detecting the AuNP-DNA complexes;

wherein detection of AuNP-DNA complexes in (d2) indicates the
presence of single stranded DNA molecules.
[0011] Also included herein are kits for practicing the methods of the
disclosure. In one embodiment, there is included a kit for determining the
presence or quantity of a target, the kit comprising an allosteric DNAzyme that
is activatable by the target; a substrate for the allosteric DNAzyme, wherein

the substrate comprises a DNA primer that is releasable upon DNAzyme
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activity; a circular template that is amplifiable using the DNA primer; and a

single stranded DNA detection system.

[0012] Further included herein is a method of designing a biosensor

system for detecting a target comprising

a) preparing a substrate that comprises a first DNA molecule that is
complementary to a circular template, an RNA linkage and a second DNA
molecule; and

b) obtaining an allosteric DNAzyme that binds the substrate and
masks the first DNA molecule in the absence of the target and that cleaves
the substrate into the first and second DNA molecule in the presence of the
target;

wherein the biosensor system comprises rolling circle amplification of

the circular template using the cleaved first DNA molecule as a primer to
generate single stranded DNA molecules and quantification of the single
stranded DNA molecules by a colorimetric assay.
[0013] Other features and advantages of the present disclosure will
become apparent from the following detailed description. It should be
understood, however, that the detailed description and the specific examples
while indicating embodiments of the disclosure are given by way of illustration
only, since various changes and modifications within the spirit and scope of
the disclosure will become apparent to those skilled in the art from this
detailed description.

Brief description of the drawings

[0014] The disclosure will now be described in relation to the drawings
in which:
[0015] Figure 1 shows a schematic of colorimetric detection of a

specific target using (A) an RNA-cleaving allosteric DNAzyme, (B) RCA, and
(C) PNA and DiSC2(5). When the target is present, the allosteric DNAzyme
cleaves its substrate and generates a DNA primer to initiate RCA. The
resultant long ssDNA forms duplex with a complementary PNA. DiSC2(5)
binds PNA/DNA duplex and changes its color from blue to purple.
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[0016] Figure 2 shows (A) DNA sequences used for the test RCA
reaction and (B) Color appearances and absorbance spectra of DiSC2(5) in
the hybridization buffer alone (1), with the RCA product (2), and in mixture of
the RCA product and the PNA probe (3).

[0017] Figure 3 shows (A) Alternative conformations of ‘pH6-ET4’, an
ATP-dependent allosteric DNAzyme. Insert: a PAGE gel showing the
cleavage reaction in reaction buffer alone (lane 2), in the presence of GTP
(lane 3) or ATP (lane 4). NR: no reaction. (B) Agarose gel of RCA products.
RCA with authentic P1 (lane 1); DNAzyme/S1 incubated in the cleavage
buffer alone (lane 2) as well as in the presence GTP (lane 3) and ATP (lane
4). Lane L: DNA ladders. (C) Color appearance when 1-4 was mixed with
PNA/DiISC2(5). It should be noted that P1 carries a 2',3'-cyclic phosphate
which needs to be removed prior to RCA. This was achieved with the use of

T4 polynucleotide kinase (PNK) which removes 2',3'-cyclic phosphate '

[0018] Figure 4 shows (A) 10% denaturing polyacrylamide gel
electrophoresis of the radioactive RCA products when RCA-T was incubated
with the cleavage mixture of pH6-ET4/S1 conducted in the presence of 0, 50,
100, 250, 500 and 1000 uM of ATP. (B) Color appearances of the samples in
(A) in presence of 0.5% succ-B-cyD. (C) Plot of the color responses (CR) of
the samples were obtained from the absorbance.

[0019] Figure 5 shows cleavage of the substrate S1 by pH6-ET4 in
presence of various ATP concentrations as indicated on top of the figure. 80
nM of S1 was treated with 2.5 yM of the enzyme pH6-ET4 in 50 uL of reaction
volume for 10 min at room temperature. The reactions were quenched by
adding 30 mM of EDTA and the DNA was isolated by ethanol precipitation.
The reaction mixtures were dissolved in 45 yL of ddH;O. 5§ pL from each
sample was transferred and applied for gel electrophoresis. The cleaved
bands were visualized by Typhoon and quantified using ImageQuant software
according to the previous method.”
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Detailed description of the disclosure

[0020] A novel detection system which incorporates the technique of
using an Allosteric DNAzyme in combination with rolling circle amplification
(RCA), a peptide nucleic acid (PNA), and a colorimetric detection method that

is triggered by events within the system has been developed.

[0021] This system provides a general strategy to devise biosensors,
such as colorimetric biosensors, for the detection of a target analyte for which
an allosteric DNAzyme, such as an RNA-cleaving allosteric DNAzyme, can be

designed or created.

[0022] Accordingly, in one embodiment, there is included a method of

determining the presence of a target in a sample comprising:

a) providing a substrate that comprises a DNA sequence that is
complementary to a circular template; and

b) providing an allosteric DNAzyme that binds the substrate and
masks the DNA sequence in the absence of the target and that releases the
DNA sequence in the presence of the target;

c) generating single stranded DNA molecules by rolling circle
amplification in the presence of the circular template, wherein the primer for
the amplification is the DNA sequence; and

d) detecting the single stranded DNA molecules generated in c);

wherein detection of single stranded DNA molecules in (d) indicates
the presence of the target in the sample.

[0023] In another embodiment, there is included a method of

determining the presence of a target in a sample comprising:

a) providing a substrate that comprises (i) a first DNA sequence that is
complementary to a circular template, (ii) an RNA linkage and (iii) a second
DNA sequence; and

b) providing an allosteric DNAzyme that binds the substrate and

masks the first DNA sequence in the absence of the target and that cleaves
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the substrate into the first and second DNA sequence in the presence of the
target, releasing a primer comprising the first DNA sequence;

c) generating single stranded DNA molecules by rolling circle
amplification in the presence of the circular template and the primer; and

d) detecting the single stranded DNA molecules generated in c);

wherein detection of single stranded DNA molecules in (d) indicates
the presence of target in the sample.
[0024] In one embodiment, the detection of the single stranded DNA
molecules in d) is compared to a control, wherein a difference or similarity in
the detection between the sample and the cdntrol indicates the amount of
target in the sample.

[0025] The term “control” as used herein refers to a positive or negative
sample or a specific value or predetermined standard. For example, a
positive control is a sample containing target or a sample or series of samples
with known amounts of target and a negative control is a sample without
target. The control can also be a predetermined set of values representing
detection of particular amounts of target.

[0026] The term “mask” or “masking” as used herein refers to hiding or
making unavailable the DNA primer. Thus, when the first DNA sequence is
masked, the primer is unavailable and cannot initiate rolling circle
amplification.

[0027] The term "nucleic acid" as used herein includes DNA and RNA
and can be either double stranded or single stranded.

[0028] The term “DNAzyme” as used herein refers to a DNA molecule
that has the ability to release the DNA molecule (primer) masked in the
substrate, and includes, without limitation, DNAzymes with RNA-cleaving
activity. The term “DNA aptamer” as used herein refers to short strands of
nucleic acids that can adopt highly specific 3-dimensional conformations.
Aptamers can exhibit high binding affinity and specificity to a target molecule.
Both DNAzymes and DNA aptamers can be isolated from random DNA pools

by in vitro selection methods known in the art.”?
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[0029] The term “substrate” as used herein refers to the molecule that
is being acted on by the DNAzyme cleaving activity. The substrate is
designed so that upon DNAzyme activity, a short DNA molecule is generated
that is complementary to a portion of a circular template such that it can act as
a primer for rolling circle amplification. For an RNA-cleaving DNAzyme, the
substrate comprises a RNA linkage that allows cleavage of the short DNA
molecule.

[0030] The term "primer" as used herein refers to a nucleic acid
sequence, which is capable of acting as a point of synthesis when placed
under conditions in which synthesis of a primer extension product, which is
complementary to a nucleic acid strand is induced (e.g. in the presence of
nucleotides and an inducing agent such as DNA polymerase and at a suitable
temperature and pH). The primer must be sufficiently long to prime the
synthesis of the desired extension product in the presence of the inducing
agent. The exact length of the primer will depend upon factors, including
temperature, sequences of the primer and the methods used. A primer
typically contains 15-25 or more nucleotides, although it can contain less. The
factors involved in determining the appropriate length of primer are readily
known to one of ordinary skill in the art.

[0031] The term allosteric DNAzyme as used herein refers to a
molecule comprising both a DNAzyme and a DNA aptamer, wherein the
DNAzyme is only active when the aptamer is bound by the target.

[0032] The target can include, but is not limited to, a small molecule,
protein, bacteria fragment, or cell, or fragments thereof.

[0033] The term “rolling circle amplification” or “RCA” as used herein
refers to the rolling amplification of circular DNA templates resulting in long
single stranded DNA molecules. Conditions for rolling circle amplification are
known in the art. In rolling circle amplification, the primer initiates amplification
by a polymerase enzyme such as ¢$29 DNA polymerase that has strand
displacement ability and which allows the production of long single strands of
DNA to be produced.
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[0034] A person skilled in the art would understand that there are
numerous ways to detect the presence of single stranded DNA molecules in
the sample after RCA and includes, without limitation, radioactive and
colorimetric detection and/or quantification. For example, the generated DNA
molecules can be labeled radioactively or the generated DNA molecules can
be detected by hybridizing with a PNA or complementary DNA molecule and
detecting duplexes formed. In one embodiment, the detection of the single
stranded DNA molecules is quantitatively determined by ultraviolet or visible
light spectroscopy. Quantitative analysis can be realized by recording the
absorption spectra using a standard spectrophotometer. In another
embodiment, the detection of the single stranded DNA molecules is

qualitatively determined by a color change of the solution.

[0035] Accordingly, in one embodiment, the single-stranded DNA
molecules resulting from the RCA, are hybridized to a complementary PNA
sequence. In turn, this hybridization event is detected by the naked eye in the
presence of a duplex-binding agent that changes color upon binding
(DiSC2(5)) for example.

[0036] The term “peptide nucleic acid” or (PNA) as used herein refers
to a DNA or RNA mimic whose backbone is composed of N-(2-aminoethyl)-
glycine units linked by peptide bonds.

[0037] The term "hybridize" or “hybridizable” refers to the sequence
specific non-covalent binding interaction with a complementary nucleic acid.
In an embodiment, the hybridization is under high stringency conditions.
Appropriate stringency conditions which promote hybridization are known to
those skilled in the art, or can be found in Current Protocols in Molecular
Biology, John Wiley & Sons, N.Y. (1989), 6.3.1 6.3.6. For example, 6.0 x
sodium chloride/sodium citrate (SSC) at about 45°C, followed by a wash of
2.0 x SSC at 50°C may be employed.

[0038] The duplex-binding detection agent can be any molecule that
changes colour upon binding to a DNA/PNA duplex. In one embodiment, 3,3'-
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diethylthiadicarbocyanine (DiSC2(5)) can be used, which is an organic dye
that is known to change color from blue to purple upon binding to DNA/PNA
duplex. In yet another embodiment, the method comprises measuring the
absorbance of the DiSC2(5) dye in the presence of succinyl-B-cyclodextrin
(Succ-B-CyD).

[0039] Accordingly, in another embodiment, detecting the amount of
single stranded DNA molecules in d) comprises

d1) hybridizing the single stranded DNA molecules with a

complementary peptide nucleic acid (PNA) to form DNA-PNA

duplexes; and

d2) detecting the DNA-PNA duplexes with a duplex binding detection

agent;

wherein detection of DNA-PNA duplexes in (d2) indicates the presence
of single stranded DNA molecules.
[0040] In another embodiment, the single-stranded DNA molecules
resulting from the RCA are hybridized with gold nanoparticles (AuNP)
incorporated in the system, to provide a colorimetric sensor depending on the
agglomeration of the associated DNA aptamer complexes. Stabilized gold
nanoparticles and methods of making them are described in
WO2008/119181, the contents of which are incorporated herein by reference.
In an embodiment, the system includes aggregated AuNPs with tethered DNA
strands that when bound to RCA products causes dispersion and a colour
change from blue to red. In another embodiment, the system can use
dispersed AuNPs which can aggregate in the presence of RCA products,
causing color change from red to blue. In yet another embodiment, dispersed
AuNPs bind RCA products via the formation of duplex structure, which can be
cut by restriction enzymes and to cause AuNP aggregation and corresponding

colour change under specific salt conditions.

[0041] Accordingly, in another embodiment, detecting the single
stranded DNA molecules in d) comprises
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(d1) hybridizing the single stranded DNA molecules with gold
nanoparticles (AuNP) that are tethered to complementary DNA strands
to form AuNP-DNA-DNA duplexes;
(d2) detecting the AUNP-DNA-DNA duplexes;
wherein detection of AUNP-DNA-DNA duplexes in (d2) indicates the
presence of single stranded DNA molecules.
[0042] In yet another embodiment, detecting the amount of single

stranded DNA molecules in d) comprises

(d1) binding the single stranded DNA molecules with gold

nanoparticles (AuNP) to form AuNP-DNA complexes;

(d2) detecting the AUNP-DNA complexes;

wherein detection of AuNP-DNA complexes in (d2) indicates the
presence of single stranded DNA molecules.
[0043] The amount of complexes detected or strength of signal, for
example by colorimetric assay, indicates the amount of single stranded DNA
molecules. The amount of single stranded DNA molecules correlates to the
amount of target in the sample. This amount can be compared to a control or
series of controls that represent known amounts of target. This allows the
amount of target in the sample to be quantified based on the control value or

values from which it is compared.

[0044] In another aspect, the present disclosure also includes a kit for
determining the presence or quantity of a target, said kit comprising an
allosteric DNAzyme that is activateable by the target; a substrate for the
allosteric DNAzyme, wherein the substrate comprises a DNA primer that is
releasable upon DNAzyme activity; a circular template that is amplifiable
using the DNA primer; and a single stranded DNA detection system.

[0045] in one embodiment, the single stranded DNA detection system
comprises a PNA complementary to the single stranded DNA generated from
the circular template by the DNA primer and a duplex binding detection agent.
In one embodiment, the duplex binding detection agent is DiSC2(5).
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[0046] In another embodiment, the single stranded DNA detection
system comprises AuNP particles that bind the single stranded DNA
molecules. In yet another embodiment, the single stranded DNA detection
system comprises AuNP particles tethered to DNA molecules that are
complementary to the single stranded DNA generated from the circular
template by the DNA primer.

[0047] In yet another embodiment, the kits disclosed herein also
include, without limitation, instructions for use, reagents for DNAzyme activity,
reagents for rolling circle amplification, such as dNTPs, DNA polymerase,
including phi29 DNA polymerase and other agents commonly used in the
processes described herein.

[0048] In yet another aspect, the present disclosure includes a method
of designing a biosensor system for detecting a target comprising

a) preparing a substrate that comprises a first DNA molecule that is
complementary to a circular template, an RNA linkage and a second DNA
molecule; and

b) obtaining an allosteric DNAzyme that binds the substrate and masks
the first DNA molecule in the absence of the target and that cleaves the
substrate into the first and second DNA molecule in the presence of the
target;

wherein the biosensor system comprises rolling circle amplification of
the circular template using the cleaved first DNA molecule as a primer to
generate single stranded DNA molecules and quantification of the single
stranded DNA molecules.

[0049] In yet another aspect, the present disclosure includes a method

of determining the presence or absence of a target comprising:

contacting a sample suspected of comprising the target with the
detection system of the disclosure; and

determining the presence or absence of the target.
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[0050] In one embodiment, determining the presence or absence of the
target comprises observing or detecting a color change; wherein color change
is indicative of the target.

[0051] In one embodiment, the sample is a biological, medical or

environmental sample.

[0052] All publications, patents and patent applications are herein
incorporated by reference in their entirety to the same extent as if each
individual publication, patent or patent application was specifically and
individually indicated to be incorporated by reference in its entirety. Where a
term in the present disclosure is found to be defined differently in a document
incorporated herein by reference, the definition provided herein is to serve as

the definition for the term

[0053] The above disclosure generally describes the present
disclosure. A more complete understanding can be obtained by reference to
the following specific examples. These examples are described solely for the
purpose of illustration and are not intended to limit the scope of the disclosure.
Changes in form and substitution of equivalents are contemplated as
circumstances might suggest or render expedient. Although specific terms
have been employed herein, such terms are intended in a descriptive sense
and not for purposes of limitation.

[0054] Examples
A.RESULTS
[0055] Figure 1 illustrates an embodiment of the strategy of the present

disclosure. Three designs are implemented: an RNA-cleaving allosteric
DNAzyme, rolling circle amplification (RCA), and a colorimetric reporting
mechanism based on a peptide nucleic acid (PNA) and an organic dye. In the
presence of the intended target, the allosteric DNAzyme cleaves a special
RNA-containing substrate and releases a DNA molecule that can be used by
$29 DNA polymerase as the primer to initiate RCA reaction for generating a

long ssDNA. The RCA products will then be detected colorimetrically upon
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hybridization with a complementary PNA in the presence of DiSC2(5) (3,3'-
diethylthiadicarbocyanine). PNA molecules are known to form highly stable
duplex structures with complementary DNA sequences.'? It has also been
reported that DiSC2(5) changes color from blue to purple upon binding to
DNA/PNA duplex. This phenomenon has been used for colorimetric DNA
detection."! As is demonstrated below, by employing RCA, PNA and
DiSC2(5), the binding event between an allosteric RNA-cleaving DNAzyme
and its cognate target can be translated into a colorimetric signal visible to

naked eyes.

[0056] First, the colorimetric characteristics of DiSC2(5)-PNA probe
were examined in the presence of RCA product. A circular ssDNA template,
named ‘RCA-T' (Fig. 2A) was synthesized using a previously reported
protocol.l'”? RCA-T and the matching primer, ‘RCA-P’, were used to perform
the RCA reaction as previously described.!" The details of this reaction and
subsequent color development procedures are provided in the Electronic
Supporting Information (ESI). The DiSC2(5) retained the biue color in the
hybridization buffer (50 mM Tris-HCl, pH 7.5, and 100 mM NaCl) (Fig. 2B,
tube 1). When DiSC2(5) was mixed with the RCA product, no significant color
change was seen (tube 2). However, when treated with the RCA product in
the presence of the complementary PNA (named ‘PNA1’; its sequence is
given in Fig. 2A), the dye turned purple (tube 3). It should be noted that this
dye slowly aggregated in the hybridization buffer with and without the RCA
product; in contrast, no aggregation occurred in the RCA/PNA solution. It is
also important to note that this dye can gradually turn into purple color in the
PNA solution alone as in the PNA-DNA duplex. However, as previously
reported," with heating and cooling, the purple color with the dye-PNA-DNA
duplex appears faster (less than 1 min) than that of the dye-PNA alone (at
least 5 min is required).

[0057] The absorbance spectra of the solutions 1-3 were also analyzed
(Fig. 2B). The maximal absorbance of the dye in the hybridization buffer
occurred at 646 nm. With the RCA product and PNA, the maximal absorbance
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was shifted to 537 nm. In comparison, the mixture of the dye and RCA
product produced a broadened peak between 500-680 nm. These spectra
were similar to those produced by others using PNA molecules hybridized to
short DNA oligonucleotides.'" In short, the results above demonstrate that
DiSC2(5)-PNA can indeed be used as colorimetric probe to visualize long
ssDNA from RCA.

[0058] Next, RCA was carried out with ‘pH6-ET4’ (Fig. 3A), an ATP-
sensing allosteric DNAzyme previously designed® from an RNA-cleaving
and fluorescence-signaling DNAzyme named ‘pH6DZ1™ and an ATP-
binding DNA aptamer.I'™ pH6-ET4 can adopt two different conformations: in
the absence of ATP, it adopts an inactive structure in which several
catalytically important nucleotides form a short duplex with part of the aptamer
sequence. In the presence of ATP, however, it switches to the active
conformation because the aptamer domain folds into its binding structure and
frees the catalytic core of the DNAzyme, which cleaves the RNA linkage (‘rA’,
adenine ribonucleotide) embedded in an otherwise DNA substrate denoted
‘S1". The cleavage event generates two separate DNA molecules, one of
which (i.e. the 5'-cleaved fragment, denoted ‘P1’) is designated to be the
primer to initiate RCA. Key to this design is the placement of a masked primer
that can only be retrieved for RCA upon the target-induced cleavage of S1 by
the DNAzyme. Thus, the recognition of the target by the aptamer is translated
into an RCA process.

[0059] It should be noted that pH6-ET4 could aiso report target binding
through the generation of a fluorescence signal because of the fluorophore
and quencher (F and Q in Fig. 3A) attached at the two T residues flanking the
cleavage site. The activity of pH6-ET4 was confirmed to be dependent on the
presence of ATP, as revealed by the PAGE (polyacrylamide gel
electrophoresis) result shown as the insert of Fig. 3A: a much larger quantity
of P1 (which is fluorescent and can be detected by fluorimaging) was
produced in the mixture containing 1 mM ATP than in the mixture containing
no ATP or 1 mM GTP (which has no affinity for the DNA aptamer).



WO 2010/069064 PCT/CA2009/001847

10

15

20

25

30

-16 -

[0060] P1 is designed to be complementary to part of the circular
template RCA-T (underlined nucleotides in Fig. 2A). Four separate RCA
reactions were performed and the RCA product was analyzed by agarose gel
electrophoresis (Fig. 3B). When RCA-T was incubated with pre-cleaved P1 (a
positive control), a significant amount of RCA product (bigger than the 12,000
base-pair ladder; lane L: DNA ladders) was observed (Fig. 3B, lane 1;).
Expectedly, a similar amount of RCA product was seen when RCA-T was
incubated with the reaction mixture of pH6-ET4/S1/ATP (lane 4). In contrast,
only a small amount of RCA product was produced when ATP was omitted
(lane 2) or replaced by (lane 3).

[0061] Each reaction mixture above was combined with PNA1 (5 uM)
and the DiSC2(5) dye (50 uM). The resultant solutions were heated at 90 °C
for 2 min and cooled to room temperature to facilitate hybridization between
the PNA and the RCA product and color development (Fig. 3C). Both sample
2 (2PNA) and sample 3 (3PNA) retained the blue color of the dye; in contrast,
sample 1 (1PNA) and sample 4 (4PNA) produced the expected purple color.

[0062] RCA reactions were performed using the cleavage products of
pH6-ET4/S1 incubated at 0, 50, 100, 250, 500 and 1000 uM of ATP. These
reactions were conducted in the presence of a trace amount of [a-32P]-dGTP
so that the amount of the RCA product measured by radioactivity could be
correlated (Fig. 4A) with the purple color development (Fig. 4B). As expected,
more RCA products and more intensive purple color were observed when
more ATP was used. For comparison, a fluorescent gel image of the cleavage
reaction at varied concentrations of ATP is also provided in ESI as Fig. 5,
which showed that the cleavage product can be observed when 100 uM ATP
was used, as observed with colorimetric results given in Fig. 4.

[0063] Finally, the color response (CR) of the above colorimetric
samples was quantified by comparing absorbance (Fig. 4C) following a
recently reported protocol’'”! (see ESI for details). As mentioned earlier, in a
long incubation, DiSC2(5) with PNA alone can produce a purple color. To
alleviate this problem, the absorbance of the dye in the RCA/PNA duplex was
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measured in the presence of succinyl-B-cyclodextrin (Succ-B-CyD).["¥ This
reagent has been shown to interrupt the binding of the dye to the PNA alone
without interfering with its ability to bind to the RCA/PNA duplex.!"® Therefore
the ratio of the absorbance of the dye at 535 nm vs. 647 nm can be directly
related to the amount of RCA product produced at different amounts of ATP.
Indeed, the CR profile of the RCA reaction mixtures at tested concentrations
of ATP (Fig. 4C) reflects the increasing intensity of the purple color of relevant
solutions (Fig. 4B).

[0064] In summary, demonstrated herein is a strategy of linking the
action of an allosteric RNA-cleaving DNAzyme to RCA for the production of
long ssDNA molecules so that colorimetric sensing can be achieved through
hybridization of a complementary PNA sequence in the presence of a duplex-
binding dye such as DiSC2(5). This approach can work as a general strategy
to devise colorimetric biosensors for the detection of a target analyte for which
an allosteric RNA-cleaving DNAzyme can be designed or created.

B. MATERIALS AND METHODS

[0065] MATERIALS. DNA oligonucleotides were synthesized using
automated DNA synthesis (Integrated DNA Technologies, Coralville, IA)
following the standard phosphoramidite chemistry, and purified by 10%
denaturing PAGE before use. The fluorescently labeled DNA oligonucleotides
were obtained from Invitrogen (Carlsbad, CA) and purified by HPLC. Peptide
nucleic acid, PNAP, was purchased from Bio-Synthesis Inc (Lewisville, TX).
T4 DNA ligase, Phi29 DNA polymerase and T4 polynucleotide kinase (PNK)
were purchased from MBI Fermentas (Burlington, Canada). [a-*2P]dGTP was
purchased from Perkin Eimer (Woodbridge, ON, Canada). Agarose was
obtained from Bioshop (Burlington, Canada). Water used in this work is
double-distilled and autoclaved. The autoradiogram and fluorescent images of
gels were obtained using Typhoon 9200 variable mode imager (GE
healthcare) and analyzed using ImageQuant software (Molecular Dynamics).
Unless otherwise noted, all other materials were purchased from Sigma
(Oakville, Canada) and used without further purification.
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[0066] ROLLING CIRCLE AMPLIFICATION PROCEDURE. The typical
RCA reaction was conducted in a volume of 50 uL. 10 pmol of RCA-T
(circularized DNA template) was mixed with 10 pmol of RCA-P (RCA primer)
in 40 pL of H,O. This solution was heated to 90 °C for 1 min and cooled to
room temperature for 10 min. To this mixture 5 uL. of 10x RCA buffer (330 mM
Tris acetate, pH 7.9 at 37 °C, 100 mM magnesium acetate, 660 mM
potassium acetate, 1% (v/iv) Tween 20, 10 mM DTT, provided by MBI
Fermentas) was added, followed by the addition of dNTP mix so that the final
concentration of each of the dNTP was 500 uM. Finally, 1 uL of Phi29 DNA
polymerase (10 U) was added, the volume was adjusted to 50 pL with H,O.
The reaction mixture was incubated at 30 °C for 3 h before heating at 65 °C
for 10 min to stop the reaction. The RCA product was isolated by ethanol
precipitation and dissolved in 50 uL of the hybridization buffer containing 50
mM Tris-HCI, pH 7.5, 100 mM NaCl.

[0067] COLORIMETRIC DETECTION OF THE RCA PRODUCT. Three
0.5-mL microcentrifuge tubes were marked as 1, 2, and 3. In tube 1, 20 pL of
the hybridization buffer was added; in other two tubes, 10 pL of the above
RCA product was taken and diluted to 20 uL with the hybridization buffer. 1.5
bl (100 pmol) of PNA1 was added to tube 3. Then, ali the tubes were heated
to 90 °C for 1min and cooled to room temperature for 10 min. Thereafter, 1 pL
of DiSC2(5) (1 mM stock, dissolved in methanol) was added to each tube and
the mixture was heated for 2 min and allowed to cool to room temperature.
The color images were captured during the cooling process (at ~1-2 min) by
digital camera (Panasonic, LUMIX) or by scanning using HP ScanJet 3570C.

[0068] CLEAVAGE REACTION OF pH6-ET4/S1. The cleavage
reaction was conducted with a protocol adapted from our previous report
(reference 6d in the main text). 200 pmol of pH6-ET4 was added to 10 pmol of
the substrate (S1) (in 24.5 pL H,0), followed by the addition of 0.5 uL of ATP
(100 mM). The cleavage reaction was initiated by adding 25 pL of the 2x
reaction buffer (100 mM MES, pH 6.0, 100 mM NaCl, 16 mM MgClz, 4 mM

NiClz) at room temperature. After 10 min, the reaction was quenched by
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adding 3uL of EDTA (0.5 M, pH 8.0). The DNA was isolated by ethanol
precipitation. Two control experiments were also conducted in parallel. In the
first control, 0.5 pL of H,O was added to replace ATP, and in the second
control, 0.5 pyL of GTP (100 mM) was added. 5 pyL from each reaction mixture
was analyzed by 10% denaturing PAGE to confirm the cleavage. A
fluorescence image of the PAGE gel is given as the insert in Figure 3A.

[0069] REMOVAL OF THE 2/,3-CYCLIC PHOSPHATE. The cyclic
phosphate of the 5'-cleaved fragment was removed following our previously
reported protocol using PNK."? Briefly, the pellet of the above cleavage
reaction mixture was diluted to 20 pL with ddH,0, followed by addition of 2 pL
of the 10x PNK buffer and 1 pL of PNK. The reaction mixture was incubated
at 37 °C for 60 min. The reaction mixture was heated at 90 °C for 5 min to
inactivate the enzyme. After cooling to room temperature, the DNA product
was isolated by ethanol precipitation.

[0070] ROLLING CIRCLE AMPLIFICATION OF THE CLEAVAGE
PRODUCT AND ENSUED COLOR DEVELOPMENT. The precipitated DNA
above was dissolved in 40.0 pL of H,0, to which 10 pmol of RCA-T was
added. The sample was heated to 90 °C for 1 min and cooled to room
temperature for 10 min, followed by the addition of 5 uL of 10x RCA buffer,
dNTP mixture, Phi29 DNA polymerase, as described above. The reaction
volume was adjusted to 50 pL with H,O. The remaining steps were identical to
the ones described above.

CLEAVAGE REACTION AT DIFFERENT CONCENTRATIONS OF ATP,

AND RELEVANT RCA, COLOR DEVELOPMENT, UV AND CR ANALYSIS

[0071] CLEAVAGE, RCA AND GEL ELECTROPHORESIS. The
cleavage reactions and removal of the cyclic phosphate groups were
performed in the same way as described above except that the cleavage
reactions were conducted at 0, 50, 100, 250, 500 and 1000 uM concentration.
The RCA reactions were conducted in the same way as above in 50 uL

reaction volume with the inclusion of a trace amount of a-**P-[dGTP]. After
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ethanol precipitation, the RCA product was dissolved in 50 uL hybridization
buffer, 10 pL of which was applied to the 10% denaturing PAGE.

[0072] COLOR DEVELOPMENT, UV MEASUREMENT AND CR
ANALYSIS. The RCA product (10 pyL) from each sample was transferred to a
microcentrifuge tube and the volume was adjusted to 25 pL with the
hybridization buffer. 1 uL of PNAP (150 pmol) and 1 pL of DiSC2(5) was
added. [n order to stabilize the color for UV analysis, 1 uL of 15% Succ-$-CyD
(in 10% methanol) was added to each sample, which was then heated and
cooled to room temperature. The color was captured with Panasonic LUMIX.
For UV measurement, each sample was diluted to 500 upL with the
hybridization buffer containing 0.56% Succ-g-CyD before heating and cooling.

The absorbance was taken with Cary300 UV/Vis spectrophotometer.

[0073] CR CALCULATION. The color response, CR, of each sample
was calculated from the UV absorbance as follows:

CR = [(Bo— B1)/Bo] x 100%
Where B = Apue/(Aoie + Apurpie); A is the absorbance at either the “blue”
component in the UV-Vis spectrum (ca. 647 nm) or “purple” component
(ca. 535 nm); B0 is the purple/blue ratio of the control sample (dye alone);
and B17 is the value obtained from the sampies at different amount of ATP
(0, 50, 100, 250, 500 and 1000 uM).
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Claims:

1. A method of determining the presence of a target in a sample comprising:

a) providing a substrate that comprises (i) a first DNA sequence that is
complementary to a circular template, (ii) an RNA linkage and (iii) a second
DNA sequence; and

b) providing an allosteric DNAzyme that binds the substrate and
masks the first DNA sequence in the absence of the target and that cleaves
the substrate into a first and second DNA sequence in the presence of the
target, releasing a primer comprising the first DNA sequence;

c) generating single stranded DNA molecules by rolling circle
amplification in the presence of the circular template and the primer; and

d) detecting the single stranded DNA molecules generated in ¢);

wherein detection of single stranded DNA molecules in (d) indicates

the presence of target in the sample.

2. The method of claim 1, wherein the detection of the single stranded DNA
molecules in d) is compared to a control, wherein a difference or similarity in
the detection between the sample and the contro! indicates the amount of
target in the sample.

3. The method of claim 1 or 2, wherein the detection of the single stranded

DNA molecules is by a colorimetric assay.

4. The method of any one of claims 1 to 3, wherein detecting the single
stranded DNA molecules in d) comprises:
d1) hybridizing the single stranded DNA molecules with a
complementary peptide nucleic acid (PNA) to form DNA-PNA
duplexes; and
d2) detecting the DNA-PNA duplexes with a duplex binding detection
agent;
wherein detection of the DNA-PNA duplexes in (d2) indicates the
presence of single stranded DNA molecules.
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5. The method of claim 4, wherein the duplex binding detection agent
comprises 3,3'-diethylthiadicarbocyanine (DiSC2(5)).

6. The method of claim 5, wherein the presence of DNA-PNA duplexes is

indicated by a change in colour.

7. The method of claim 5 or 6, wherein detection or measurement of the
absorbance of the DiSC2(5) dye is in the presence of succinyl-B-cyclodextrin
(Succ-B-CyD).

8. The method of any one of claims 1 to 3, wherein detecting the single
stranded DNA molecules in d) comprises
d1) hybridizing the single stranded DNA molecules with gold
nanoparticles (AuNP) that are tethered to compiementary DNA strands
to form AuNP-DNA-DNA duplexes; and
d2) detecting the AUNP-DNA-DNA duplexes;
wherein detection of AUNP-DNA-DNA duplexes in (d2) indicates the
presence of single stranded DNA molecules.

9. The method of claim 8, wherein the presence of AuNP-DNA-DNA
duplexes is indicated by a change in colour.

10.The method of any one of claims 1 to 3, wherein detecting the single
stranded DNA molecules in d) comprises
d1) binding the single stranded DNA molecules with gold nanoparticles
(AuNP) to form AuNP-DNA complexes;
d2) detecting the AUNP-DNA complexes;
wherein detection of AuNP-DNA complexes in (d2) indicates the

presence of single stranded DNA molecules.

11.The method of claim 10, wherein the presence of AUNP-DNA duplexes is

indicated by a change in colour.

12.The method of any one of claims 1 to 11, wherein the target is a small

molecule, a protein, a bacterial fragment or a cell, or fragment thereof.
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13.A kit for determining the presence or quantity of a target, said kit
comprising an allosteric DNAzyme that is activatable by the target; a substrate
for the allosteric DNAzyme, wherein the substrate comprises a DNA primer
that is releasable upon DNAzyme activity; a circular template that is
amplifiable using the DNA primer; and a single stranded DNA detection

system.

14.The kit of claim 13, wherein the single stranded DNA detection system
comprises a peptide nucleic acid (PNA) complementary to the single stranded
DNA generated from the circular template by the DNA primer and a duplex

binding detection agent.

15.The kit of claim 14, wherein the duplex binding detection agent is 3,3'-
diethylthiadicarbocyanine (DiSC2(5)).

16.The kit of claim 15, further comprising succinyl-B-cyclodextrin (Succ-B-
CyD).

17.The kit of claim 13, wherein the single stranded DNA detection system
comprises AuNP particles that bind the single stranded DNA molecules.

18.The kit of claim 13, wherein the single stranded DNA detection system
comprises AuNP particles tethered to DNA molecules that are complementary
to the single stranded DNA generated from the circular template by the DNA
primer.

19.A method of designing a biosensor system for detecting a target
comprising

a) preparing a substrate that comprises a first DNA molecule that is
complementary to a circular template, an RNA linkage and a second DNA
molecule; and

b) obtaining an allosteric DNAzyme that binds the substrate and

masks the first DNA molecule in the absence of the target and that cleaves
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the substrate into the first and second DNA molecule in the presence of the
target;

wherein the biosensor system comprises rolling circle amplification of
the circular template using the cleaved first DNA molecule as a primer to
generate single stranded DNA molecules and quantification of the single

stranded DNA molecules by a colorimetric assay.
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