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linear, open conformation to a looped, closed conformation. These nanoswitches may be used in diagnostic assays such as nucleic

o acid- based diagnostic assays, to detect, measure and/or purify a variety of targets including low abundance targets.
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COMPOSITIONS AND METHODS FOR ANALYTE DETECTION USING
NANOSWITCHES

RELATED APPLICATIONS
This application claims the benefit under 35 U.S.C. § 119(e) of U.S. provisional application
serial number 62/185,582, filed June 27, 2015, which is incorporated by reference herein in its

entirety.

BACKGROUND OF INVENTION
DNA has been used in the construction of dynamic nanostructures and devices that are
based on the specific interactions between complementary base pairs. DNA-based molecular
devices have previously been used for reporting transient molecular events and as probes to follow
cellular pathways. These devices are based on conformational changes induced by changes in

environment (e.g., pH, ionic strength) or by signaling (e.g., strand displacement).

SUMMARY OF INVENTION

This disclosure provides nucleic acid-based nanoswitches that bind to and thus can be used
to detect and quantify specific nucleic acids, such as may be required for a nucleic acid based
diagnostic assay. The nucleic acids may be detecting using a gel electrophoresis readout.
Recognition of specific targets is reported by a conformational change between two different states
of the nanoswitch. The ‘open’ state of the switch is a linear duplex formed by a single-stranded
scaffold and a set of oligonucleotides. Typically at least two of the oligonucleotides contain single
stranded extensions each of which bind to a region of the target. Target recognition and binding
reconfigures the nanoswitch to form a loop thus changing it to the ‘closed’ state. The open and
closed nanoswitches migrate differently on an agarose gel, indicating their relative quantity in the
two possible states. These molecular switches are low-cost approaches for detection, quantification
and purification of specific nucleic acids including for example RNAs in small quantities. Thus,
provided herein are compositions and methods for detecting targets such as nucleic acids using

nucleic acid-based nanoswitches.
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Also provided herein are a collection of methods for holding a variety of nanoswitches in the
closed or looped state, thereby facilitating detection and optionally quantitation and/or purification
of a variety of targets including but not limited to target nucleic acids, target proteins, and the like.
The ability to “freeze” a nanoswitch in such a conformation can facilitate the detection and
characterization of a wide range of molecular interactions and thus a wide range of targets. In some
instances, the conformation is maintained or stabilized through the use of a latch. The latches of
this disclosure are designed to “close” when a transient interaction occurs between two moieties
that are in close proximity on a nanoswitch as the latch moieties. When no transient interaction
occurs between the other moieties, then the latch remains open. The latches can be used in
instances in which the binding interaction occurring within the nanoswitch is not strong enough to
keep the nanoswitch closed during later analysis such as gel electrophoresis. Such weak binding
interactions are difficult to measure and detect. A latch that is capable of keeping a nanoswitch shut
even if the primary binding interaction is weak, expands the range of targets and binding
interactions that can be studied using such nanoswitches. This disclosure contemplates using the
latches to detect weak interactions between two moieties attached to the nanoswitch, to detect
targets by stabilizing a loop formed, for example by a sandwiching assay with two detection
antibodies attached to the nanoswitch, to stabilize interactions between members of a compound
library and target molecules for drug discovery/screening, and/or to purify targets using a
nanoswitch separation assay. These applications and the required latch designs are described in
greater detail herein.

This disclosure provides, in one aspect, a nucleic acid complex comprising a scaffold
nucleic acid hybridized to a plurality of oligonucleotides, wherein a first and a second
oligonucleotide in the plurality are partially hybridized to the scaffold nucleic acid, wherein the first
oligonucleotide comprises a 3’ overhang and the second oligonucleotide comprises a 5° overhang,
wherein the 3’ overhang is not complementary to the 5* overhang, and wherein if the 3* overhang
and the 5 overhang are brought into close proximity to each other, a loop is formed in the nucleic
acid complex, in the presence of a target nucleic acid that is complementary to both the 3* overhang
and the 5° overhang.

In some embodiments, the 3” and 5° overhangs each has a length of 5 or more nucleotides,

or 6 or more nucleotides, or 7 or more nucleotides. In some embodiments, the 3* and 5° overhangs
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are of the same length. In some embodiments, the 3’ and 5 overhangs are of the different lengths.
In some embodiments, the 3* overhang comprises a 3° hydroxyl and the 5 overhang comprises a 5’
phosphate.

In some embodiments, the nucleic acid complex is hybridized to a target nucleic acid that is
partially complementary to the 3” overhang and partially complementary to the 5’ overhang.

In some embodiments, the target nucleic acid is a miRNA, mRNA or non-coding RNA.

In some embodiments, the complex comprises N pairs of target-specific oligonucleotides,
wherein each pair of target-specific oligonucleotides hybridizes specifically to its respective target
nucleic acid.

In some embodiments, a third and a fourth oligonucleotide in the plurality are partially
hybridized to the scaffold nucleic acid, wherein the third oligonucleotide comprises a 3* overhang
and the fourth oligonucleotide comprises a 5’ overhang. In some embodiments, the third and fourth
oligonucleotides are both upstream of the first oligonucleotide or downstream of the second
oligonucleotide. In some embodiments, the first and second oligonucleotides are partially
complementary to a first target nucleic acid, and the third and fourth oligonucleotides are partially
complementary to a second target nucleic acid.

In some embodiments, the third and fourth oligonucleotides together flank the first and
second oligonucleotides together (i.e., the third oligonucleotide is upstream of the first
oligonucleotide and the fourth oligonucleotide is downstream of the second oligonucleotide). In
some embodiments, the third and fourth oligonucleotides are nested between the first and second
oligonucleotides (i.e., the first oligonucleotide is upstream of the third oligonucleotide and the
second oligonucleotide is downstream of the fourth oligonucleotide). The third and fourth
oligonucleotides may be latch oligonucleotides that bind to a trigger or latch nucleic acid once they
are brought into close proximity with each other as a result of the occurrence of the first binding
interaction.

In some embodiments, the 3” overhang of the third oligonucleotide and/or the 5° overhang of
the fourth oligonucleotide adopt a hairpin conformation or other secondary structure or are capable
of adopting a hairpin conformation or other secondary structure.

In some embodiments, the nucleic acid complex comprises a scaffold nucleic acid that is

about 1000-10,000 nucleotides in length. In some embodiments, the nucleic acid complex
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comprises a scaffold nucleic acid that is about 5000-10,000 nucleotides in length. In some
embodiments, the nucleic acid complex comprises a scaffold nucleic acid that is about 7000-7500
nucleotides in length.

In some embodiments, the nucleic acid complex comprises a plurality of oligonucleotides
hybridized to a scaffold nucleic acid, wherein the oligonucleotides are each about 20-100
nucleotides in length. In some embodiments, the nucleic acid complex comprises a plurality of
oligonucleotides hybridized to a scaffold nucleic acid, wherein the oligonucleotides are each about
40-80 nucleotides in length. In some embodiments, the nucleic acid complex comprises a plurality
of oligonucleotides hybridized to a scaffold nucleic acid, wherein the oligonucleotides are each
about 60 nucleotides in length.

The disclosure provides, in another aspect, a composition comprising one or more of any of
the foregoing nucleic acid complexes. In some embodiments, the composition comprises a plurality
of any of the foregoing nucleic acid complexes. In some embodiments, the nucleic acid complexes
of the plurality are identical to each other. In some embodiments, the nucleic acid complexes of the
plurality are different from each other. In some embodiments, the nucleic acid complexes of the
plurality differ from each other in the sequence of the 3* overhang, and/or the sequence of the 5’
overhang, and/or the distance between the 3° overhang and the 5 overhang along the length of the
scaffold nucleic acid.

In some embodiments, the composition further comprises a nucleic acid sample. The
nucleic acid sample may be or may have been derived from a bodily sample, such as but not limited
to a blood sample.

In some embodiments, the composition comprises a target nucleic acid. In some
embodiments, the composition comprises a first and a second target nucleic acid. In some
embodiments, the composition comprises a plurality of different nanoswitches and a plurality of
target nucleic acids.

In some embodiments, the composition comprises a ligase.

The disclosure provides, in yet another aspect, a method for detecting a target nucleic acid
comprising providing any one of the foregoing nucleic acid complexes wherein the complex is
hybridized to a bridge oligonucleotide that is partially complementary to the 3” and 5° overhangs,

and the complex is thereby in a looped conformation, contacting the complex with a nucleic acid
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sample under conditions that allow a target nucleic acid, if present in the nucleic acid sample, to
hybridize to the 3’ overhang, or the 5* overhang, or the bridge oligonucleotides, thereby displacing
the bridge oligonucleotide from the complex, and inducing the complex to adopt a linear
conformation, and detecting the conformation of the nucleic acid complex, wherein a linear
conformation indicates presence of the target nucleic acid in the sample.

The disclosure provides, in yet another aspect, a method for detecting a target nucleic acid
comprising contacting any one of the foregoing nucleic acid complexes with a nucleic acid sample
under conditions that allow a target nucleic acid, if present in the nucleic acid sample, to hybridize
to the 3’ overhang and the 5* overhang of the nucleic acid complex, and detecting conformation of
the nucleic acid complex, wherein a looped conformation indicates presence of the target nucleic
acid in the sample.

In some embodiments, the conformation of the nucleic acid complex is detected using gel
electrophoresis. In some embodiments, the gel electrophoresis is bufferless gel electrophoresis. In
some embodiments, the conformation of the nucleic acid complex is detected using liquid
chromatography.

In some embodiments, the method further comprises measuring an absolute or relative
amount of target nucleic acid. In some embodiments, the method further comprises isolating the
target nucleic acid from sample or the nucleic acid complex.

In some embodiments, the conditions that allow a target nucleic acid to hybridize to the 3’
overhang and the 5° overhang comprise a constant annealing temperature. In some embodiments,
the conditions that allow a target nucleic acid to hybridize to the 3* overhang and the 5’ overhang
comprise a constant annealing temperature of about 25°C. In some embodiments, the conditions
that allow a target nucleic acid to hybridize to the 3’ overhang and the 5° overhang comprise a
decreasing annealing temperature. In some embodiments, the conditions that allow a target nucleic
acid to hybridize to the 3* overhang and the 5’ overhang comprise a decreasing annealing
temperature that spans about 46°C to about 4°C.

In some embodiments, the nucleic acid sample is not an in vitro amplified nucleic acid
sample. In some embodiments, the nucleic acid sample comprises nucleic acid that is non-target
nucleic acid. In some embodiments, the nucleic acid sample comprises about 100 uM total or non-

target nucleic acid. In some embodiments, the target nucleic acid is present in the sample at a pM
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concentration. In some embodiments, the nucleic acid sample comprises target nucleic acid in the
nanomolar concentration. In some embodiments, the target nucleic acid is present in the sample at a
concentration in the range of about 1 nM to 25 nM.

In some embodiments, the nucleic acid sample comprises target nucleic acid and non-target
nucleic acid. In some embodiments, the target nucleic acid and non-target nucleic acid are present
in the sample at a ratio of 1:10%, 1:10%, 1:10%, 1:10°, 1:10°, 1:10, or 1:10".

In some embodiments, the target nucleic acid is a DNA. In some embodiments, the target
nucleic acid is a RNA. In some embodiments, the target nucleic acid is miRNA, mRNA or non-
coding RNA, or a fragment thereof. In some embodiments, the target nucleic acid is a tumor-
specific nucleic acid.

In some embodiments, the nucleic acid sample is derived from a bodily sample. In some
embodiments, the bodily sample is a blood sample, a urine sample, a sputum sample, or a stool
sample. In some embodiments, the target nucleic acid is an allelic variant. In some embodiments,
the 3’ overhang and 5° overhang each or together comprise 1 or 2 mismatch nucleotides relative to a
wild-type sequence. In some embodiments, at least 1 of the mismatch nucleotides is located in the
middle of the 3” or 5* overhang (i.e., at a position that is not an end nucleotide of the overhang).

In some embodiments, the combined length of the 3’ overhang and the 5° overhang is the
same length of the target nucleic acid. In some embodiments, the combined length of the 3’
overhang and the 5° overhang is shorter than the length of the target nucleic acid. In some
embodiments, the combined length of the 3* overhang and the 5’ overhang is longer than the length
of the target nucleic acid.

In some embodiments, the 3* overhang and the 5° overhang are of equal length. In some
embodiments, the 3’ overhang and the 5* overhang are of different lengths. In some embodiments,
the 3’ overhang and the 5° overhang are each about or at least 7, 8, 9, or 10 nucleotides in length.

In some embodiments, the 3* overhang and the 5° overhangs have a combined length of about or at
least 14 nucleotides. In some embodiments, the 3* overhang and the 5° overhangs have a combined
length of 15, 16, 17, 18, 19, 20, 21 or 22 or more nucleotides. Some nanoswitches comprise 5* and
3’ overhang combinations of 9 and 9 nucleotides, 10 and 10 nucleotides, 15 and 15 nucleotides, up

to and including 20 and 20 nucleotides. A specific example comprises a 15 and 7 nucleotide

overhang combination, yielding a 22 nucleotide overall detector length.
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In some embodiments, the target nucleic acid is about 7-50 nucleotides in length.

In some embodiments, the target nucleic acid has more sequence complementarity to the 3’
overhang than to the 5’ overhang. In some embodiments, the target nucleic acid has more sequence
complementarity to the 5* overhang than to the 3° overhang.

In some embodiments, the target nucleic acid comprises a 5* and/or a 3” sequence that does
not hybridize to the nucleic acid complex.

In some embodiments, the method further comprises hybridizing another nucleic acid to the
target nucleic acid, thereby creating a triplex. In some embodiments, the target nucleic acid or a
portion of the target nucleic acid is polypurine sequence, the 3” overhang and/or the 5* overhang has
a polypyrimidine sequence, and the other nucleic acid has a polypyrimidine sequence. In some
embodiments, the target nucleic acid is about 10-50 nucleotides in length. In some instances, the
target nucleic acid is 10-22 nucleotides in length.

In some embodiments, the method is a method of detecting a first and/or a second target
nucleic acid, wherein the nucleic acid complex adopts different conformations in the presence of the
first target nucleic acid, in the presence of the second target nucleic acid, and in the combined
presence of the first and second target nucleic acids. In some embodiments, the nucleic acid
complex comprises a third oligonucleotide and a fourth oligonucleotide that are partially
complementary to a second target nucleic acid.

In some embodiments, the method is used to genotype a sample. In some embodiments, the
sample is fragmented genomic DNA. In some embodiments, the method further comprises
harvesting the target nucleic acid from the nucleic acid complex.

The disclosure provides, in another aspect, a method for detecting a target nucleic acid
comprising contacting any of the foregoing nucleic acid complexes with a target nucleic acid under
conditions that allow the target nucleic acid to hybridize to the 3’ overhang and the 5’ overhang of
the nucleic acid complex, wherein the 3” overhang comprises a 3* hydroxyl and the 5* overhang
comprises a 5’ phosphate, contacting the nucleic acid complex that is hybridized to the target
nucleic acid with a ligase, thereby ligating the 3’ overhang to the 5’ overhang, and detecting a
looped conformation of the nucleic acid complex.

The disclosure provides, in another aspect, a method for detecting a target nucleic acid

comprising (1) contacting any one of the foregoing nucleic acid complexes with a target nucleic
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acid under conditions that allow the target nucleic acid to hybridize to the 3’ overhang and the 5’
overhang of the nucleic acid complex, wherein the 3’ overhang comprises a 3’ hydroxyl and the 5’
overhang comprises a 5° phosphate, (2) contacting the nucleic acid complex that is hybridized to the
target nucleic acid with a ligase, thereby ligating the 3 overhang to the 5’ overhang, (3)
dissociating the target nucleic acid from the nucleic acid complex, thereby allowing the target
nucleic acid to contact another nucleic acid complex, (4) repeating steps (1) through (3) one or
more times, and

detecting a looped conformation of the nucleic acid complex.

The disclosure provides, in another aspect, a method for detecting a target nucleic acid in a
sample comprising (1) contacting any one of the foregoing nucleic acid complexes with sample
under conditions that allow a target nucleic acid, if present in the sample, to hybridize to the 3’
overhang and the 5° overhang of the nucleic acid complex, wherein the 3’ overhang comprises a 3’
hydroxyl and the 5’ overhang comprises a 5° phosphate, (2) contacting the nucleic acid complex
with a ligase, thereby ligating the 3’ overhang to the 5’ overhang if the target nucleic acid is
hybridized to the nucleic acid complex, (3) introducing conditions sufficient to dissociate a target
nucleic acid from the nucleic acid complex, (4) introducing conditions that allow a target nucleic
acid, if present, to hybridize to the 3’ overhang and the 5’ overhang of another, non-ligated, nucleic
acid complex, (5) repeating steps (2) through (4) one or more times, and detecting conformations of
the resultant nucleic acid complexes, wherein a looped conformation indicates presence of the target
nucleic acid in the sample.

In some embodiments, the target nucleic acid is present in the sample at a concentration in
the range of 1 zeptomolar to 1 nanomolar. In some embodiments, a single copy of the target nucleic
acid is present in the sample.

In some embodiments, the conditions that allow a target nucleic acid to hybridize to the 3’
and 5° overhangs of the nucleic acid complex comprise a temperature in the range of about 4°C to
25°C. In some embodiments, conditions sufficient to dissociate a target nucleic acid from the
nucleic acid complex comprise an increase in temperature. In some embodiments, conditions
sufficient to dissociate a target nucleic acid from the nucleic acid complex comprise a temperature

above 25°C. In some embodiments, the method is performed using a thermo-cycler.



10

15

20

25

WO 2017/003950 PCT/US2016/039654

-9.

In some embodiments, ligase is present during steps (1) through to (4) or steps (1) through
(5).

In some embodiments, conformations of the resultant nucleic acid complexes are detected
using gel electrophoresis.

In some embodiments, the hybridization of the target nucleic acid to the nucleic acid
complex is stabilized in the presence of magnesium, and the gel electrophoresis is performed in the
absence of magnesium. In some embodiments, the hybridization of the target nucleic acid to the
nucleic acid complex is stabilized in the presence of magnesium, and the gel electrophoresis is
performed in the presence of magnesium, and optionally in sub-optimal concentrations of
magnesium.

In some embodiments, the target nucleic acid is weakly hybridized to the 3° overhang or the
5’ overhang. In some embodiments, the binding interaction between the target nucleic acid and the
3’ overhang or the 5” overhang or the 3’ overhang and the 5* overhang combined has a Kd greater
than 1 nM.

The disclosure provides, in another aspect, a method comprising (1) placing a nucleic acid
complex comprising a first and a second binding partner under conditions that allow for binding of
the first and second binding partners to each other, wherein the first and second binding partners are
attached to first and second oligonucleotides respectively, (2) contacting the nucleic acid complex
with a ligase and a trigger nucleic acid that is partially complementary to a third and a fourth
oligonucleotide in the nucleic acid complex under conditions that allow ligation of a third and a
fourth oligonucleotide, each comprising either a 3’ hydroxyl or a 5* phosphate, (3) dissociating the
trigger nucleic acid from the third and fourth oligonucleotides, (4) optionally repeating steps (1)
through (3) one or more times, and detecting conformations of the resultant nucleic acid
complexes, wherein a looped conformation indicates binding of the first binding partner to the
second binding partner. The nucleic acid complex comprises a scaffold nucleic acid hybridized to
a plurality of oligonucleotides, wherein a first oligonucleotide in the plurality is linked to the first
binding partner, a second oligonucleotide in the plurality is linked to the second binding partner, a
third oligonucleotide located upstream of the first oligonucleotide is partially hybridized to the

scaffold nucleic acid and comprises the 3’ overhang having a 3* hydroxyl, and a fourth
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oligonucleotide located downstream of the second oligonucleotide is partially hybridized to the
scaffold nucleic acid and comprises a 5° overhang having a 5° phosphate.

In some embodiments, the first and second binding partners bind to each other directly. In
some embodiments, the first and second binding partner bind to each other indirectly. In some
embodiments, the conformations of the resultant nucleic acid complexes are determined using gel
electrophoresis.

The disclosure provides, in another aspect, a method for stabilizing a first binding
interaction in a nanoswitch, comprising providing a nucleic acid-based nanoswitch in a looped
conformation as a result of a first binding interaction of the nanoswitch with a target, and inducing a
latch binding interaction in the nanoswitch, thereby stabilizing nanoswitch in the looped
conformation.

In some embodiments, the latch binding interaction is externally triggered via introduction
of trigger moieties, and/or via photoactivation, force application, heating, change in solution
conditions, change in concentration or presence of ions or atoms in solution.

In some embodiments, the latch binding interaction is a covalent. In some embodiments,
the covalent latch binding interaction involves crosslinking, click chemistry bonds, and sortase
mediated binding.

In some embodiments, the latch binding interaction is non-covalent. In some embodiments,
the non-covalent latch binding interaction involves nucleic acid hybridization, receptor-ligand
binding, biotin-avidin binding, biotin-streptavidin binding, or nucleic acid and protein binding.

In some embodiments, the nanoswitch comprises amine and sulfhydryl reactive groups or a
pair of amine groups, and the latch binding interaction comprises contacting the nanoswitch with
SMCC or glutaraldehyde. In some embodiments, the amine and sulfhydryl reactive groups or a
pair of amine groups are naturally present in the moieties involved in the first binding interaction.
In some embodiments, the amine and sulfhydryl reactive groups or a pair of amine groups are
attached to the nanoswitch at a position in close proximity to the location of the moieties involved
in the first binding interaction.

In some embodiments, the latching binding interaction is reversible.

These and other aspects and embodiments of the invention will be described in greater detail

herein.
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BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A shows the design and operation of the two-state DNA nanoswitch. A double
stranded DNA is made with a single-stranded scaffold (pink), complementary backbone oligos
(blue), and detector strands (yellow) that can be addressably inserted at different locations. Addition
of the key oligonucleotide (red) binds the overhangs of the two detector regions ‘a’ and ‘b’ thereby
forming a loop. This conformational change can be read out using gel electrophoresis (inset).

FIG. 1B shows the sequence specificity of DNA nanoswitches. An agarose gel showing the
sequence specificity of the nanoswitch. Switch A turns on only in the presence of key
oligonucleotide A and switch B turns on only in the presence of key oligonucleotide B with no
background detection of the incorrect strand.

FIG. 1C shows the loop size configuration of the on state. The left panel shows detector
positions on the nanoswitch are shown in green. The middle panel shows the combination of two
positions, which gives different loop sizes on recognition of the key oligonucleotide. The right
panel shows that different loop sizes can be identified using a gel read out. Larger loop sizes
provide a shorter read-out time.

FIG. 1D. Limit of detection using nanoswitches.

FIGs. 2A-2B show the preparation and purification of DNA nanoswitches. FIG. 2A is a
scheme showing the construction of the DNA nanoswitch. FIG. 2B is an agarose gel image of the
nanoswitch before and after purification.

FIGs. 3A-3B show targeting strategies for the DNA nanoswitch. FIG. 3A shows binding of
the “symmetric” key oligonucleotides to the nanoswitch. Closure length was varied from 15-nt to
10-nt. FIG. 3B shows “asymmetric” key oligonucleotides with closure lengths varying from 15-nt to
5-nt (with a* being 15-nt). The top part shows details of the key binding and lower part shows
agarose gel results from samples that were annealed and kept at room temperature.

FIGs. 4A-4B show the concentration dependence of “symmetric” target binding. FIG. 4A
presents agarose gels showing the binding of different key oligonucleotides at four different
concentrations (25 nM, 12.5 nM, 6.25 nM, 1.25 nM). FIG. 4B shows the looped intensity of the on-

state switches measured in comparison to the reference band (indicated) from the pBR digest. The
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bars in FIG. 4B correspond to the same concentrations as shown in FIG. 4A, such that the first,
second, third and fourth bars correspond to 25 nM, 12.5 nM, 6.25 nM, 1.25 nM.

FIG. 4C provides the results of an analysis of the effect of target length versus detector
length on efficacy of target capture.

FIGs. 5A-5E show the binding efficiency of nanoswitch components. FIG. 5A shows a view
of two detector strands (det-1 and det-2) and binding of the key oligonucleotide. The length of the
key oligonucleotide can be varied. FIG. 5B shows the temperature dependent binding of the
detector strands on to the scaffold. FIG. 5C shows the UV melting profiles of the complete binding
of the key oligonucleotides to both detectors. FIGs. 5D and SE present UV melting profiles
showing affinity of the key oligonucleotides to detector 1 and detector 2 respectively, with shorter
keys having lower melting temperatures.

FIGs. 6A-6B show the sequence-specific detection of target oligonucleotides. FIG. 6A is an
agarose gel shows the sequence specificity of the nanoswitch. Switch X (blue) turns on only in the
presence of key oligonucleotide X (blue) and switch Y turns on only in the presence of key
oligonucleotide Y with no background detection of the incorrect strand. FIG. 6B shows that the
DNA nanoswitch can successfully detect the target sequence, even when competing random
sequences are present in large molar excess.

FIGs. 7A-7B shows the sequence-specific detection of target oligonucleotides. FIG. 7A
shows that different concentrations of random oligo mixtures do not affect the nanoswitch. There is
no false positive detection even at 50 uM of random sequence oligos, which is roughly 100,000
times higher molar concentration than the nanoswitches themselves. FIG. 7B shows that the DNA
nanoswitch turns “on” only when the specific key oligonucleotide is added and the addition of a
mixture of random oligos has little effect on the switch.

FIGs. 8 A-8C show the fast detection and read-out of nucleic acid sequences. In FIG. 8A
show the normalized fraction of nanoswitches in the on-state after specific time intervals. Gel
results are shown within the graph at different time points. FIG. 8B shows a gel read-out at different
gel running times. Separation of the on- and the off-state is clearly visible even after 20 minutes.
The experiment was done both at 25°C and 4°C. FIG. 8C is a scheme showing the fast, label-free
detection strategy. Detection of the target sequence happens in 10 minutes and can be read-out

using gel electrophoresis within 20 minutes.
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FIG. 9A shows a schematic of the detection of different numbers of mismatches (left panel)
and the on-state percentage as a function of the number of mismatches (right panel).

FIG. 9B shows an analysis of mismatch detection in synthetic RNA.

FIG. 9C shows a further analysis of mismatch detection in a complete let-7 series of miRNA
sequences.

FIG. 10 shows mismatch sliders; the mismatch position 2 nucleotides away from either end
of the detectors with 20 base pairs (out of 23) is effectively detected using the nanoswitch

FIG. 11A shows mismatch detectors designed to bind 17 (left 5 lanes) or 18 (right 5 lanes)
of the target sequence to detect single nucleotide mismatches with zero background.

FIG. 11B shows results of an optimization for mismatch selectivity. The detector sequence
is denoted 7C-11, 7C-10, 7C-9, 7C-8, 7C-7 and 7C-6 indicating the length of the “half-detector”
sequence. The target is denoted as +C for let-7c and +B for let-7b. The switches are designed to be
complementary to let-7c. L is a control containing no target.

FIG. 12 is a schematic showing the use of detectors to study triple helix formation.

FIGs. 13A-13B show the simultaneous detection of multiple sequences. FIG. 13A is a
schematic illustrating the design strategy and FIG. 13B shows the distinct gel mobility of each
target loop.

FIG. 13C illustrates loop size and position and migration through a gel.

FIG. 13D illustrates another nanoswitch embodiment capable of multiplexed detection.

FIG. 14 shows the detection of sequences with significant secondary structure.

FIG. 15 shows a DNA latch integrated into a DNA nanoswitch antigen detector.

FIG. 16 shows a schematic of a simple DNA latch functioning to close a loop for detection
of a protein-aptamer interaction.

FIG. 17 shows latches used to close loops for weak aptamer binding to streptavidin.

FIG. 18 shows a DNA latch used to detect weak aptamer binding.

FIG. 19 shows a DNA latch used to detect weak binding between desthiobiotin and
streptavidin.

FIG. 20 shows the activity of kinetic barrier latches.

FIG. 21 shows the sequences and free-energy structure predictions of the latches and the

segments of M13 to which they bind.
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FIG. 22 shows single attomole detection. Low- (Top) and High- (Bottom) contrast images
of gels showing detection of 100, 10, and 1 attomole(s) of protein (left to right).
FIG. 23 shows preliminary data showing early pregnancy factor (EPF) detection with a

DNA nanoswitch assay.

DETAILED DESCRIPTION

The disclosure provides nucleic acid complexes, also referred to herein as nanoswitches, for
use in detecting targets. Targets are detected based on their binding interactions with the
nanoswitches and the conformational changes that are induced in the nanoswitches as result of such
binding. The nanoswitches are designed so that in the absence of the target they typically assume a
linear (or open) conformation and in the presence of target they assume a looped (or closed)
conformation. As will be discussed in greater detail herein, the nanoswitches can also be designed
to maintain such closed conformations even in the absence of a bound target, through the use of a
latching mechanism. These conformations are detected and physically separable from each other
using various techniques including but not limited to gel electrophoresis. In the context of gel
electrophoresis, the open and closed conformations migrate to different extents through a gel, and
they can be excised from the gel in order to, in some instances, further study and/or isolate the
target that is bound to the nanoswitch.

The nanoswitches are further designed to detect a variety of targets, including but not
limited to targets that are nucleic acids or proteins or peptides. Typically, the nanoswitch comprises
or is bound to a binding partner for a target of interest. The binding partner may be a nucleic acid
that binds to a target that is a nucleic acid based on sequence complementarity. The binding partner
may be an antibody or an antibody fragment that binds specifically to the target of interest.

Various aspects of this disclosure relate to the use of nanoswitches to detect targets that are
nucleic acids, such targets being referred to herein as target nucleic acids. Detection of nucleic
acids such as DNA is important for a variety of applications including for example in the fields of
medicine and forensics. Many currently available detection strategies involve multiple time
consuming steps and/or require expensive detection equipment. This disclosure provides a
programmable nucleic acid-based nanoswitch that undergoes a pre-defined conformational change

upon binding a target nucleic acid, thereby converting the nanoswitch from a linear “off” state (or
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conformation) to a looped “on” state (or conformation). The presence of the target nucleic acid is
determined without enzyme-based amplification such as PCR and the like. Instead, the presence of
the target nucleic acid can be detected using separation techniques such as standard gel
electrophoresis, which are capable of physically separating the open and closed conformations from
each other and from other components in a mixture, and in some instances also are capable of
facilitating isolation of the nanoswitch and its bound target.

The disclosure demonstrates successful detection of a single target nucleic acid from a
randomized pool of high concentration oligonucleotides with no false positive detection. The
detection method can be accomplished quickly, including as demonstrated herein within 30 minutes
from sample mixture to readout. The approach is a low cost and technically accessible, and thus
well-suited for point-of-use detection.

In addition, the nucleic acid complexes may also be used to detect more than one target
nucleic acid simultaneously or consecutively. For example, the nucleic acid complex may be
designed to hybridize to one, two or more target nucleic acids, with a different, discernable structure
resulting from each.

The disclosure further provides nanoswitches capable of maintaining a looped conformation
even in the absence of a target. As used herein, such nanoswitches comprise a “latch”. The latch is
an additional binding interaction that occurs within a nanoswitch, only once the target-associated
binding interaction occurs. The latch binding interaction can serve to stabilize, including to
essentially “freeze”, an existing looped conformation, regardless of whether the target continues to
be bound to the nanoswitch. These latch binding interactions are contemplated for use, inter alia, in
the detection of low or single copy targets. As will be understood in view of this disclosure, the
nanoswitches comprising latches can be used in the detection (or simply binding) of a variety of

targets and are not limited solely to use with target nucleic acids.

Nucleic Acid Complexes/Nanoswitches Generally

A nucleic acid complex, as described herein, minimally comprises a scaffold nucleic acid
hybridized in a sequence specific manner to a plurality of oligonucleotides. The scaffold and the
oligonucleotides may be referred to herein as being single-stranded. This intends that prior to

hybridization to each other, both nucleic acid species are single-stranded. Upon hybridization, a
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double-stranded nucleic acid is formed, as should be understood. Typically, the oligonucleotides
hybridize to the scaffold nucleic acid in a consecutive, non-overlapping, manner.

In some non-limiting embodiments, the nucleic acid complexes are formed by hybridizing a
scaffold nucleic acid to one or more oligonucleotides. The disclosure contemplates any variety of
means and methods for generating the nucleic acid complexes described herein. It is also to be
understood that while for the sake of brevity the disclosure refers to oligonucleotides that are
hybridized to a scaffold nucleic acid, such a complex may have been formed by hybridizing single
stranded scaffold to single stranded oligonucleotides, but it is not intended that it was exclusively
formed in this manner. Other ways of generating nucleic acid complexes having the same structure
can be used and are contemplated by this disclosure.

The nucleic acid complexes may comprise double-stranded and single-stranded regions. As
used herein, a double-stranded region is a region in which all nucleotides on the scaffold are
hybridized to their complementary nucleotides on the oligonucleotide. Double-stranded regions
may comprise “single-stranded nicks” as the hybridized oligonucleotides typically are not ligated to
each other. The single-stranded regions are scaffold sequences that are not hybridized to
oligonucleotides. Certain complexes may comprise one or more single-stranded regions in between
double-stranded regions (typically as a result of unhybridized nucleotides in between adjacent
hybridized oligonucleotides). The complexes may be at least 50%, at least 60%, at least 70%, at
least 80%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100%
double-stranded. In some embodiments, they are at least 80% double stranded.

As will be apparent based on this disclosure, the nucleic acid complexes are modular
complexes to which can be attached one or more targets of interest, one or more binding pairs of
interest, and the like. The nucleic acid complexes may be capable of detecting one or more nucleic
acids, and may comprise one or more latches.

The terms attach, link and conjugate are used interchangeably throughout this disclosure
unless otherwise stated.

The switches provided herein are stable in complex fluids such as but not limited to serum-
containing samples, including up to 30% FBS. The ability of the switches to convert from unbound
to bound forms in the presence of complex fluids (e.g., 30% FBS) has also been demonstrated (data

not shown). This indicates that the switches are amenable to use with harvested primary samples
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(e.g., biopsy or fluid sample from a subject). Moreover, the switches are also stable for an extended
period of time. Once synthesized, the switches may be dried and stored for days, weeks or months.

If stored at -20°C, the switches are stable for at least 1 month (data not shown).

Synthesis

The nucleic acid complexes can be made using nucleic acid nanostructure techniques such
as but not limited to DNA origami. (Rothemund P. W. K. (2006) Nature 440: 297-302; Douglas S.
M. et al. (2009) Nature 459: 414-8). In DNA origami, a scaffold nucleic acid is hybridized in a
one-pot synthesis scheme to a plurality of oligonucleotides, some or all of which bind to the
scaffold in a non-contiguous, non-linear, manner. A similar hybridization approach is taken here
for the synthesis of the nucleic acid complexes. However, in contrast to DNA origami, the nucleic
acid complexes of this disclosure comprise oligonucleotides that hybridize to the scaffold in a
contiguous, linear, manner along their entire length. The conformational change that occurs in the
nucleic acid complexes of the invention result from a binding interaction between the nucleic acid
complex and a moiety extrinsic to the complex such as a target.

The nanoswitches may be formed by hybridizing the scaffold nucleic acid and all the
oligonucleotides at one time (e.g., in a one-pot synthesis method). Alternatively, the nanoswitches
may be formed by first hybridizing the unmodified (or fixed) oligonucleotides to the scaffold
nucleic acid to form a nucleic acid complex intermediate, and then hybridizing the modified (or
variable) oligonucleotides to the scaffold nucleic acid to form the nucleic acid complex (or
nanoswitch). The different types of modified oligonucleotides may be combined with (and
typically hybridized to) the scaffold simultaneously or sequentially. As used herein, a nucleic acid
complex intermediate refers to a scaffold hybridized to some but not the entire complement of
oligonucleotides that is designed to bind to the entire length of the scaffold. Thus, in a nucleic acid

complex intermediate, the scaffold will be partially single-stranded.

Scaffolds
The scaffold nucleic acid may be of any length sufficient to allow association (i.e., binding)

and dissociation (i.e., unbinding) of binding partners to occur and to be distinguished from other
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association and/or dissociation events using the read out methods provided herein, including gel
electrophoresis.

In some instances, the scaffold nucleic acid is at least 500 nucleotides in length, and it may
be as long as 50,000 nucleotides in length (or it may be longer). The scaffold nucleic acid may
therefore be 1000-20,000 nucleotides in length, 1000-15,000 nucleotides in length, 1000-10,000 in
length, or any range therebetween. In some embodiments, the scaffold ranges in length from about
5,000-10,000 nucleotides, and may be about 7000-7500 nucleotides in length or about 7250
nucleotides in length.

The scaffold may be a naturally occurring nucleic acid (e.g., M13 scaffolds such as
M13mp18). M13 scaffolds are disclosed by Rothemund 2006 Nature 440:297-302, the teachings of
which are incorporated by reference herein. Such scaffolds are about 7249 nucleotides in length.

The scaffold nucleic acid may also be non-naturally occurring nucleic acids such as
polymerase chain reaction (PCR)-generated nucleic acids, rolling circle amplification (RCA)-
generated nucleic acids, etc. It is important that the scaffold nucleic acid is rendered single-stranded
either during or post synthesis. Methods for generating a single-stranded scaffold include
asymmetric PCR. Alternatively, double-stranded nucleic acids may be subjected to strand
separation techniques in order to obtain the single-stranded scaffold nucleic acids. The scaffold
nucleic acid may comprise DNA, RNA, DNA analogs, RNA analogs, or a combination thereof,
provided it is able to hybridize in a sequence-specific and non-overlapping manner to the

oligonucleotides. In some instances, the scaffold nucleic acid is a DNA.

Oligonucleotides

The scaffold nucleic acid is hybridized to a plurality of oligonucleotides. Each of the
plurality of oligonucleotides is able to hybridize to the scaffold nucleic acid in a sequence-specific
and non-overlapping manner (i.e., each oligonucleotide hybridizes to a distinct sequence in the
scaffold).

The length and the number of oligonucleotides used may vary. In some instances, the length
and sequence of the oligonucleotides is chosen so that each oligonucleotide is bound to the scaffold

nucleic acid at a similar strength. This is important if a single condition is used to hybridize a
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plurality of oligonucleotides to the scaffold nucleic acid, such as for example in a one-pot synthesis
scheme.

It will be understood that the number of oligonucleotides will depend in part on the
application, the length of the scaffold, and the length of the oligonucleotides themselves. In some
instances, the oligonucleotides are designed to be of approximately equal length. In some
embodiments, the oligonucleotides may be about 20-100 nucleotides in length. The
oligonucleotides may be, without limitation, about 20, about 30, about 40, about 50, about 60, about
70, about 80, about 90 or about 100 nucleotides in length. In some embodiments, the
oligonucleotides may be about 40-80 nucleotides in length. In some embodiments, the
oligonucleotides may be about 60 nucleotides in length.

The number of oligonucleotides in the plurality may be about 70, about 80, about 90, about
100, about 110, about 120, about 130, about 140, about 150, about 160, about 170, about 180, about
190, about 200, about 300, about 400, about 400, about 500, about 600, about 700, about 800, about
900, or about 1000, without limitation.

In some embodiments and as described in the Examples, the nucleic acid complex may
comprise the M13 ssDNA as the scaffold and about 120 oligonucleotides each equal to or about 60

nucleotides in length.

Oligonucleotide modifications

Typically, the majority of the oligonucleotides are unmodified, and these may be referred to
herein as unmodified, fixed or backbone oligonucleotides. The fixed oligonucleotides typically
hybridize to the scaffold throughout their length leaving no overhang and no single-base mismatch
(i.e., they are typically fully complementary to a contiguous (linear) nucleotide sequence in the
scaffold). Unmodified oligonucleotides include oligonucleotides that are not linked to binding
partners (e.g., an antibody or an antigen) or linkers designed to attach the nanoswitch to a solid
support such as but not limited to a bead (e.g., biotin).

A subset of the oligonucleotides may be modified, and these may be referred to herein as
variable oligonucleotides. The variable oligonucleotides may be conjugated to reactive groups that
are not normally present in a nucleic acid sequence, such as for example click chemistry reactive

groups, or they may be conjugated to target-specific binding partners such as antibodies or antibody
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fragments, or they may comprise other moieties which are not typically present in an unmodified
oligonucleotide. An example is a variable oligonucleotide comprising a phosphate at their 5* end
(referred to herein as a 5 phosphate). Oligonucleotides having this latter modification are used
herein in the detection of target nucleic acids, and in this context such oligonucleotides are referred
to as “detector” strands since they detect the target nucleic acid via hybridization.

In some instances, the first and last oligonucleotides as well as “internal” oligonucleotides,
typically at pre-defined positions along the length of the scaffold, may be modified
oligonucleotides. The position of the variable oligonucleotides may be, but are not necessarily,

evenly distributed along the length of the scaffold.

Binding interactions and looped conformations

As will be apparent in the context of this disclosure, the location of the variable
oligonucleotides dictates the location of the various substituents in the complex, such as detector
strands, binding partners, latches, etc. It also dictates the size of the loops that are formed once the
various substituents bind to each other, as shown in FIG. 1A and 1C. This will in turn dictate the
migration distance of the looped (closed) complex, and thus the ability of the end user to physically
separate and thus distinguish between complexes of interest (e.g., closed complexes) and those not
of interest (e.g., open complexes).

Embodiments described herein may refer to certain variable oligonucleotides as “first” or
“second” or “third” or “fourth” oligonucleotides. It is to be understood that these designations are
intended to impart clarity, and may or may not refer to position of the oligonucleotide along the
length of the scaffold. For example, in the context of detecting target nucleic acids, this disclosure
refers to the nanoswitch comprising a first and a second oligonucleotide that together hybridize to a
target nucleic acid. In these embodiments, the hybridization of the nanoswitch to the target nucleic
acid is considered the first binding interaction. The second binding interaction may be a latch
binding interaction, as described in greater detail herein. Alternatively, the second binding
interaction may be an additional binding interaction that occurs upon hybridization of a second
target nucleic acid. In still other embodiments, the binding interactions associated with detecting a

target nucleic acid may each have their own latch binding interaction.
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In the simplest embodiment, the nanoswitch is designed to detect one target nucleic acid by
hybridization of that target to a first oligonucleotide and a second oligonucleotide, each having an
overhang (i.e., a single-stranded region that is available for hybridization to the target nucleic acid).
Such overhangs are shown in FIG. 1A. The first and second oligonucleotides, in this example, may
be referred to as partially hybridized to the scaffold since each has a single-stranded overhang
region and a region that is hybridized to the scaffold. The first and second oligonucleotides are
denoted “detector 1 and “detector 2”. The overhangs may be referred to herein as 3’ overhangs
and 5° overhangs, referring to the directionality of the single-stranded region. The distance between
the first and the second oligonucleotides, when bound to the scaffold, dictates the size of the loop
and ultimately the migration distance of the nanoswitch when it is bound to the target (or when it is
stabilized) via a latch binding interaction.

In some embodiments, the first oligonucleotide and the second oligonucleotide are separated
from each other by 100-6000 nucleotides. In some instances, the first oligonucleotide and the
second oligonucleotide are separated from each other by 500 to 5000 nucleotides, 600-5000
nucleotides, 1000-5000 nucleotides, or 1000-3000 nucleotides. In some embodiments, the first
oligonucleotide and the second oligonucleotide are separated from each other by at least 500, 600,
700, 800, 900, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500, 6000, or more
nucleotides. In some embodiments, the first oligonucleotide and the second oligonucleotide are
located about equi-distant about the center of the scaffold nucleic acid. In some embodiments, the
first and second oligonucleotides bind to regions of the scaffold nucleic acid that are internal to the

scaffold (i.e., such regions exclude the most 5’ and the most 3’ nucleotides of the scaffold).

Gel electrophoresis

When measured using gel electrophoresis, the open and closed conformations migrate
differentially. A circular scaffold such as circular M13 migrates the slowest, a linearized double-
stranded version of M13 (without internal binding interactions) migrates fastest, and nanoswitches
in looped conformations migrate in between. Importantly, the migration distance differs based on
the length of the loop. As an example, loops that are on the order of about 2590 base pairs are
clearly distinguishable from loops that are on the order of about 600 base pairs. Loops of other

sizes can also be distinguished from each other, as described herein, and as demonstrated for
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example in FIG. 1C. The ability to distinguish between loops of different sizes means that the
presence (or absence) of a multiple targets (each detected by a complex having a loop of a particular
size) can be determined simultaneously in a multiplexed assay. Such methods may be used to
detect the presence of a single or multiple targets and may form the basis of a diagnostic assay.
Moreover, it should also be understood that nanoswitches having one loop can also be distinguished
from nanoswitches having more than one loop, including those that have 2, 3 or more loops. This
is demonstrated in FIGs. 13A and 13B, in which a single type of nanoswitch can be used to detect
two different targets, and depending on the conformation of the nanoswitch (as determined by its
migration distance in a gel), an end user can determine whether either or both targets are present in
a sample. These nanoswitches can then also be extracted from the gel and the bound targets can be
isolated.

FIG. 13C illustrates the variety of distinguishable gel migrations that can be achieved using
a prototype nanoswitch. The nanoswitch is schematically shown at the top of the Figure. As
illustrated, the nanoswitch contains multiple sets of detectors. Targets can be chosen to trigger loop
formation between specific detector pairs. The loop size and position along the length of the
nanoswitch affects the migration of the switch through the gel, as shown in the lower panel. (B) A
gel showing the migration of different loop sizes (denoted as "loop-units” from 1 to 11) and loop
positions on the switch (for example: 1-2 loop will be at the terminus of the switch while 6-7 will be
at the center of the switch) is provided. The ability to distinguish the variety of loops based on size
and position is clear. Accordingly, such a switch may be readily designed for multiplexing
purposes (e.g., detection of two or more, including 3, 4, 5, 6, 7, 8, 9, 10, or more, nucleic acid
targets in a sample).

FIG. 13D illustrates another nanoswitch system that can be used for multiplexed detection.
In this embodiment, the nanoswitch is designed such that all targets of interest bind a common
detector sequence but different targets bind an additional unique specific detector sequence. This is
illustrated in the middle panel where 5 different looped forms can be achieved using a nanoswitch
having 6 detector sequences. The gel shows the ability to distinguish between the 5 different forms.
Further demonstrated is the ability to generate all 5 forms in a single reaction when all 5 different
targets are present (see gel denoted “All”). Such a programmable nanoswitch may be designed

using any variety of detector sequences. Significantly, the nanoswitches in this set are each able to
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bind to only a single target, thus adopting only one looped form. This is in contrast to other
nanoswitches that may bind two or more targets each.

In some instances, the gel is run at 4°C to maintain the interaction of the targets to their
binding partners (e.g., the binding of a protein target to target-specific antibodies) or to maintain the

latch binding interactions.

Nucleic acid detection nanoswitches

In some embodiments of this disclosure, nanoswitches designed for nucleic acid detection
are provided. Such nanoswitches comprise a scaffold nucleic acid hybridized to a plurality of
oligonucleotides, as described herein. A portion of an exemplary nanoswitch is provided in FIG.
1A. As illustrated, the nanoswitch comprises a first and a second oligonucleotide that are partially
hybridized to the scaffold nucleic acid (i.e., each of these oligonucleotides is partially hybridized to
the scaffold and thus each is partially single-stranded). The first oligonucleotide comprises a 3’
overhang and the second oligonucleotide comprises a 5’ overhang.

It is to be understood that the 3* overhang is not complimentary to the 5’ overhang, and
rather both the 3” and the 5’ overhangs are complementary to a target nucleic acid. FIG. 1A
illustrates an embodiment in which the entire target nucleic acid (referred to in the Figure as “Target
“Key” oligonucleotide™) hybridizes to a combination of the 3’ and 5* overhang. However, the
method can also be performed in which the 3’ and 5° overhangs are designed to hybridize only the
5’ and 3’ regions of a target nucleic acid, with the internal or middle region of the target nucleic
acid remaining unhybridized. In this latter instance, the nanoswitch is designed to detect a plurality
of target nucleic acids of differing sequences provided that they are at least complementary to the 3’
and 5° overhangs. In this case, the nanoswitch detects non-adjacent sequences on the target. Such
non-adjacent sequences may be separated by 1 or 2 nucleotides or by 10’s or 100’s of nucleotides,
without limitation.

It is further to be understood that the nanoswitch is designed such that the 3” and 5’
overhangs come into sufficient proximity to each other in the presence of the target nucleic acid,
and that it is only once the target nucleic acid hybridizes to the 3” and 5’ overhangs that a looped

conformation is formed.
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As will be discussed in greater detail herein, the looped conformation may be further
stabilized by the presence of a latch in the nanoswitch (i.e., an additional pair of oligonucleotides
that is each partially complementary to the scaffold and to a trigger or latch nucleic acid). In some
instances, the oligonucleotides that contribute to the latch are positioned upstream and downstream
of the first and second oligonucleotides. In other words, one of the latch oligonucleotides is
upstream of the first oligonucleotide and the other of the latch oligonucleotides is downstream of
the second oligonucleotide (e.g., L1-O1-O2-L2, wherein L1 and L2 are the latch oligonucleotides
that bind to the trigger or latch nucleic acid and O1 and O2 are the first and second oligonucleotides
that bind to the target nucleic acid). In this arrangement, the L1 and L2 latch oligonucleotides are
considered to “flank™ the first and second oligonucleotides.

In some instances, the oligonucleotides that contribute to the latch are positioned between
the first and second oligonucleotides. Only one latch oligonucleotide is in close proximity to the
first oligonucleotide and only one latch oligonucleotide is in close proximity to the second
oligonucleotide. As an example, the oligonucleotides may be arranged in this manner:

O1--L1 -------- L2--02, wherein L1 and L2 are the latch oligonucleotides that bind to the trigger or
latch nucleic acid and O1 and O2 are the first and second oligonucleotides that bind to the target
nucleic acid. In this arrangement, the first and second oligonucleotides may be considered to
“flank™ the L1 and L2 latch oligonucleotides.

The latch oligonucleotides typically will be located in close proximity to the first and second
oligonucleotides. For example, the distance between the latch oligonucleotide L1 and the first
oligonucleotide O1 may be about 0-200 nucleotides. Similarly, the distance between the second
oligonucleotide O2 and the latch oligonucleotide L2 may be about 0-200 nucleotides.

If the nanoswitch is designed to bind to more than one target nucleic acid, the target-specific
oligonucleotides may be arranged as follows: 01— 02™ - 01" - 02", wherein O1"" and 02"
are the first and second oligonucleotides that are specific for target 1, and 01" and 02" are the
first and second oligonucleotides that are specific for target 2. If latches are included for each of the
targets, then the nanoswitch may comprise the following arrangement of oligonucleotides:

L1 o1 -o2™ 2™ e L1017 - 02" - 12" Alternatively, the arrangement may
be as follows: O1™ - L1 L2™ - 02" ceeeeee- 01 -L1™ ceoeeeeee L2"- 02",
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The disclosure contemplates that any given nanoswitch may be designed to hybridize and
thus detect a plurality of nucleic acids. Thus, the nanoswitches may detect (and thus form) 1, 2, 3,
4,5,6,7,8,9, 10, or more target nucleic acids. In some instances, each target is detected via
hybridization to two oligonucleotides, and each of those oligonucleotides binds to only a single
target. These oligonucleotides may be referred to herein as being target-specific.

Thus, it will be understood that the nucleic acid complexes provided herein may comprise N
pairs of target-specific oligonucleotides, wherein each pair of target-specific oligonucleotides
hybridizes specifically to its respective target nucleic acid. Such single complexes may then be
used to detect N different targets, either simultaneously or consecutively (and randomly).

In other instances, each target is detected via hybridization to two oligonucleotides, and one
or both of those oligonucleotides may bind to more than one target. These oligonucleotides may be
referred to herein as target non-specific (or promiscuous in the sense that one or both are able to
bind to more than one target). Based on this disclosure, the end user will understand that a single
nanoswitch can be designed to specifically detect for example two targets using for example three
oligonucleotides, wherein one of the oligonucleotides may hybridize to both targets. Such
nanoswitches will not bind to both targets simultaneously (as for example the afore-mentioned
nanoswitches can) but they nevertheless can be used in a plurality for a multiplexed detection assay.
As an illustration, such a nanoswitch may be arranged as follows:

01" _ 02™ — 02", wherein O1™"* binds to target nucleic acids 1 and 2, 02" binds to target
nucleic acid 1, and 02" binds to target nucleic acid 2. Thus, O1™12 _ 02™ are the first and second
oligonucleotides for target nucleic acid 1, and O1™™ and 02" are the first and second
oligonucleotides for target nucleic acid 2.

The overhangs may be of different or identical lengths, relative to each other. The overhang
length may range from 5-20 nucleotides in length, without limitation. The overhangs may have a
length of 5 or more, or 6 or more, or 7 or more nucleotides. One or both overhangs may have a
length of 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 nucleotides. The combined length of
the overhangs may vary and may depend on their sequence and the length of the target nucleic acid.
Their combined length may be 14 nucleotides or longer, without limitation. In some instances, the
3’ overhang and the 5’ overhang are of different lengths and their combined length is at least about

22 nucleotides.
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The combined length of the overhangs may be the same length as the target. Alternatively,
the combined length of the overhangs may be longer or shorter than the length of the target.

The target may not bind to both overhangs to the same extent. In other words, one overhang
may share more sequence complementarity with the target than the other overhang.

The overhangs will be referred to herein as the 3” and 5 overhangs intending the
directionality of the overhangs. In some instances the overhangs will be ligated to each other, as
described herein, and thus the 3” overhang may comprise a 3’ hydroxyl and the 5° overhang may
comprise a 5° phosphate.

In some instances, the overhangs may be designed such that they comprise secondary
structure such as but not limited to hairpin conformations. Such secondary structures may be
melted during hybridization to the target, or they may be melted as a result of a change in condition
or contact with an extrinsic trigger.

Thus, also provided herein are compositions comprising any of the foregoing nucleic acid
complexes. The composition may comprise a plurality of nucleic acid complexes. The nucleic acid
complexes in the plurality may be identical to each other.

Alternatively, the nucleic acid complexes in the plurality may be different from each other.
The nanoswitches may differ from each other with respect to their target specificity (e.g., the
nucleotide sequence of their 3’ overhangs and/or the sequence of the 5° overhangs). Nanoswitches
may also differ from each other with respect to the distance between the 3’ overhang and the 5’
overhang along the length of the scaffold nucleic acid.

The compositions comprising nanoswitches may further comprise a sample such as a nucleic
acid sample. The sample may or may not comprise the target nucleic acid(s). The composition may
or may not comprise the target nucleic acid.

The composition may comprise a ligase enzyme.

Kits

The disclosure further provides a kit comprising a single-stranded scaffold nucleic acid, and
a plurality of single-stranded oligonucleotides, each having a sequence complementary to a
sequence on the scaffold nucleic acid, wherein when the oligonucleotides are hybridized to the

scaffold nucleic acid no overlap exists between the oligonucleotides. In some instances, each
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oligonucleotide, in this first subset of oligonucleotides, has a sequence that is complementary to a
contiguous sequence on the scaffold nucleic acid intending that every nucleotide in the
oligonucleotide is hybridized with a nucleotide in the scaffold, and no “single-stranded bubbles”
exist following hybridization.

The kit further comprises, in some instances, a subset of oligonucleotides, for example two,
four, six or more oligonucleotides, that are either detector oligonucleotides such as those shown in
FIG. 1A and/or are modified oligonucleotides. The subset of oligonucleotides may comprise for
example a first and a second oligonucleotide that each comprise a nucleotide sequence that is
complementary to a target nucleic acid. In this manner, the kit is intended to be used to detect a
target nucleic acid of known or at least partially known sequence. Such target nucleic acid may be
an allelic variant of genomic locus, or a cancer-specific nucleic acid such as may be found
circulating in the blood of a subject having cancer, or a miRNA, without limitation. The subset of
oligonucleotides may additionally comprise a third and a fourth oligonucleotide that each comprise
a nucleotide sequence that is complementary to a second target nucleic acid.

The subset of oligonucleotides may additionally comprise a pair of oligonucleotides that
each comprise a nucleotide sequence complementary to a trigger (or latch) nucleic acid. The trigger
(or latch) nucleic acid is also included in the kit, in such instances.

In some embodiments, the kit further comprises a ligase enzyme.

Target nucleic acid

The target nucleic acid may be a DNA, RNA or a combination thereof. It may be a naturally
occurring nucleic acid. Examples include an miRNA, a tumor-specific nucleic acid, an allelic
variant, and the like, without limitation.

The target nucleic acid, as used herein, refers to the nucleic acid that is hybridized to the
nanoswitch. It is to be understood that the target may derive from and thus be a fragment of a much
larger nucleic acid such as for example genomic DNA or an mRNA. Thus, the target (i.e., the
nucleic acid bound to the nanoswitch) may range from about 7-50 nucleotides, in some instances,

while its parent nucleic acid may be much longer (for example on the order to kbs or more).
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The target nucleic acid may be present and thus provided in a nucleic acid sample. The
nucleic acid sample is a sample that is being tested for the presence of one or more target nucleic
acids.

The sample may contain the target(s) or it may be suspected of containing the target(s). The
sample may comprise non-target nucleic acid. Non-target nucleic acid, as used herein, refers to
nucleic acids that are not the targets of interest. The methods provided herein allow for the
detection of a target nucleic acid even if such target is present in an molar excess of non-target
nucleic acid. Thus, the sample may comprise on the order of micromolar quantities of non-target
nucleic acid and only nanomolar or picomolar quantities of target nucleic acid and still be able to
detect the target. The target nucleic acid and non-target nucleic acid may be present in the sample
at a molar ratio of 1:10%, 1:10%, 1:10%, 1:10°, 1:10%, 1:10, 1:10®, or 1:10°. The Examples
demonstrate detection of picogram quantities of target nucleic acid in the presence of about 100 uM
total nucleic acids, the vast majority of which will be non-target nucleic acids.

The nucleic acid sample typically is not in vitro amplified prior to analysis using the
methods described herein, meaning that it has not been subjected to amplification methods such as
PCR, and the like.

The nucleic acid sample may be or may derived from a biological sample such as a bodily
fluid (e.g., a blood sample, a urine sample, a sputum sample, a stool sample, a biopsy, and the like).
The disclosure contemplates that such samples may be manipulated prior to contact with the
nanoswitches. For example, the samples may be treated to lyse cells, degrade or remove protein
components, fragment nucleic acids such as genomic DNA, and the like.

In some instances, the target nucleic acid is or is derived from or is a fragment of a miRNA,

an mRNA, a genomic DNA, a non-coding RNA, and the like.

Nucleic acid detection methods using nanoswitches

Provided herein are methods for detection of nucleic acids. Such methods may be used to
diagnose a condition, and thus may be referred to herein as diagnostic methods.

In some instances, the method involves contacting any of the foregoing nanoswitches with a
nucleic acid sample under conditions that allow a target nucleic acid, if present in the nucleic acid

sample, to hybridize to the 3’ overhang and the 5° overhang of the nucleic acid complex, and
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detecting the conformation of the nucleic acid complex, wherein a looped conformation indicates
presence of the target nucleic acid in the nucleic acid sample. As described herein, the nucleic acid
complex adopts a linear conformation in the absence of the target nucleic acid and a looped
conformation in the presence of the target nucleic acid.

The conformation of the nucleic acid complex may be determined (or detected) using gel
electrophoresis or liquid chromatography, or other separation technique. The gel electrophoresis
may be a bufferless gel electrophoresis such as the E-Gel® Agarose Gel Electrophoresis System
(Life Technologies). The method may comprise detection of the target nucleic acid and optionally
detection and isolation of the target nucleic acid. The method may also comprise measuring an
absolute or relative amount of target nucleic acid. This can be done for example by measuring the
intensity of bands on a gel or of fractions from a liquid chromatography separation.

The conditions that allow the target nucleic acid to hybridize to the 3’ overhang and the 5’
overhang may be standard hybridization conditions as known in the art. Such conditions may
comprise a suitable concentration of salt(s) and optionally a buffer. The condition may also
comprise EDTA in order to preserve the target nucleic acid and the nucleic acid-based nanoswitch.

The hybridization may be accomplished using a constant annealing temperature. Such
constant temperature may range {from about 15°C to 30°C, or 20°C to 30°C, or may be about 25°C.
The temperature may be regarded as room temperature (RT). The hybridization may be carried out
over a period of hours such as 1, 2, 3, 4, 5 hours or more.

Alternatively, the hybridization may be accomplished by decreasing the temperature from a
temperature at which the target and the overhangs are not hybridized to each other to a temperature
at which they are hybridized to each other. This is referred to herein as a temperature ramp or a
decreasing annealing temperature. The starting temperature may be about 40-60°C, without
limitation. The ending temperature may be about 4-25°C, without limitation. Thus, the temperature
ramp may be from about 50°C to about 4°C or about 40°C to about 4°C. The Examples demonstrate
a temperature ramp from about 46°C to about 4°C. The change in temperature is typically carried
out over 1-12 hours. Thus, the change in temperature may decrease by about 0.1-1°C per minute.

Regardless of whether a constant or decreasing annealing temperature is used, the
hybridization may also be carried out for much shorter periods of time, for example on the order of

10-30 minutes, provided readout can be achieved. Thus, in some instances, if the method
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determines if the target is present, then the hybridization period can be short, particularly if the
target is present in abundance. If the method is intended to measure the amount of target in the
sample, then longer hybridization times may be required. Similarly, if the target is present in low
abundance, longer hybridization times may be required, particularly if an amplifying latch
mechanism is used.

As demonstrated in the Examples, the nanoswitches of the invention are exquisitely
sensitive to different targets. Thus, they can be designed and used in combination to detect targets
that differ only slightly including by a single nucleotide. Thus, in some instances, the nanoswitches
are designed with overhangs comprising 1 or 2 mismatch nucleotides relative to a standard
sequence such as a wild-type sequence (in the case of genotyping or allelic variation detection). In
a similar manner, the nanoswitches can be designed to detect miRNA species that differ by only 1
or 2 nucleotides. The mismatches are optimally positioned in an internal position of the overhang
rather than at either end of the overhang for sufficient discriminatory power.

FIG. 1D provides data relating to the limit of detection of nucleic acid targets. The image
shows the signal of the on-state at different target DNA concentrations. The gel of the looped and
unlooped nanoswitches is shown as the inset. It is possible to detect target nucleic acids at the 1
attomole level (data not shown). Thus this disclosure contemplates detecting nucleic acid targets
that are present in the picomolar range, as illustrated, as well as in the attomolar range.

The nanoswitches have been demonstrated to be robust, yielding reproducible results at a

variety of DNA and RNA target concentrations including but not limited to 0.25 nM up to 25 nM.

Applications

Biomarker detection

The specificity of the nucleic acid detection assay described herein makes it a suitable for
detection of biomarkers such as miRNA. Some miRNA differ from each other by only a single
nucleotide. As demonstrated in the Examples, such small differences can be detected and
distinguished by the nanoswitches provided herein. In a proof of principle demonstration, the
nanoswitches were successfully used to detect a particular miRNA the expression of which is

present in a differentiated cell population but absent in the undifferentiated counterpart. The
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miRNA was detectable in a total RNA population from the differentiated cells using the
nanoswitches of this disclosure.

Similarly, the nanoswitches may be used to detect biomarkers that are rare or typically
present in low copy number or low concentration. This is the case of circulating tumor DNA. The
invention contemplates the ability to detect such DNA from a bodily sample.

As mentioned herein, the methods may detect a target that is a fragment of a larger nucleic
acid. The larger nucleic acid may in fact be the art recognized “biomarker”. Accordingly the

methods detect the smaller targets as surrogates for the art-recognized intact biomarker.

Genotyping

The specificity of the nucleic acid detection assay described herein including its zero false
positive detection makes the approach suitable for genotyping. Nanoswitches can be designed to
detect various sequences that are known to have differences among individuals (e.g., allelic
sequences). This can be accomplished using a single nanoswitch per allelic variant. Alternatively,
this can be accomplishes using a nanoswitch that is designed to detect more than one allelic variant.
Such nanoswitches are described in (Koussa et al., Nat Methods. 2015 Feb;12(2):123-6). Genomic
DNA may be fragmented using any number of known techniques including restriction digest,
sonication, or other shearing methods. Once fragmented into smaller segments, the DNA would be
mixed with one or more nanoswitches to detect multiple sequences such as the allelic variants. The
presence or absence of these sequences can then be read out as the presence or absence of a band on

a gel electrophoretic assay as described herein.

Nanoswitch Latches

The nanoswitches described herein may further include additional moieties useful for
securing looped conformations. Such additional moieties collectively form what is referred to
herein as a “latch”. The latch is an additional binding interaction that occurs within the nanoswitch
once, and preferably only once, a first binding interaction within the nanoswitch occurs. The latch
maintains the looped conformation that is formed as a result of the first binding interaction in the

nanoswitch.
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A variety of different types of nanoswitch latches are contemplated, including direct and
indirect latches, covalent and non-covalent latches, externally-triggered and self-triggering latches,
amplifying latches, protectable latches, and reversible latches. Furthermore, these different
categories of latches can be combined in various combinations (e.g. one could create an indirect,
non-covalent, externally-triggered latch) for different applications. These various types of latches
will be described in greater detail below.

In some instances, the latch makes the looped conformation resulting from the first binding
interaction more stable. Thus the latch binding interaction can be used to hold the nanoswitch in a
looped conformation when the first binding interaction is a weak binding interaction.

In some instances, the latch maintains the looped conformation throughout the entire
detection method, including for example during gel electrophoresis of the nanoswitch. It is
contemplated that the gel electrophoretic conditions may not be optimal for the first binding
interaction, and thus that first binding interaction may be unstable during gel electrophoresis. In
that instance, the presence of the latch binding interaction serves to stabilize the looped
conformation throughout the gel electrophoresis regardless of whether the first binding interaction
is maintained during that step. It is to be understood that the latch binding interaction may be used
in a similar manner to address any instability of the first binding interaction as a result of a changed
condition during the various steps of the detection methods.

These situations may arise when detecting an target (or analyte, as the terms are used
interchangeably herein) that only weakly interacts with the nanoswitch and the target-specific
binding partners of such nanoswitch. This may occur for a weak antibody-antigen interaction or for
a short piece of DNA or RNA where only a few base pairs on the target nucleic acid interact with
the nanoswitches. In these cases, there will be an equilibrium distribution of closed and open
nanoswitches in solution that does not necessarily remain constant, for example as a gel is run. The
gel imparts some small forces on the nanoswitches, which may make it difficult to maintain the
equilibrium distribution. If the off-rate of the interaction is sufficiently fast, loops will become
unlooped in the gel and will be unlikely to re-form. The result in these cases is that all or most of
the nanoswitches will be in the off-state after running the gel, making detection or other

measurements of weak interactions extremely difficult.
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As another example, in some instances, gels may be run in a small range of conditions (e.g.,
temperatures, buffers, etc.), and such conditions may not be favorable for the binding interaction
being measured. Therefore, it is advantageous to ensure that the state of the nanoswitches is
“frozen” in the desired conditions for subsequent measurement or detection. As an example, assume
there is a weak interaction that is highly stabilized by magnesium. If the gel cannot be run at
sufficient magnesium concentrations to maintain the binding interaction, then even loading the
nanoswitches into the gel buffer may cause the loops to dissociate. This can be prevented if the
loops are latched in the native magnesium buffer and then transferred to the gel for imaging.

In some instances, the latch maintains the looped conformation even if the first binding
interaction ceases. As will be discussed herein, in some instances the first interaction may be
deliberately disrupted once the latch binding interaction occurs. For example, in one embodiment,
the first binding interaction may detect a rare target such as a rare target nucleic acid. If the target is
rare, for example it is present in a single copy, then it may only impact the conformation of a single
nanoswitch. In order to optimize detection of such rare events, the invention contemplates that a
latch binding interaction is used to maintain the looped conformation of a nanoswitch following the
occurrence of the first binding interaction, and that thereafter the first binding interaction may be
disrupted, thereby dissociating the target and allowing it to trigger sequentially first binding
interactions in additional nanoswitches, each of which will in turn also employ a latch binding
interaction. In this way, a single target may cause a number of nanoswitches to adopt looped
conformations, and the plurality of nanoswitches, thereby increasing the likelihood that the single
target will be detected. Such nanoswitches and their latch moiety therefore allow the signal from a
single copy or low abundance target to be amplified by recycling the single copy or low abundance
target through a number of nanoswitches. This approach may be referred to herein as “catch and
release” of a target (or analyte) so that a single target can trigger multiple nanoswitches to close (or
adopt the looped conformation). Since the latch by definition is stronger than the interaction of the
weak target with the nanoswitch, repeated cycles of catching, latching and releasing (by heat or
buffer change, for example) can result in signal amplification.

As used herein, a looped conformation may be referred to as a closed conformation.

Similarly, a linear conformation may be referred to as an open conformation.
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The latches provided herein include but are not limited to nucleic acid based latches, and
they can be used in the detection, measurement and/or purification of a variety of targets including

but not limited to target nucleic acids and target proteins or peptides.

Direct and indirect latching

One approach for “welding shut” nanoswitches to facilitate readout using gel electrophoresis
is to directly cross-link the interacting molecules of interest to each other. “Direct latching” can be
accomplished using, for example, a cross-linker such as (succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate) (SMCC) or glutaraldehye, to crosslink, for example,
and amine to a sulfhydryl group, or two amines to each other, respectively. If reactive groups
desired to form a cross-link are not native to the molecules of interest, these molecules can be
engineered directly to facilitate direct cross-linking.

An alternative strategy to direct cross-linking that may provide greater flexibility and
modularity is an “indirect latching” approach. In this case, the molecules or molecular regions
being cross-linked to each other to “weld shut” the DNA nanoswitch are not directly part of the
molecules of interest, but are instead attached to the DNA nanoswitch scaffold, adjacent or near to
the attachment points of the two molecules being assayed. In such a system, the molecules of
interest can be exchanged or replaced with alternative molecules without having to develop a
different latch system. The latch will still create a similar-sized loop as in direct latching.

In some embodiments, hybrid systems can also be created, in which one part of the
molecular latch is directly connected to or a part of the molecules of interest, whereas the other part

is connected to the nanoswitch scaffold.

Covalent vs non-covalent latches

Latch closure can occur through the formation of a either a covalent or non-covalent bond.
Examples of non-covalent interactions that could be used to stabilize loop closure include DNA
hybridization, receptor-ligand bond formation (e.g. between biotin and streptavidin), and formation
of interactions between DNA and proteins. Examples of covalently cross-linked latches include

glutaraldehyde latches, click chemistry latches, and sortase latches.
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Ligase Latching

In one embodiment, a covalent latch is contemplated. That latch involves the covalent
ligation of the two nucleic acid strands. In the case of target nucleic acid detection, the 3’ overhang
and the 5 overhang (which are the unhybridized regions of the “detector” strands) can be ligated to
each other once bound to a target nucleic acid. . Since ligase (e.g., T4 ligase) typically only repairs
DNA nicks if the opposing strand is present, this scheme should covalently link the two ends of the
detector strands only when the target strand is hybridized to the nanoswitch. The 3° overhang will
have an intact 3’ hydroxyl and the 5’ overhang will have a 5° phosphate, both of which are required
for certain ligases. The nanoswitch so generated will therefore incorporate a detector strand having
a5’ overhang having a 5” phosphate. The ligation procedure could be carried out to “freeze” the
states of the nanoswitch. Additionally or alternatively, the ligated nanoswitches could be heated to
release the target nucleic acid, enabling it to react with another nanoswitch and for the cycle to be
repeated, as described above in the context of an amplifying nanoswitch. The process can be
repeated multiple times to increase the number of nanoswitches that read out with a looped
conformation in the presence of the target nucleic acid. This allows for detection of even a single
copy of the target.

For nucleic acid (e.g., DNA and RNA) detection at low levels, detector strands could be
intentionally designed to be weakly interacting so that the “catch and release” activity could be
easily exploited to amplify the signal from such targets. Signal amplification may occur in at least
two different ways: one in which there is a linear amplification that is dictated by the number of
“catch and release” cycles, and one in which the amplification is stochastic due to weakly
interacting target sequences naturally binding and unbinding with the detector strands and their 3’
and 5° overhangs.

In the case of linear amplification using cyclic catch and release, in one instance, the
interaction would be designed to be stable at the ligation temperature (typically 4°C to RT), but
unstable at slightly elevated temperatures. In this approach, the nanoswitches hybridize the target
nucleic acids at low temperature, the detector strands are ligated to each other, the temperature is
increased to dissociate the target nucleic acid from the nanoswitch, and the process is repeated with
another nanoswitch. The process may be repeated one or more time. It is expected that the

amplification would be roughly linear with the number of cycles performed, since each target
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nucleic acid has a new chance to react at each cycle. This can potentially enable quantitative
detection at low levels since the number of cycles can be controlled (for example, by using a
thermal cycler). In the simplest embodiment, the ligase may be present in the sample throughout all
of the cycles, and the temperatures would be limited to temperatures at which the ligase does not
substantially degrade.

It will be apparent based on this disclosure that a similar approach can be taken even if the
target is not a nucleic acid. In these instances, the target may be a protein or another moiety and the
nanoswitch is designed to measure a binding interaction with that target. Such binding interaction
may occur using protein based binding partners such as but not limited to antibodies, antibody
fragments, binding peptides, and the like. The invention contemplates that the nanoswitch will
additionally contain a latch comprising two detector strands (one having a 3’ overhang and one
having a 5’ overhang), wherein the detector strands only come into sufficient proximity to each
other and thus are able to bind a trigger nucleic acid when the first binding interaction occurs. The
detector strands and their respective overhangs would be designed to be sufficiently close to the
binding partners used to capture the target of interest, so that when the loop is closed (as a result of
the first binding interaction) the overhangs are in close proximity. An additional nucleic acid,
referred to herein as a trigger or latch nucleic acid, having complementarity to the 3” and 5’
overhangs, is then allowed to hybridize to the overhangs, and the overhangs can then be ligated to
each other in the presence of a ligase. This trigger or latch nucleic acid could be added at a certain
desired time or could be included in the mixture with the nanoswitches. Additionally, the ligase
could be added at a desired time or included with the mixture. It will be understood that the 3’

overhang comprises a 3° hydroxyl and the 5’ overhang comprises a 5° phosphate.

Strong Interaction Latching

In another embodiment, the loops are latched closed by using two nearby moieties that
strongly interact with each other. In this case, the latching either needs to be triggered by an
external reagent or kinetically trapped so that the moieties are unlikely to spontaneously react with
each other unless held in close proximity for a prolonged time. One example is a nucleic acid
overhang that interacts strongly with another nucleic acid overhang but only weakly with itself.

For example, two interacting overhangs can each be designed to interact strongly with the other
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through base pairing, but to also interact weakly with itself (i.e., internally) through base pairing to
form hairpins. In this case, the hairpins act as a kinetic trap to prevent spontaneous association of
the two strands, but when in close proximity for a prolonged time the likelihood of the overhangs
interacting together is increased due to the natural breathing of the hairpin and the insertion of the
other overhang. The relative energies of the hairpins and of the binding interactions between the
overhangs can be tuned by changing the number of bases involved in each type of interaction.

In order to facilitate the detection and characterization of a wide range of molecular
interactions, provided herein are a collection of methods for holding DNA nanoswitches in the
closed or looped state. These latches are designed to only close, when a transient interaction occurs
between two molecules that are in the same locations on the scaffold as the latch components.
When no transient interaction occurs, the latch is designed to not close. Currently, interactions that
are not strong enough to keep DNA nanoswitches closed during gel electrophoresis are difficult to
measure and detect. By developing “latch” systems capable of keeping DNA nanoswitches shut
even when the primary interaction is weak, the range of molecules and molecular interactions that
can be studied using DNA nanoswitches can be expanded. Uses for the latch system include, but are
not limited to, detection of weak interactions between two molecules attached to the nanoswitch
scaffold, detection of analytes by stabilizing a loop formed by a sandwiching assay with two
detection antibodies attached to the nanoswitch, stabilizing of interactions between a members of a
compound library and target molecules for drug discovery/screening and purification of molecules
through a nanoswitch separation assay. These applications and the required latch designs are

described in greater detail herein.

Externally triggered vs self-triggering latches

Latch formation (e.g. cross-linking) could be triggered externally via the introduction of
molecules, or via photoactivation, force application, heating, change in solution conditions, changes
in the concentration or presence of ions or atoms in solution etc.

Alternatively, the latches could exist in a metastable state which could be triggered to enable
latching as a result of some molecular event, for example, transient bond formation between the

weak interacting molecules of interest.
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Amplifying latches

In order to amplify the detection signal, latches can be designed so that each antigen could
set off multiple latches, resulting in the closure of more than one nanoswitch. This would be a
natural application of the self-triggering latches, in which the transient formation of a bond between
the molecule of interest and molecules on the scaffold (e.g. two antibodies that can bind the analyte
simultaneously as in a sandwich assay) and trigger the formation of a latch. In such a system, the
analyte could detach from the nanoswitch to trigger the formation of additional latches without
compromising the closure of the initial latch. An alternative design for an amplifying latch would be
to have multiple different types of latches, such as master and slave latches . In this case, binding of
the analyte to a master latch would cause the release of multiple components (e.g. DNA strands)
that could then trigger the closure of multiple slave latches to enable amplification of the signal. If

latches were designed to be both masters and slave a chain reaction could result.

Protectable latches

Protective groups can be used to reduce non-specific and unwanted interactions between the
latch system and molecules of interest. For example, in the case of DNA latches, this can be
accomplished through the use of protection strands that could hybridize to the DNA latch anchor
components then be removed via strand displacement. These protection strands could either be
separate molecules of DNA, or part of the original latch anchors (e.g. they could have self-
complementary components).

“Deprotection” or activation of the latch system could either be performed as a separate step,
or as part of a latch triggering event. Deprotection could occur via photoactivation, DNA strand
displacement, DNA cleavage, chemical cleavage or any of the triggering mechanisms described

herein.

Reversible latches

Latches can be designed to be reversible, e.g. reopened using strand displacement,
enzymatic cleavage, photoactivation (e.g. azobenzene can be switched between two different states
by photoactivation, with one state stabilizing DNA hybridization, and the other state destabilizing

DNA hybridization), photocleavage or force.
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Pre-latching

There are instances when one may wish to latch before mixing with a sample. Reversible
latches could be used to hold two components close to one another while a second binding
interaction occurs. For example, if two halves of an aptamer are used to bind a single analyte, the
latch can be used to hold the two halves of the aptamer in close proximity, such that when the
analyte, to which the aptamers bind, is present the two halves of the aptamer can bind to the analyte.
One would then want to break the initial latch, and potentially form another latch to stabilize the

loop while running.

Nanoswitch Latch Designs and Preliminary Data

Nanoswitch latch designs and preliminary data for the nanoswitch latches broadly described
above, will be described in greater detail herein. For example, DNA latches with two separate
single-stranded regions on either side that are non-covalently cross-linked in the presence of a
bridge oligonucleotide are detailed. Sequences with minimal secondary structure will facilitate
greater cross-linking at room temperature, and/or temperature ramps could be used to facilitate

greater latching efficiency.

Indirect latching through introduction of a bifunctional molecule

In the case of the introduction of a molecule to close the latch, the introduced molecule will
be bifunctional, in that one end will react or hybridize with the latch component at a location on the
DNA scaffold, while the other end will react or hybridize with the latch component at a different
location on the DNA scaffold, creating a stable loop. The introduced molecules can be added at a
concentration high enough so in the case of the absence of a transient interaction, both latch
components attached to the DNA scaffold will bind different bifunctional introduced molecules,
essentially quenching the latch so it will not close. Conversely, the introduced molecules will be
added at a concentration low enough so that in the presence of a transient interaction, when one
latch component binds an introduced molecule, the location concentration will be high enough so
that the other latch component binds the free functional group on the same introduced molecules,

closing the latch. The bifunctional introduced molecules can have two different functional groups,
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or two of the same functional groups. The procedure will also work with multifunctional
introduced molecules, with more than two reactive or hybridization sites. In order to improve
latching efficiency, multiple reactive or hybridization groups on the anchor components of the latch
can be included. In this case it may be beneficial to include orthogonal reactivities on the two
anchors in order to prevent self-quenching, in which a the bridge molecule binds onto two reactive
groups on the same anchor.

Examples of these types of systems include designing anchor oligonucleotides with one or
more amine groups, and then cross-linking using glutaraldehyde, BS(PEG)S5, or another bifunctional
amine reactive molecule. Other types of reactive groups that could be used include but are not
limited to azides and copper-free click alkynes (i.e., DBCO), tetrazine and trans-cyclooctene-
containing reagents, maleimide and thiol containing reagents, and biotin and streptavidin.

It is to be understood that in these and similar embodiments, the latch may be located at
essentially the same location as the target-specific binding partner since it may itself be part of or a

modification of the binding partner.

Indirect latching through introduction of an oligonucleotide

A DNA latch can be designed under the same principles of the introduced bifunctional
molecule latch described herein. In some embodiments the latch components do not react with
each, but instead hybridize complimentary sequences to form stable structures. A DNA
hybridization latch includes 3 component oligonucleotides. Two of the oligonucleotides, which
may be referred to herein as anchors or anchor components or as latch oligonucleotides, are
composed of a region that is complementary to the scaffold and a region that is complimentary to
half of the third component, a latch or trigger nucleic acid. The anchors or latch oligonucleotides
are hybridized to the scaffold. The third component, a trigger or latch nucleic acid has two regions,
each of which is complementary to the latch oligonucleotides. This trigger or latch nucleic acid is
added during binding experiments to close the latch. Spacer nucleotides can also be included
between the regions of the oligonucleotides to prevent steric hindrance of binding. The trigger or
latch nucleic acid hybridization regions can be designed to not be complementary to any region of
the scaffold to prevent extraneous binding. The region can also either be designed to be low in

secondary structure, for increased hybridization speed, or can include a hairpin, in order to
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minimize extraneous binding. The trigger or latch nucleic acid hybridization region must be long
enough for stable loop formation, but not too long to prevent long hybridization times and steric
hindrance of binding. In some embodiments, the length consists of 10-15 nucleotides. In some
embodiments, the trigger or latch nucleic acid is designed with high GC content (~70%) in order for
strong latch formation. Gel electrophoresis can be performed at 4°C to ensure that the DNA latch

components stay shut during electrophoresis.

Indirect latching through a triggering event

Another latch design includes cross-linking of two groups on the anchor components
directly when a trigger is added. These anchor components are designed to only react when the
trigger is added. The trigger could be a catalyst such as a protein or metal ion, or could be heating,
photoactivation, force application, or change in solution conditions. The trigger is added for a short
time before either being inactivated, quenched, or removed either directly or when gel
electrophoresis is performed on the nanoswitch. The reaction is limited, so only when a loop is
already formed, do these anchor components react to stabilize the loop. In addition to the reactive
groups, the anchor components could have short nucleotide regions that are complementary to each
other to temporarily stabilize the reactive groups in close proximity to increase the reaction rate
when the trigger is added. The complementary regions are designed to be short enough to not cause
stable interactions in the absence of a loop being formed from additional interactions for the assayed
targets of interest.

Examples of these types of latch systems include a reaction between azide and alkyne when
copper(I) is added, a reaction between the N-terminal peptide GGG and LPETGG-isoacyl-Ser (SEQ
ID NO: 161) or LPETGGS (SEQ ID NO: 162) C-terminal peptide when sortase is added, and short
oligonucleotides containing photoactivatable crosslinkers, such as 3-cyanovinylcarbazole or
psoralen.

The latches can be designed to be reversible, in order to allow for extraction of a scaffold for
re-use. This can be accomplished through the use of a reversible reaction, such as a sortase reaction
between GGG and LPETGGS (SEQ ID NO: 162). This can be accomplished by first utilizing a
trigger or latch nucleic acid that contains one or more mismatches from the overhangs on the latch

oligonucleotides, but that still binds strongly enough for loop formation, strand displacing the
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trigger nucleic acids using separate complementary oligonucleotides that bind more strongly than
the first trigger to each trigger-binding region on the anchor, purifying the scaffold, and then using a

second trigger that binds even more strongly than the short displacing nucleotides.

Reversibility of latches

The latches can also be designed to be reversible if two or more sets of anchor components
(or latch oligonucleotides) are used. The first set of anchor components will either only be
complementary to scaffold for a short region, or contain one or mismatches with the scaffold. The
latch designed will be stable enough for loop formation. The region of the anchors complementary
to the scaffold using new anchor components that are more strongly binding to the scaffold, either

through a longer binding region or containing fewer mismatches can then be stand displaced.

Kinetic barrier latches

Self-triggering latches with tunable kinetics can be used to vary the rate of latching in both
the open and closed states. One potential realization using DNA hybridization is illustrated herein
(FIG. 20). Following removal of a protection strand via strand displacement (de-protection), the
latch becomes primed to trigger when the partially complementary overhang strands are brought
into close enough proximity. The sensitivity of triggering can be programmed kinetically by the
introduction of a non-complementary “kinetic barrier” in order to reduce the false positive rate.
After a sufficient amount of time has elapsed following “latch-activation” (which may also be
regarded as deprotection), the latches can be quenched via introduction of complementary strands to
stop further latch formation. Additionally, to enable reversibility (i.e. latch opening), a short toehold
region could be added to the end of one of the latch strands to enable opening via strand

displacement.

Purification

The nanoswitches can be used to purify targets such as but not limited to target nucleic acids
or target proteins from a sample. The looped conformation nanoswitches, which are bound to such
targets, can be physically separated using gel electrophoresis from linear conformation

nanoswitches, which are not bound to targets. The looped conformation nanoswitches therefore
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may be physically separated from a complex mixture, and the targets bound thereto can be isolated
from the nanoswitches.

Sequence-Specific RNA Purification. The closed and open conformations can be separated
using gel electrophoresis or liquid chromatography. Specific RNA targets will only be present in the
looped conformation nanoswitches, and these looped conformation nanoswitches can be isolated by
gel extraction from electrophoresis or by collecting fractions in liquid chromatography. Once the
looped conformation nanoswitches are isolated, the nanoswitch itself may be removed for example
by digestion using a DNA digesting enzyme such as DNAse I or DNAse II, assuming the
nanoswitch is made entirely of DNA. Following digestion of the DNA, the RNA can be further
purified using liquid chromatography to remove the other components of the solution, or by using
dialysis or other extraction kits to remove proteins and small nucleotides from RNA. Using this
method, it is possible to isolate and purify a single RNA sequence from complex mixtures for
various downstream applications. In instances in which the overhangs of the nanoswitch hybridize
to the target only partially, then it is contemplated the nanoswitches may capture a plurality of
targets, all of which will have identical sequences at their 5’ and 3’ ends (as a result of being
hybridized and thus captured by the same overhangs) but which will differ from each other in their
internal sequence between such ends.

In this way, the nanoswitch can be used to detect and purify an RNA target, which in turn
can be further analyzed for its composition or biophysical properties. Downstream applications
could include mass spectrometry to identify RNA modifications on the strand, or single molecule
experiments to probe the structure of a folded RNA. Heretofore, the isolation of single miRNA for
example has been a challenge. The nanoswitch methods provided herein facilitate miRNA isolation
and analysis.

Purification of Other Targets (Analytes). Other analytes such as proteins and other
biological molecules may be purified in much the same way. Thus, in some embodiments, the
invention contemplates the capture and purification of proteins or other analytes of interest using
the nanoswitches provided herein in combination with a latching mechanism. Targets of interest
can be extracted from fluid, then isolated and/or purified from other components in a reaction

mixture or sample.
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This method of separation may use two target-specific binding partners and thus is more
specific and more stringent than traditional purification utilizing only a single binding partner (such
as a single antibody). This is because both binding partners need to bind the analyte of interest in
order for loop formation and separation to occur in contrast to prior art methods that typically rely
on a single binding partner for detection.

As an example, in order to purify analytes a nanoswitch with two target-specific capture
antibodies and latch oligonucleotides can be used. Such a nanoswitch is described herein. The
nanoswitch is contacted with a sample, binding is allowed to occur, the latch is allowed to close
(e.g., by the introduction of a crosslinker or a trigger or latch nucleic acid), and the mixture is then
run on a gel.

Using a latch system will increase the yield of the purification, since for purification the
analyte need only stay bound to a single antibody, instead of both. The latch will keep the local
concentrations high, allowing for rebinding during gel purification, in the event the analyte
dissociates from only a single antibody. The analyte-nanoswitch complex can be purified from the
gel using electroelution, and the analyte can be separated from the nanoswitch complex, potentially
by adding another ligand to saturate the antibodies, or through a change in pH.

In still another embodiment, if the target is not a protein but the target specific binding
partners are proteins, then the method may comprise a step of removing the target-specific binding
partners. For example, if protein-based binding partner is used such as an antibody or an antibody
fragment, the method may include a DNAse digestion to remove the nanoswitch and a protease
digestion to remove the protein based binding partner. Then the target could be further purified for
example by liquid chromatography, if desired.

Stabilization of interactions for drug discovery/screening.

In some embodiments, latches can be used to stabilize weak drug-target interactions when
screening for potential drug candidates. As an example, amine-based and DNA-hybridization based
latches were used to detect an aptamer binding to streptavidin, while a control sequence does not
result in any signal (FIGs. 17-19). Without a latch, a band corresponding to a looped nanoswitch
when either the known binding aptamer is assayed or the nonbinding control sequence is assayed is

not observed.
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EXAMPLES
Example 1. Fast, background-free detection of nucleic acid sequences using DNA nanoswitches
Introduction
The ability to synthesize arbitrary DNA sequences and the remarkable specificity of
Watson-Crick base pairing has led to the recent use of DNA as a nanoscale building material.!"™
On-demand synthesis of DNA provides programmability in design, while base pairing provides the
structural “glue” as well as the ability of structures to self-assemble. These features of DNA have

[4-6]

been exploited for the construction of two-") and three-dimensional lattices,"* as well as for

complex shapes that have been facilitated by the advent of DNA origami.[7'9] Recently, active

10 L1413
%7 and nanomachines!" """ have been developed as researchers focus

structures such as nanodevices
on applying DNA nanotechnology to solve real-world problems in science. One such application is
biological sensing, where thoughtfully designed nanosensors have the potential to make detection of
specific biological materials simpler, cheaper, and faster.

A two-state DNA nanoswitch for quantifying molecular interactions has been developed.m'
5 The approach is used in this disclosure to detect specific nucleic acids (e.g., DNA), an area with
widespread importance in biotechnology, medicine, and forensics.'® In medicine, for example,
nucleic acids play a role as biomarkers for many diseases and their detection is crucial to the
identification and diagnosis of these diseases."'” Various electrochemical DNA sensors''® and
DNA-gold nanoparticle conjugates[19] have previously been constructed for this purpose. However,
these processes involve multiple detection steps and complex designs for amplifying the output

signal. The nanoswitch approach provided herein provides detection of a sequence with a simple

one-pot mixture, and also gives a direct, amplification-free read out using gel electrophoresis.

Materials and Methods
Design and oligonucleotide mixtures:

The nanoswitch is formed using the backbone oligonucleotides (staple strands) that
hybridize with the single stranded M13 scaffold to form a duplex. In addition a set of "variable"
strands are designed to bind to the M 13 at the prospective positions of the detector strands. The

variable strands are replaced by the detector strands for forming a nanoswitch of a particular loop
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size. The open gaps left by the replacement of the variable with detector strands are filled using the

"filler" strands.

Construction of nanoswitches:

Linearization of the single-stranded M13 DNA was done as previously reported ['] and the
nanoswitches were constructed using the protocol in ['. Briefly, the linearized ssDNA was mixed
with ten-fold excess of the backbone oligonucleotides, variable strands and the two sets of detector
strands and filler strands. The mixture was annealed from 90°C to 20°C at 1 °C min™" in a T100™
Thermal Cycler (Bio-Rad, USA). The constructs were PEG precipitated after annealing to remove
excess oligonucleotides. The PEG precipitation procedure from ref [*'] was followed. Construction

of the nanoswitches and purification process is detailed in FIGs. 2A-B.

Detection of key oligonucleotides:

The purified constructs, diluted roughly 40x from stock concentrations were mixed with
desired concentration of the target oligonucleotide and annealed from 46°C to 4 °C at 0.2 °C/min in
a thermal cycler and left at 4°C overnight. Experiments were also done at constant room
temperature (25 °C) where the key oligonucleotide was mixed with the nanoswitch and left at RT
for at least 5 hours. For the time series experiments, addition of key oligonucleotides was done at
specific time intervals in reverse. The key oligonucleotide (intended as the “target nucleic acid”)
was first added at 24 hours preceding gel electrophoresis and added the key oligonucleotide at other

shorter time intervals up until just before loading the gel (0 min).

Gel electrophoresis:

The nanoswitches were run in 0.8% agarose gels, cast from molecular biology grade agarose
(Fisher BioReagents) dissolved in 0.5 Tris-borate EDTA (TBE) (Ultra-pure grade, Amresco).
Samples were mixed with a Ficoll-based loading solution. Gels were typically run for 90 min at 75
V (constant voltage) at 4 °C and subsequently stained in 1X GelRed stain (Biotium) for 20 min. For
experiments involving gel read-out times, the dye was mixed with the gel solution before the gel
was cast and gels were run at 150V (constant voltage) and imaged at 10 minute intervals. Stained

gels were imaged with a Bio-Rad Gel Doc XR+ gel imager. Gel bands were quantified by analyzing
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the scanned gel images with the gel analysis tool in the Image Lab software package available with
Bio-Rad Gel Doc XR+. In some cases, constructs were spiked with a low concentration of DNA
ladder (BstNI digest of pPBR322 DNA, New England BioLabs) to aid in quantification
(conformation 5). The highest-molecular weight band of the added ladder was used as a reference to

avoid discrepancies from pipetting errors.

UV melting experiments:

Thermal melting profiles for the complexes were determined by measuring their UV
absorbance at 260 nm with a Cary 100 Bio UV-Visible Spectrophotometer as the samples were
heated at a rate of 1 °C min—1. The final concentration of the complexes was 0.5 uM. Oligos were
dissolved in water and concentrations were determined by measuring the absorbance at 260 nm and
applying extinction coefficients provided by the manufacturer (Integrated DNA Technologies, Inc.).
Absorbance values from 2 heating cycles were averaged and the plots were fitted with the equation

for analyzing thermal melting curves to determine the fraction bound [*:

BT = (LOT - AT)/(LOT - LlT)

where 0 is the fraction bound, A is the absorbance, and LOt and L1t correspond to the baseline
values of the unbound and bound species, respectively. Ty, values were determined from these

curves by finding the temperature at which the fraction bound is 0.5.

Results and Discussion

The basic principle of the DNA nanoswitch is that a conformational change is induced upon
binding of a specific DNA sequence (FIG. 1A). The ‘off” state of the switch is a linear duplex
formed by a single-stranded scaffold (7249-nucleotide M13) and a set of short complementary
“backbone oligos” that hybridize to the scaffold. Two of these strands (detectors 1 and 2) are
designed to have overhangs (a on detector 1 and b on detector 2) that are complementary to parts
(a* and b*) of the target DNA sequence. Recognition of specific targets is reported by a
conformational change between two different states of the nanoswitch. On addition of a specific

DNA sequence, target recognition and binding reconfigures the switch to form a loop thus changing
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it to the ‘on’ state. The on and off DNA nanoswitches migrate differently on an agarose gel (FIG.
1A, inset), indicating their relative quantity in the two possible states. The nanoswitch is constructed
using techniques adapted from DNA origami'” (FIGs. 2A-B), and is programmable for specific
target sequences by simply integrating two new detector strands.

The nanoswitch detection was tested for different lengths and configurations of the target
DNA sequence under different annealing protocols (FIGs. 3A-B). These experiments were
performed by incubating nanoswitches in 12.5 nM of key oligonucleotide (concentrations between
~1 nM and 25 nM all had similar results, FIGs. 4A-B), and subjecting them to either a temperature
ramp from 46 °C to 4 °C or holding the temperature constant at 25 °C. First, “symmetric” key
oligonucleotides wherein a 30-nt sequence with 15-nt on a* and b* were symmetrically truncated
were tested (FIG. 3A). Detection of all key oligonucleotides under these conditions was shown, but
with various efficiencies. Detection remained mostly constant until the closure length was reduced
to 10-nt, at which point there was a notable decrease. The annealing tended to have the best results,
except for the shortest two key oligos where the room temperature incubation had similar or better
performance. Next, “asymmetric” key oligonucleotides wherein the same 30-nt sequence was
truncated only on the b* side were tested (FIG. 3B). It was found that detection remained nearly
constant until the closure length was reduced to 7-nt, at which point there was a notable decrease.
As with the symmetric case, the annealing again produced better results for the longer oligos and
worse results for the shortest ones. The differences in detection between the symmetric and
asymmetric key oligos suggest that there may be an inherent benefit to designing asymmetric
binding regions, likely due to the deterministic order in binding events.

FIG. 4C illustrates the efficiency of the nanoswitches to bind targets shorter than detector
lengths, targets the same length as detectors, and targets that are longer than the detectors. This
illustrates that the nanoswitches are able to detect targets that are longer than the detector
sequences, such targets including viral nucleic acids. Such nanoswitches may also be used to detect
specific regions within longer targets such as detecting single mismatches in a longer target for
mutation analysis and/or diagnostic purposes.

The drop off in detection for the shorter closure lengths likely reflects some inherent
limitations imparted by the binding energies. From previous work, we estimated the effective

“concentration” of two binding partners on the same nanoswitch to be ~30 nM, 1! implying that an
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interaction with a Kp of 30 nM would be half looped and half unlooped at equilibrium. Previous
measurements for the hybridization of a 7 bp DNA gave a dissociation constant in that same range
(~5 nM),*” and the dramatic drop off in detection observed here around 7 or 8 bp substantiates that
detection of these short sequences are likely limited by interaction energy. It is worth noting,

5  however, that this limitation can be potentially overcome by using a shorter loop size to increase the
effective concentration of the binding partners, as long as the rigidity of the DNA at those shorter
length scales does not prevent flexibility in the loop.

For both the symmetric and asymmetric key oligos, the results from the different annealing
protocols suggest that secondary structure in the larger target sequences slow the recognition and
10 binding to the nanoswitch. This results in larger targets being detected more efficiently with the
high-temperature annealing, while the shorter targets are detected more efficiently with room
temperature annealing. UV thermal melting analysis was performed on relevant components of the
nanoswitches to better understand the effect of annealing (FIGs. 5SA-E). It was found that the
detector strands are well bound to the nanoswitch by 40 bp with high melting temperatures (~70°C),
15 while the key oligos bind to the detectors at lower temperatures (~40°C to ~60°C) that generally
decrease as the key oligos shorten (Tables 1 and 2). The data show that the shorter targets do not
fully hybridize with the detectors at elevated temperatures, and thus are effectively given less
reaction time in the high-temperature annealing protocol, explaining why the shortest targets were

best detected at room temperature.

Tm (°C)

Closure length +det-1 +det-2 +det-1/det-2
15-nt 53.9 57.8 56.0
14-nt 52.8 54.5 54.2
13-nt 52.4 50.8 56.0
12-nt 47.2 47.6 47.9
11-nt 45.3 43.2 44 .2
10-nt 38.0 40.2 36.9

20  Table 1. Melting temperatures of the symmetric key oligonucleotide/detector strand complexes
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Tm (°C)
det1-40-nt + scaffold 69.3
det2-40-nt + scaffold 72.8
det1-30-nt + scaffold 57.1
det2-30-nt + scaffold 63.3

Table 2. Melting temperatures of the scaffold region/detector strand complexes

To demonstrate the specificity of the nanoswitches, the selective activation of two
nanoswitches with different key sequences, and detection of a target sequence from a large pool of
random sequence oligonucleotides were demonstrated (FIGs. 6A-B). First, two nanoswitches
(Switch X and Switch Y) were designed to detect two different target sequences of similar length
(Key X and Key Y respectively). Sequence specific activation of the two nanoswitches was shown
only in the presence of the correct key (FIG. 6A), with no false positive detection of the off-target
sequences. Next, detection of a target sequence out of a large pool of oligonucleotides with the
same size but random sequences was shown (FIG. 6B). Again, no false positive detection of the
random oligonucleotides was found, even at concentrations as high as 100 uM (FIGs. 7A-B).
Furthermore, the detection signal of the target sequence was largely unchanged by increasing the
“background noise” from the random oligos in solution. This “zero background” detection is in
stark contrast to many surface based capture assays, where inadvertent detection of off-target
sequences can pose a significant challenge.

This nanoswitch assay has several important benefits including a simple one step mixture
and a straightforward detection scheme. To further increase the accessibility of the technique, we
characterized and reduced the time required to detect target sequences. The association rate of a key
oligonucleotide onto the nanoswitch was examined, and the separation of looped and unlooped
nanoswitches in the gel. Association kinetics were measured by conducting a time series at room
temperature (FIG. 8A). DNA binding was detected in as little as 15 minutes, and detection was
complete by 1 hour. To measure the separation time, gels were run at a higher voltage (150 V) and
imaged them in 10 minute increments (FIG. 8B), finding that 10-20 minutes at 150 volts was
sufficient to detect the looped nanoswitches. From these results, it was further shown that a specific

DNA sequence could be detected from solution in as little as 30 minutes from start to finish (FIG.
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8C). This short time for detection and the minimal requirements for the method make this a fitting
approach for point of use detection, especially considering the availability of handheld bufferless
gel systems (e.g. Invitrogen E-gel system).

In summary, it was shown that one can quickly and effectively detect specific DNA
sequences of various lengths using DNA nanoswitches. Target sequences can be detected even from
a pool of randomized oligonucleotides with no false positive detection. The DNA nanoswitches are
also inexpensive, costing less than one penny in materials for the amount used in a typical gel lane
in this paper. Since the scheme to use them is non-technical, requiring only common gel

electrophoresis materials, the technique can easily be employed at point of use by any researcher.

Example 2. Detection of a Single Mismatch

Detection of a single mismatch requires “tuning” of the detector strands to ensure that the
interruption of normal base pairing produces a dramatic change in signal. The placement of the
mismatch to be detected was studied in this Example.

For example, a 22-nt target sequence with complete base complementarity to the detectors
inducing a conformational change which can be read out using gel electrophoresis (FIG. 9A,
denoted (i1)). When a single mismatch is introduced in the center of one of the detector regions, the
signal drops to only about 5% (FIG. 9A, denoted (ii)). In the presence of two mismatches, there is
no observable signal (FIG. 9A, denoted (iii)).

FIG. 9B provides further analysis of mismatch detection in synthetic RNA. In these
experiments, the nucleic acids were members of the let-7 series of miRNA that differ by one or two
nucleotides, as shown. The Figure illustrates both schematics and gel results of detection using a
switch designed for let-7b. The signal drops to ~15% for a single mismatch and there is no
detection for a double mismatch. This evidences the high degree of specificity that can be achieved
using the nanoswitches provided herein. FIG. 9C provides further mismatch detection in a
complete let-7 series of miRNA sequences. The sequences of the let-7 family of miRNA are
provided. As apparent in the color version of the Figure, there are 1-4 mismatches between
different members of the set. Most of the mismatch at one end, although a few occur in the middle
and another occurs at the opposite end (see for example let-7d ). Gel results of detection of specific

let-7 miRNA compared to other let-7 miRNA sequences. Boxed diagonal shows detection of correct
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targets. A heat map is also provided that shows the intensities of the on-state for different switches
versus targets. The heat map is then repeated but with the number of mismatches for each target
versus switch shown for each. The data show that the position of a mismatch along the length of a
target may have different effect, and may influence the ability of the nanoswitch to detect such
target and distinguish it from other related targets. The ability to detect any given sequence using a
set of nanoswitches that probe along the length of a sequence addresses this issue and ensures that
mismatched sequences will be detected regardless of the position of the mismatch.

In the case of a pair of microRNA that differ by a single base (e.g., miR 10A and 10B), the
position of the mismatch plays an important role. In this specific case, the single mismatch is in the
center of the target sequence and thus detection is not effective. To bypass this, target sequences
were designed that are "offset" in their binding to the detectors, i.e. (1) The target has more
complementarity to detector 1 than detector 2 and (2) not all nucleotides of the target have to bind
to the detector. The mismatch position 2 nucleotides away from either end of the detectors with 20
base pairs (out of 23) is effectively detected using the nanoswitch (FIG. 10).

The detectors for mismatch detection can be designed based on these results. For the specific
case of mirl0A and 10B, detectors can be designed to bind 17 (FIG. 11A left 5 lanes) or 18
nucleotides (FIG. 11A right 5 lanes) of the target sequence. This strategy works for detecting single
nucleotide mismatches with zero background.

FIG. 11B provides further data relating to the optimization for mismatch selectivity. In this
experiment, switches were designed for let-7c miRNA but with different detector lengths (e.g.,
lengths ranging from 6-11 nucleotides). The gel images show detection of proper target (let-7c,
denoted “+C”) versus a target with a single mismatch (let-7b, denoted “_B”). At detector lengths of
10 and 11 nucleotides (half detector lengths), more bound switches (top band) are apparent for let-
7c than for let-7b as the target, as compared to unbound switch (bottom band). At a detector length
of 10 nucleotides, the switch is more selective for let-7c than for let-7b, as evidenced by a stronger
bound switch band for let-7c¢ than for let-7b, as compared to the unbound band for each). When the
detector length is decreased to 9 nucleotides, the bound switch for the let-7c is still apparent while
there is virtually no bound switch for let-7b, suggesting that switches can be designed that are
highly selective for particular targets (even targets that differ from each other by 1 mismatch,

although the sensitivity of such switches may be reduced in the process.
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Example 3. Detection/Measurement of DNA Triplex Formation

The efficiency of target binding to detectors can be manipulated to study triple helix
formation (FIG. 12). The shortest (i.e. weakest) target threshold can be modified to be a triplex
binding site (target: polypurine, detectors: polypyrimidine). Under "normal” conditions, the
nanoswitch does not undergo a conformational change due to the weak binding ability of the target.
However, when a triplex forming oligonucleotide (polypyrimidine) is added, formation of a triplex
helix in the target binding regions results in loop closure and a target binding signal. This strategy
can be used to study the on- and off-rates of triplex formation and also to increase the binding

efficiency of short DNA fragments to the detectors.

Example 4. Simultaneous Detection of Multiple Sequences

The design of the DNA nanoswitch provides for customized loop sizes and different "on-
states" as desired. The nanoswitch can be designed to contain two sets of detectors (or more if
needed) that can bind to two different target sequences. The binding occurrence of the two targets
are designed to result in different loop sizes so that each target has its own output signal (FIG.
13A). This design strategy allows for the creation of multiplexed detection of target sequences. For
example, binding of target 1 will cause the formation of a 2-unit loop and binding of target 2 will
form a 3-unit loop, both of which migrate differently on a gel. In the presence of both targets, both
the loops will be formed and will have a distinct gel mobility of its own (FIG. 13B). This strategy
works at RT without the need to anneal the target on to the nanoswitch, thus making it more useful

for targets that might be sensitive to heat.

Example 5. Detection of Sequences with Significant Secondary Structure

Long sequences of DNA and even short sequences of RNA can have significant secondary
structure that can impede binding to the nanoswitch detectors. To overcome this, it is typically
necessary to either heat the sample before mixing with the nanoswitch or to use a decreasing

temperature ramp after mixing to anneal the target strand with the nanoswitch detectors (FIG. 14).

Example 6. Nucleic acid latch integrated into a nucleic acid nanoswitch antigen detector
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FIG. 15 provides a schematic of a latch integrated into a nanoswitch antigen detector
(analyte binding partner 1, analyte, and analyte binding partner 2, as shown), essentially creating a
nanoscale version of a standard sandwich ELISA assay. The latch consists of 2 single stranded
oligonucleotides partially hybridized to the scaffold (denoted “latch acceptor” in the Figure, also
referred to herein as latch oligonucleotides) and one single-stranded oligonucleotide hybridized to
the two latch acceptors (denoted “DNA latch” in the Figure, also referred to herein as the latch or

trigger nucleic acid).

Example 7. Nucleic acid latch functioning to close a loop for detection of a protein-aptamer
interaction

A schematic of a simple nucleic acid latch functioning to close a loop for detection of a
protein-aptamer interaction is shown in FIG. 16. When the aptamer is transiently interacting with
the protein of interest and the latch nucleic acid is added, the local concentration between the two
overhangs is high, and when one overhang binds to the trigger nucleic acid, the trigger nucleic acid
also binds to the opposite overhang on the same scaffold, resulting in stable loop formation (left
panel). In a control situation, where the aptamer or a control nucleic acid does not interact with the
protein, the local concentration between the overhangs is low, and even though one overhang may
bind to the trigger nucleic acid, the opposite overhang likely will not bind to the same trigger.
Instead, each overhang may bind to a separate trigger nucleic acid, in which case no loop forms

(right panel).

Example 8. Weak aptamer binding to streptavidin

Latches can also be used to close loops that result from weak binding interactions. This is
shown in FIG. 17 for weak aptamer binding to streptavidin. For the first and third lanes, a latch
mechanism was used that uses an amine group at the end of the aptamer sequence. For the second
and fourth lanes, oligonucleotides are hybridized adjacent to the biotin-streptavidin and aptamer
locations on the scaffold that contain 3-4 amine groups. The first and second lanes include a control
sequence with low secondary structure, while the third and fourth lanes include a known aptamer
sequence that binds to streptavidin. Looping is detected when the aptamer sequence is present, but

not for the control sequence. To perform these experiments, a scaffold with the control or aptamer
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sequence at one nanoswitch location and a biotinylated oligonucleotide at another nanoswitch
location with streptavidin was used. After a 30 minutes incubation, the bifunctional molecule
glutaraldehyde was added to a final concentration of 0.25%. The sample was incubated for an
additional 45 minutes. The glutaraldehyde crosslinks the amine groups in the nanoswitch, provided
they are in sufficiently close proximity, a condition that is met when the streptavidin-specific

aptamer interacts with streptavidin.

Example 9. Detection of weak aptamer binding

Another example of a latch that can be used to detect weak aptamer binding is shown in
FIG. 18. For the latch components attached to the scaffold, two latch oligonucleotides (or latch
acceptors) are included in the nanoswitch composition, and these hybridize adjacent to the aptamer
or control sequence and to a hybridized biotinylated oligonucleotide. After a 30 minute incubation
with streptavidin, the trigger or latch nucleic acid is added to a final concentration of 14 uM and the
mixture is incubated for 45 minutes, before running the mixture on a gel. The left lane with a
looped band includes an aptamer sequence known to bind to streptavidin, while the right lane
without a looped band includes a control sequence. Here, the complimentary sequences between
the trigger or latch nucleic acid and the latch oligonucleotides or acceptors are 15 nucleotides in
length. To be clear, the trigger or latch nucleic acids are the nucleic acids that bind to the latch
oligonucleotides or acceptors which are themselves partially hybridized to the scaffold in the

nanoswitch.

Example 10. Detection of weak binding between desthiobiotin and streptavidin

A nucleic acid latch used to detect weak binding between desthiobiotin and streptavidin is
shown in FIG. 19. For the latch components attached to the scaffold, two latch oligonucleotides are
included in the nanoswitch composition, and these hybridize adjacent to the desthiobiotin and to a
hybridized biotinylated oligonucleotide. After a 30 minute incubation with streptavidin (top) or 30
minute incubation in streptavidin-free buffer (bottom), the trigger or latch nucleic acid is added to a
final concentration of ranging from 60 pM to 60 uM and incubated for 10 minutes to 10 hours,
before running the mixture on a gel. Here, the complimentary sequences between the trigger or

latch nucleic acid and the latch oligonucleotides or acceptors are 10 nucleotides in length with the
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following sequence 5’GCCTCGTCTCGCCTCGTCTC3’ (SEQ ID NO: 163). The latches did not
give rise to false positives, and instead the loops only form when streptavidin is present.
Additionally the last lane on the bottom gel shows that in the presence of desthiobiotin, the loops
are not stable enough to remain intact during the 100 minute gel running process if the latch is

absent.

Example 11. Kinetic barrier latches

FIG. 20 shows a schematic of the activity of kinetic barrier latches that do not require a latch
or trigger nucleic acid. Rather in these embodiments, the latch forms through hybridization of the
latch oligonucleotide overhangs to each other.

Following removal of a protection strand (referred to as a latch blocker in the Figure) via
strand displacement (de-protection), the latch oligonucleotides are available to hybridize to each
other when they are brought into close enough proximity. The Figure illustrates a latch blocker as a
nucleic acid that binds to an overhang of one of the latch oligonucleotides (OH1). As shown in the
top panel, when the latch blocker is hybridized to the overhang (OH1), another overhang is created
comprised of latch blocker sequence. Using this overhang as a toehold, another nucleic acid can be
introduced having more complementarity to the latch blocker than the latch oligonucleotide
overhang (OH1) (e.g., there may be complete complementarity between the latch blocker and the
newly introduced nucleic acid throughout both of their lengths, as illustrated). Once the latch
blocker hybridizes to the newly introduced nucleic acid, the latch blocker can be displaced from the
latch oligonucleotide overhang (OH1), thereby making the latch oligonucleotide overhang (OH1)
available to hybridize to its respective latch oligonucleotide overhang (OH2). Latch oligonucleotide
overhang OH2 may itself be protected from arbitrarily binding to OH1. For example, it too may be
hybridized to a latch blocker, although this embodiment is not illustrated in FIG. 20.

FIG. 20 instead illustrates a opposite latch overhang (OH2) having secondary structure. In
this Figure, the two latch overhangs (OH1 and OH2) are not completely complementary. This is
conveyed in the bottom right panel where a single-stranded bubble is formed when the overhangs
hybridize to each other. In this embodiment, the nucleotide sequence in OH2 that is non-

complementary to OH1 is referred to as a kinetic barrier. Once OH1 is released from the latch
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blocker, it competes with the secondary structure inherent in OH2 for binding to OH2, thereby

melting the secondary structure and forming the structure in the bottom right panel.

Example 12. Sequences and free-energy structure predictions

Also provided for exemplary purposes are nucleotide sequences (Table 3) and free-energy
structure predictions (FIG. 21) of the latches and the segments of M13 to which they bind. FIG. 21
provides more detailed schematics of the latches described in Example 11. Latch Part 1 (Looped
Latch) is bound to its complimentary region on M13 and forms a hairpin to serve as a kinetic barrier
to latching (top left panel). Latch Part 2 (Linear Latch) is bound to its complimentary region on
M13 and blocked by hybridization to the latch blocker (top right panel). Latch Part 2 is bound to its
M13 compliment with the blocking strand removed showing minimal secondary structure (middle
right panel). The final panel shows a Latched Complex bound to the two complementary regions on

the M 13 scaffold.

Sequence Description SEQ ID
NO:
TTTCATTTCGTCTATCCGAAAAGCGGATAGACG Looped (Latch Part 164
1)
CAATACTTCTTTGATTAGTAATAACATCACTTTCATTTC | Looped (Latch Part
GTCTATCCGAAAAGCGGATAGACG 1)with V4L30 165
CGTCTATCCGCTTTTGCATCACGTCAAATGAAA Latch Part 2 166

CGTCTATCCGCTTTTGCATCACGTCAAATGAAATCAA | Latch Part 2 with
CCGATTGAGGGAGGGAAGGTAAATAT V8F30 167

TTTCATTTGACGTGATGCAAAAGCGGATAGACGGATC | Latch Part 2 Blocker
GATC 168

GATCGATCCGTCTATCCGUTTTITGCATCACGTCAAATG | Latch Block Pecler
AAA 169

Table. 3. Latch Sequences
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Example 13. Example of high sensitivity detection
Attomole detection of target proteins is shown in FIG. 22. Low (top) and high (bottom)

contrast images of gels show detection of 100, 10, and 1 attomole(s) of protein (left to right).

Example 14. Nucleic acid nanoswitch latch applications

Nanoswitch latches can be used to in the detection of protein analytes. For example, the
nanoswitches and corresponding latches can be used to detect protein analytes such as but not
limited to Early Pregnancy Factor (EPF), Prostate-Specific Antigen (PSA), and tumor necrosis
factor-a (TNF-a), and other clinically relevant proteins. The latching systems described herein can
detect proteins at a much lower concentration than traditional ELISA. Protein targets may be
detected by using a nanoswitch having two target-specific binding partners that each bind to the
same target, thereby creating a loop in the nanoswitch.

This Example demonstrates the use of such a nanoswitch and latch in the detection of Early
Pregnancy Factor (EPF) (FIG. 23). For each assay, two sets of binding partners (such as target-
specific antibodies or target-specific antibody fragments) are used to sandwich the target and form a
loop. For stable loop formation, components of the latch system are hybridized interior to the sites
of antibody attachment.

For TNF-a detection, monoclonal mouse IgG1 Clone # 28401 and Antigen Affinity-purified
Polyclonal Goat IgG (R & D Systems) were used. For PSA detection, anti-PSA clone 8301 and
anti-PSA clone 8311 were used (BiosPacific). Both detection antibodies are attached to
oligonucleotides complimentary to the scaffold using the bifunctional linker, DBCO-PEG4-NHS
ester, which will react with amine groups on the antibodies and with azide-modified
oligonucleotides. After coupling, the antibodies are purified from excess oligonucleotide and linker
using PIERCE™ Protein A/G Magnetic Beads. The latch oligonucleotides are hybridized to the
scaffold by mixing them, and an excess of backbone (or fixed) oligonucleotides, and the M13
scaffold, heating to 90°C and cooling to 20°C by one degree per minute. The antibodies are
hybridized to the nanoswitch scaffold in excess by adding at a temperature of 37°C, and after the
nanoswitch is formed it is purified from excess antibodies using PEG precipitation. We test for
detection using spike-ins of known PSA (BiosPacific) or TNF-a (R & D Systems) in a ¥4 dilution of

fetal bovine serum (FBS).
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After loops are formed, gel electrophoresis is performed to separate the looped conformation
bands, which can be detected using SYBR-gold, YOYO, DNA extraction and qPCR, or another
method to allow quantification of the amount of looped nanoswitch, which corresponds to the
amount of analyte.

Pregnancy-detection applications may involve the detection of analytes such as EPF (Early
Pregnancy Factor), human chorionic gonadotropin (HCG), and luteinizing hormone (LH).

Examples of specific antibodies used in a direct crosslinking system include but are not
limited to Anti-HSPE1 / HSP10 / Chaperonin 10 Antibody (aa91-101, Biotin) LS-C232123, Anti-
HSPE1 / HSP10 / Chaperonin 10 Antibody (aa38-64, Biotin) LS-C236441, Anti-Cpn10 antibody
[EPR4475] (ab108611), Anti-Cpn10 antibody [EPR4476] (ab108600), Anti-Cpn10 antibody
[EPR4476] (ab108600), and HSP 10 Antibody (D-8): sc-376313. These or any other antibody,

aptamer, binding partner, or reactant could be used to bind EPF.

Additional sequences for generating nanoswitches with and without latches can be found in

Tables 4-10 below.

II?EI%: Sequence Length
1 AGAGCATAAAGCTAAATCGGTTGTACCAAAAACATTATGACCCTGTAATACTTTTGCGGG 60
2 AGAAGCCTTTATTTCAACGCAAGGATAAAAATTTTTAGAACCCTCATATATTTTAAATGC 60
3 AATGCCTGAGTAATGTGTAGGTAAAGATTCAAAAGGGTGAGAAAGGCCGGAGACAGTCAA 60
4 ATCACCATCAATATGATATTCAACCGTTCTAGCTGATAAATTAATGCCGGAGAGGGTAGC 60
5 TATTTTTGAGAGATCTACAAAGGCTATCAGGTCATTGCCTGAGAGTCTGGAGCAAACAAG 60
6 AGAATCGATGAACGGTAATCGTAAAACTAGCATGTCAATCATATGTACCCCGGTTGATAA 60
7 TCAGAAAAGCCCCAAAAACAGGAAGATTGTATAAGCAAATATTTAAATTGTAAACGTTAA 60
8 TATTTTGTTAAAATTCGCATTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGA 60
9 ACGCCATCAAAAATAATTCGCGTCTGGCCTTCCTGTAGCCAGCTTTCATCAACATTAAAT 60
10 GGATAGGTCACGTTGGTGTAGATGGGCGCATCGTAACCGTGCATCTGCCAGTTTGAGGGG 60
11 ACGACGACAGTATCGGCCTCAGGAAGATCGCACTCCAGCCAGCTTTCCGGCACCGCTTCT 60
12 GGTGCCGGAAACCAGGCAAAGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGG 60
13 CGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGG 60
14 CGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGT 60
15 GCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTC 60
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16 GTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAA 60
17 CATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCAC 60
18 ATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCA 60
19 TTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTT 60
20 GTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGG 60
21 TTCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGCCCGAGATAGGGTTGAGTGT 60
22 TGTTCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCG 60
23 AAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCAAATCAAGTTTTTT 60
24 GGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGC 60
25 TTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGG 60
26 CGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCT 60
27 TAATGCGCCGCTACAGGGCGCGTACTATGGTTGCTTTGACGAGCACGTATAACGTGCTTT 60
28 CCTCGTTAGAATCAGAGCGGGAGCTAAACAGGAGGCCGATTAAAGGGATTTTAGACAGGA 60
29 ACGGTACGCCAGAATCCTGAGAAGTGTTTTTATAATCAGTGAGGCCACCGAGTAAAAGAG 60
30 TTGCCTGAGTAGAAGAACTCAAACTATCGGCCTTGCTGGTAATATCCAGAACAATATTAC 60
31 CGCCAGCCATTGCAACAGGAAAAACGCTCATGGAAATACCTACATTTTGACGCTCAATCG 60
32 TCTGAAATGGATTATTTACATTGGCAGATTCACCAGTCACACGACCAGTAATAAAAGGGA 60
33 CATTCTGGCCAACAGAGATAGAACCCTTCTGACCTGAAAGCGTAAGAATACGTGGCACAG 60
34 ACAATATTTTTGAATGGCTATTAGTCTTTAATGCGCGAACTGATAGCCCTAAAACATCGC 60
35 CATTAAAAATACCGAACGAACCACCAGCAGAAGATAAAACAGAGGTGAGGCGGTCAGTAT 60
36 TAACACCGCCTGCAACAGTGCCACGCTGAGAGCCAGCAGCAAATGAAAAATCTAAAGCAT 60
37 CACCTTGCTGAACCTCAAATATCAAACCCTCAATCAATATCTGGTCAGTTGGCAAATCAA 60
38 CAGTTGAAAGGAATTGAGGAAGGTTATCTAAAATATCTTTAGGAGCACTAACAACTAATA 60
39 GATTAGAGCCGTCAATAGATAATACATTTGAGGATTTAGAAGTATTAGACTTTACAAACA 60
40 CATTATCATTTTGCGGAACAAAGAAACCACCAGAAGGAGCGGAATTATCATCATATTCCT 60
41 GATTATCAGATGATGGCAATTCATCAATATAATCCTGATTGTTTGGATTATACTTCTGAA 60
42 TAATGGAAGGGTTAGAACCTACCATATCAAAATTATTTGCACGTAAAACAGAAATAAAGA 60
43 AATTGCGTAGATTTTCAGGTTTAACGTCAGATGAATATACAGTAACAGTACCTTTTACAT 60
44 CGGGAGAAACAATAACGGATTCGCCTGATTGCTTTGAATACCAAGTTACAAAATCGCGCA 60
45 GAGGCGAATTATTCATTTCAATTACCTGAGCAAAAGAAGATGATGAAACAAACATCAAGA 60
46 AAACAAAATTAATTACATTTAACAATTTCATTTGAATTACCTTTTTTAATGGAAACAGTA 60
47 CATAAATCAATATATGTGAGTGAATAACCTTGCTTCTGTAAATCGTCGCTATTAATTAAT 60
48 TTTCCCTTAGAATCCTTGAAAACATAGCGATAGCTTAGATTAAGACGCTGAGAAGAGTCA 60
49 ATAGTGAATTTATCAAAATCATAGGTCTGAGAGACTACCTTTTTAACCTCCGGCTTAGGT 60
50 GAAAACTTTTTCAAATATATTTTAGTTAATTTCATCTTCTGACCTAAATTTAATGGTTTG 60
51 AAATACCGACCGTGTGATAAATAAGGCGTTAAATAAGAATAAACACCGGAATCATAATTA 60
52 CTAGAAAAAGCCTGTTTAGTATCATATGCGTTATACAAATTCTTACCAGTATAAAGCCAA 60
53 CGCTCAACAGTAGGGCTTAATTGAGAATCGCCATATTTAACAACGCCAACATGTAATTTA 60
54 GGCAGAGGCATTTTCGAGCCAGTAATAAGAGAATATAAAGTACCGACAAAAGGTAAAGTA 60
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55 ATTCTGTCCAGACGACGACAATAAACAACATGTTCAGCTAATGCAGAACGCGCCTGTTTA 60
56 TCAACAATAGATAAGTCCTGAACAAGAAAAATAATATCCCATCCTAATTTACGAGCATGT 60
57 AGAAACCAATCAATAATCGGCTGTCTTTCCTTATCATTCCAAGAACGGGTATTAAACCAA 60
58 GTACCGCACTCATCGAGAACAAGCAAGCCGTTTTTATTTTCATCGTAGGAATCATTACCG 60
59 CGCCCAATAGCAAGCAAATCAGATATAGAAGGCTTATCCGGTATTCTAAGAACGCGAGGC 60
60 ATTTTGCACCCAGCTACAATTTTATCCTGAATCTTACCAACGCTAACGAGCGTCTTTCCA 60
61 GAGCCTAATTTGCCAGTTACAAAATAAACAGCCATATTATTTATCCCAATCCAAATAAGA 60
62 AACGATTTTTTGTTTAACGTCAAAAATGAAAATAGCAGCCTTTACAGAGAGAATAACATA 60
63 AAAACAGGGAAGCGCATTAGACGGGAGAATTAACTGAACACCCTGAACAAAGTCAGAGGG 60
64 TAATTGAGCGCTAATATCAGAGAGATAACCCACAAGAATTGAGTTAAGCCCAATAATAAG 60
65 AGCAAGAAACAATGAAATAGCAATAGCTATCTTACCGAAGCCCTTTTTAAGAAAAGTAAG 60
66 CAGATAGCCGAACAAAGTTACCAGAAGGAAACCGAGGAAACGCAATAATAACGGAATACC 60
67 CAAAAGAACTGGCATGATTAAGACTCCTTATTACGCAGTATGTTAGCAAACGTAGAAAAT 60
68 ACATACATAAAGGTGGCAACATATAAAAGAAACGCAAAGACACCACGGAATAAGTTTATT 60
69 TTGTCACAATCAATAGAAAATTCATATGGTTTACCAGCGCCAAAGACAAAAGGGCGACAT 60
70 TCACCGTCACCGACTTGAGCCATTTGGGAATTAGAGCCAGCAAAATCACCAGTAGCACCA 60
71 TTACCATTAGCAAGGCCGGAAACGTCACCAATGAAACCATCGATAGCAGCACCGTAATCA 60
72 GTAGCGACAGAATCAAGTTTGCCTTTAGCGTCAGACTGTAGCGCGTTTTCATCGGCATTT 60
73 TCGGTCATAGCCCCCTTATTAGCGTTTGCCATCTTTTCATAATCAAAATCACCGGAACCA 60
74 GAGCCACCACCGGAACCGCCTCCCTCAGAGCCGCCACCCTCAGAACCGCCACCCTCAGAG 60
75 CCACCACCCTCAGAGCCGCCACCAGAACCACCACCAGAGCCGCCGCCAGCATTGACAGGA 60
76 GGTTGAGGCAGGTCAGACGATTGGCCTTGATATTCACAAACAAATAAATCCTCATTAAAG 60
77 CCAGAATGGAAAGCGCAGTCTCTGAATTTACCGTTCCAGTAAGCGTCATACATGGCTTTT 60
78 GATGATACAGGAGTGTACTGGTAATAAGTTTTAACGGGGTCAGTGCCTTGAGTAACAGTG 60
79 CCCGTATAAACAGTTAATGCCCCCTGCCTATTTCGGAACCTATTATTCTGAAACATGAAA 60
80 CCAGGCGGATAAGTGCCGTCGAGAGGGTTGATATAAGTATAGCCCGGAATAGGTGTATCA 60
81 CCGTACTCAGGAGGTTTAGTACCGCCACCCTCAGAACCGCCACCCTCAGAACCGCCACCC 60
82 TCAGAGCCACCACCCTCATTTTCAGGGATAGCAAGCCCAATAGGAACCCATGTACCGTAA 60
83 CACTGAGTTTCGTCACCAGTACAAACTACAACGCCTGTAGCATTCCACAGACAGCCCTCA 60
84 TAGTTAGCGTAACGATCTAAAGTTTTGTCGTCTTTCCAGACGTTAGTAAATGAATTTTCT 60
85 GTATGGGATTTTGCTAAACAACTTTCAACAGTTTCAGCGGAGTGAGAATAGAAAGGAACA 60
86 ACTAAAGGAATTGCGAATAATAATTTTTTCACGTTGAAAATCTCCAAAAAAAAGGCTCCA 60
87 AAAGGAGCCTTTAATTGTATCGGTTTATCAGCTTGCTTTCGAGGTGAATTTCTTAAACAG 60
88 CTTGATACCGATAGTTGCGCCGACAATGACAACAACCATCGCCCACGCATAACCGATATA 60
89 TTCGGTCGCTGAGGCTTGCAGGGAGTTAAAGGCCGCTTTTGCGGGATCGTCACCCTCAGC 60
90 CTTTTTCATGAGGAAGTTTCCATTAAACGGGTAAAATACGTAATGCCACTACGAAGGCAC 60
91 CAACCTAAAACGAAAGAGGCAAAAGAATACACTAAAACACTCATCTTTGACCCCCAGCGA 60
92 TTATACCAAGCGCGAAACAAAGTACAACGGAGATTTGTATCATCGCCTGATAAATTGTGT 60
93 CGAAATCCGCGACCTGCTCCATGTTACTTAGCCGGAACGAGGCGCAGACGGTCAATCATA 60
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94 | AGGGAACCGAACTGACCAACTTTGAAAGAGGACAGATGAACGGTGTACAGACCAGGCGCA 60

95 | TAGGCTGGCTGACCTTCATCAAGAGTAATCTTGACAAGAACCGGATATTCATTACCCAAA 60

96 | TCAACGTAACAAAGCTGCTCATTCAGTGAATAAGGCTTGCCCTGACGAGAAACACCAGAA 60

97 | CGAGTAGTAAATTGGGCTTGAGATGGTTTAATTTCAACTTTAATCATTGTGAATTACCTT 60

98 | ATGCGATTTTAAGAACTGGCTCATTATACCAGTCAGGACGTTGGGAAGAAAAATCTACGT 60

99 | TAATAAAACGAACTAACGGAACAACATTATTACAGGTAGAAAGATTCATCAGTTGAGATT 60

100 | TAAGAGCAACACTATCATAACCCTCGTTTACCAGACGACGATAAAAACCAAAATAGCGAG 60

101 | AGGCTTTTGCAAAAGAAGTTTTGCCAGAGGGGGTAATAGTAAAATGTTTAGACTGGATAG 60

102 | CGTCCAATACTGCGGAATCGTCATAAATATTCATTGAATCCCCCTCAAATGCTTTAAACA 60

103 | GTTCAGAAAACGAGAATGACCATAAATCAAAAATCAGGTCTTTACCCTGACTATTATAGT 60

104 | CAGAAGCAAAGCGGATTGCATCAAAAAGATTAAGAGGAAGCCCGAAAGACTTCAAATATC 60

105 | GCGTTTTAATTCGAGCTTCAAAGCGAACCAGACCGGAAGCAAACTCCAACAGGTCAGGAT 60

106 | TAGAGAGTACCTTTAATTGCTCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGC 60

107 | TTAATTGCTGAATATAATGCTGTAGCTCAACATGTTTTAAATATGCAACTAAAGTACGGT 60

108 | GTCTGGAAGTTTCATTCCATATAACAGTTGATTCCCAATTCTGCGAACGAGTAGATTTAG 60

109 | TTTGACCATTAGATACATTTCGCAAATGGTCAATAACCTGTTTAGCTAT 49
Table 4. Backbone Oligonucleotide Sequences

SEQ
# ID Sequence Length
NO:
Variable sequences
Vari [ 110 | AACATCCAATAAATCATACAGGCAAGGCAAAGAATTAGCAAAATTAAGCAATAAAGCCTC 60
var2 | 111 GTGAGCGAGTAACAACCCGTCGGATTCTCCGTGGGAACAAACGGCGGATTGACCGTAATG 60
Var3 | 112 | TTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGA 60
Var4 | 113 | TCTGTCCATCACGCAAATTAACCGTTGTAGCAATACTTCTTTGATTAGTAATAACATCAC 60
Var5 | 114 | ATTCGACAACTCGTATTAAATCCTTTGCCCGAACGTTATTAATTTTAAAAGTTTGAGTAA 60
Var6 | 115 | TGGGTTATATAACTATATGTAAATGCTGATGCAAATCCAATCGCAAGACAAAGAACGCGA 60
Var7 | 116 | GTTTTAGCGAACCTCCCGACTTGCGGGAGGTTTTGAAGCCTTAAATCAAGATTAGTTGCT 60
Var8 | 117 | TCAACCGATTGAGGGAGGGAAGGTAAATATTGACGGAAATTATTCATTAAAGGTGAATTA 60
Varg | 118 | GTATTAAGAGGCTGAGACTCCTCAAGAGAAGGATTAGGATTAGCGGGGTTTTGCTCAGTA 60
Var10 | 119 | AGCGAAAGACAGCATCGGAACGAGGGTAGCAACGGCTACAGAGGCTTTGAGGACTAAAGA 60
Var11 | 120 | TAGGAATACCACATTCAACTAATGCAGATACATAACGCCAAAAGGAATTACGAGGCATAG 60
Var12 | 121 ATTTTCATTTGGGGCGCGAGCTGAAAAGGTGGCATCAATTCTACTAATAGTAGTAGCATT 60
Detector sequences
DI | 122 ACCGTTGTAGCAATACTTCTTTGATTAGTAATAACATCACTITCAGATTGAAGGGC 55

D2 123 CATGAGACCGTGTCCTCAACCGATTGAGGGAGGGAAGGTAAATATTGACGGAAAT 55
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Filler sequences

F1

124

TCTGTCCATCACGCAAATTA

20

F2

125

TATTCATTAAAGGTGAATTA

20

Table 5. Sequences for DNA Detection. Regions of detectors binding to the key oligonucleotides

are underlined.

Key Nucleotide Sequences (Symmetric)

SEQ
# ID Sequence Length
NO:

K30 | 126 | GGACACGGTCTCATGGCCCTTCAATCTGAA 30

K28 | 127 | GACACGGTCTCATGGCCCTTCAATCTGA 28

K26 | 128 | ACACGGTCTCATGGCCCTTCAATCTG 26

K24 | 129 | CACGGTCTCATGGCCCTTCAATCT 24

K22 | 130 | ACGGTCTCATGGCCCTTCAATC 22

K20 | 131 CGGTCTCATGGCCCTTCAAT 20
Table 6. Key Nucleotide Sequences (Symmetric).

SEQ
# ID Sequence Length
NO:

K30/15-15 | 132 GGACACGGTCTCATG GCCCTTCAATCTGAA 30
K29/15-14 | 133 GGACACGGTCTCATG GCCCTTCAATCTGA 29
K28/15-13 | 134 GGACACGGTCTCATG GCCCTTCAATCTG 28
K27/15-12 | 135 GGACACGGTCTCATG GCCCTTCAATCT 27
K26/15-11 | 136 GGACACGGTCTCATG GCCCTTCAATC 26
K25/15-10 | 137 GGACACGGTCTCATG GCCCTTCAAT 25
K24/15-9 | 138 GGACACGGTCTCATG GCCCTTCAA 24
K24/15-8 | 139 GGACACGGTCTCATG GCCCTTCA 23
K24/15-7 | 140 GGACACGGTCTCATG GCCCTTC 22
K24/15-6 | 141 GGACACGGTCTCATG GCCCTT 21
K24/15-5 | 142 GGACACGGTCTCATG GCCCT 20

Table 7. Key Oligonucleotide Sequences (Asymmetric)
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# Sﬁ%:") Sequence Length
D1 | 143 ACCGTTGTAGCAATACTTCTTTGATTAGTAATAACATCACTTCAGATTGAAGGGC 55
D2 | 144 CATGAGACCGTGTCCTCAACCGATTGAGGGAGGGAAGGTAAATATTGACGGAAAT 55
Fi | 145 TCTGTCCATCACGCAAATTA 20
F2 | 146 TATTCATTAAAGGTGAATTA 20

Key A | 147 ACGGTCTCATGGCCCTTCAATC 22

Table 8. Sequence-specificity Analysis: Switch A

# Sﬁ%:") Sequence Length
D1-B | 148 ACCGTTGTAGCAATACTTCTTTGATTAGTAATAACATCACCACAAATTCGG 51
D2-B | 149 TTCTACAGGGTATCAACCGATTGAGGGAGGGAAGGTAAATATTGACGGAAAT 52

F1 | 150 TCTGTCCATCACGCAAATTA 20

F2 | 151 TATTCATTAAAGGTGAATTA 20
Key B | 152 TAC CCT GTA GAA CCG AAT TTG TG 23

Table 9. Sequence-specificity Analysis: Switch B

# Sﬁ%:") Sequence Length
det-1 153 TTCAGATTGAAGGGC 15
det-2 154 CATGAGACCGTGTCC 15
scaffold1 | 155 ATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGA 40
scaffold2 | 156 GTGATGTTATTACTAATCAAAGAAGTATTGCTACAACGGT 40
det-1-40 (D1) | 157 ACCGTTGTAGCAATACTTCTTTGATTAGTAATAACATCACTTCAGATTGAAGGGC 55
det2-40 (D2) | 158 CATGAGACCGTGTCCTCAACCGATTGAGGGAGGGAAGGTAAATATTGACGGAAAT 55
det1-30 159 CAATACTTCTTTGATTAGTAATAACATCACTTCAGATTGAAGGGC 45
det2-30 160 CATGAGACCGTGTCCTCAACCGATTGAGGGAGGGAAGGTAAATAT 45

Table 10. UV Melting Studies

Components of 15mer latch, with experimental results shown herein

GTCGTTCGOTTCTCTATGTETCTTCCGGCCC Bridge 15 170

TCAGTTGGCAAATCAACAGTTGAAAGGAATTAGGGE | Anchor VarD 15

CGGAAGACACA 171
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AGAGAAGUGAACGACATGGGTTATATAACTATATGTA | Anchor_Vard_1S 72
AATGCTGA

Components of Amine latch, with experimental results shown herein
TCAGTTGGCAAATCAACAGTTGAAAGGAANMAMMCOT\ | Anchor VarD_amine 173
ASpOINAMMCOTTTTT\3AmMCO6T\
SAMMCONAMMCOT\TTTTNAMMCO6T\iSpONIAMMCOT\ | Anchor_Var6_amine 174
GGGTTATATAACTATATGTAAATGCTGA

Table 11: Latch Sequences
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EQUIVALENTS

While several inventive embodiments have been described and illustrated herein, those of
ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages described
herein, and each of such variations and/or modifications is deemed to be within the scope of the
inventive embodiments described herein. More generally, those skilled in the art will readily
appreciate that all parameters, dimensions, materials, and configurations described herein are meant
to be exemplary and that the actual parameters, dimensions, materials, and/or configurations will
depend upon the specific application or applications for which the inventive teachings is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific inventive embodiments described herein. It is,
therefore, to be understood that the foregoing embodiments are presented by way of example only
and that, within the scope of the appended claims and equivalents thereto, inventive embodiments
may be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit, and/or

method described herein. In addition, any combination of two or more such features, systems,
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articles, materials, kits, and/or methods, if such features, systems, articles, materials, kits, and/or
methods are not mutually inconsistent, is included within the inventive scope of the present
disclosure.

All definitions, as defined and used herein, should be understood to control over dictionary
definitions, definitions in documents incorporated by reference, and/or ordinary meanings of the
defined terms.

All references, patents and patent applications disclosed herein are incorporated by reference
with respect to the subject matter for which each is cited, which in some cases may encompass the
entirety of the document.

The indefinite articles “a” and “an,” as used herein in the specification and in the claims,
unless clearly indicated to the contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both™ of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements so
conjoined. Other elements may optionally be present other than the elements specifically identified
by the “and/or” clause, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, a reference to “A and/or B”, when used in conjunction with open-ended
language such as “comprising” can refer, in one embodiment, to A only (optionally including
elements other than B); in another embodiment, to B only (optionally including elements other than
A); in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to have the
same meaning as “and/or” as defined above. For example, when separating items in a list, “or” or
“and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also including
more than one, of a number or list of elements, and, optionally, additional unlisted items. Only
terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or, when used in
the claims, “consisting of,” will refer to the inclusion of exactly one element of a number or list of
elements. In general, the term “or’” as used herein shall only be interpreted as indicating exclusive

alternatives (i.e. “one or the other but not both”) when preceded by terms of exclusivity, such as
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EEINT3

“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when used in the
claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in reference
to a list of one or more elements, should be understood to mean at least one element selected from
any one or more of the elements in the list of elements, but not necessarily including at least one of
each and every element specifically listed within the list of elements and not excluding any
combinations of elements in the list of elements. This definition also allows that elements may
optionally be present other than the elements specifically identified within the list of elements to
which the phrase “at least one” refers, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally including
elements other than B); in another embodiment, to at least one, optionally including more than one,
B, with no A present (and optionally including elements other than A); in yet another embodiment,
to at least one, optionally including more than one, A, and at least one, optionally including more
than one, B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any methods
claimed herein that include more than one step or act, the order of the steps or acts of the method is
not necessarily limited to the order in which the steps or acts of the method are recited.

In the claims, as well as in the specification above, all transitional phrases such as “comprising,”

EEINT3 b3 9 el

“including,” “carrying,” “having,” “containing,” “involving,” “holding,” “composed of,” and the
like are to be understood to be open-ended, i.e., to mean including but not limited to. Only the

transitional phrases “consisting of”” and “consisting essentially of” shall be closed or semi-closed
transitional phrases, respectively, as set forth in the United States Patent Office Manual of Patent

Examining Procedures, Section 2111.03.
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What is claimed is:
CLAIMS
1. A nucleic acid complex comprising
scaffold nucleic acid hybridized to a plurality of oligonucleotides, wherein N pairs of
oligonucleotides are partially hybridized to the scaffold nucleic acid, each pair comprising a target-
specific 3° overhang and a 5° overhang single-stranded region, wherein the complex is thereby able

to bind to N target nucleic acids.

2. A nucleic acid complex comprising

a scaffold nucleic acid hybridized to a plurality of oligonucleotides,

wherein a first and a second oligonucleotide in the plurality are partially hybridized to the
scaffold nucleic acid,

wherein the first oligonucleotide comprises a 3” overhang and the second oligonucleotide
comprises a 5’ overhang,

wherein the 3’ overhang is not complimentary to the 5’ overhang, and

wherein if the 3° overhang and the 5’ overhang are brought into close proximity to each
other, a loop is formed in the nucleic acid complex, in the presence of a target nucleic acid that is

complementary to both the 3* overhang and the 5’ overhang.

3. The nucleic acid complex of claim 1 or 2, wherein the 3* and 5° overhangs each has a length

of 7 or more nucleotides.

4. The nucleic acid complex of any one of claims 1-3, wherein the 3” and 5’ overhangs are of

the same length.

5. The nucleic acid complex of any one of claims 1-3, wherein the 3” and 5’ overhangs are of
the different lengths.
6. The nucleic acid complex of claim 1 or 2, wherein the 3’ overhang comprises a 3* hydroxyl

and the 5 overhang comprises a 5° phosphate.
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7. The nucleic acid complex of claim 1 or 2, wherein the nucleic acid complex is hybridized to
a target nucleic acid that is partially complementary to the 3’ overhang and partially complementary

to the 5° overhang.

8. The nucleic acid complex of claim 7, wherein the target nucleic acid is a miRNA, mRNA or

non-coding RNA.

9. The nucleic acid complex of any one of claims 1-8, wherein a third and a fourth
oligonucleotide in the plurality are partially hybridized to the scaffold nucleic acid, wherein the
third oligonucleotide comprises a 3’ overhang and the fourth oligonucleotide comprises a 5’

overhang.

10. The nucleic acid complex of claim 9, wherein the third and fourth oligonucleotides together

flank the first and second oligonucleotides together.

11. The nucleic acid complex of claim 9, wherein the third and fourth oligonucleotides are

located between the first and the second oligonucleotide.

12. The nucleic acid complex of claim 9, wherein the third and fourth oligonucleotides are both

upstream of the first oligonucleotide or downstream of the second oligonucleotide.

13. The nucleic acid complex of claim 9, wherein the first and second oligonucleotides are
partially complementary to a first target nucleic acid, and the third and fourth oligonucleotides are

partially complementary to a second target nucleic acid.

14. The nucleic acid complex of any one of claims 1-13, wherein the complex comprises N pairs
of target-specific oligonucleotides, wherein each pair of target-specific oligonucleotides hybridizes

specifically to its respective target nucleic acid.
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15. The nucleic acid complex of any one of claims 1-14, wherein the 3” overhang of the third
oligonucleotide and/or the 5° overhang of the fourth oligonucleotide adopt a hairpin conformation
or other secondary structure or are capable of adopting a hairpin conformation or other secondary

structure.

16. A composition comprising

a nucleic acid complex of any one of claims 1-15.

17. The composition of claim 16, further comprising a plurality of nucleic acid complexes of

any one of claims 1-15.

18. The composition of claim 17, wherein the nucleic acid complexes of the plurality are

identical to each other.

19. The composition of claim 17, wherein the nucleic acid complexes of the plurality are

different from each other.

20. The composition of claim 19, wherein the nucleic acid complexes of the plurality differ from
each other in the sequence of the 3’ overhang, and/or the sequence of the 5° overhang, and/or the

distance between the 3’ overhang and the 5° overhang along the length of the scaffold nucleic acid.

21. The composition of any one of claims 16-20, further comprising a nucleic acid sample.
22. The composition of any one of claims 16-21, further comprising a target nucleic acid.
23. The composition of any one of claims 16-21, further comprising a first and a second target

nucleic acid.

24. The composition of any one of claims 16-21, further comprising a ligase.
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25. A method for detecting a target nucleic acid comprising

providing a nucleic acid complex of claim 1 or 2 wherein the complex is hybridized to a
bridge oligonucleotide that is partially complementary to the 3’ and 5° overhangs, and the complex
is thereby in a looped conformation,

contacting the complex with a nucleic acid sample under conditions that allow a target
nucleic acid, if present in the nucleic acid sample, to hybridize to the 3’ overhang, or the 5’
overhang, or the bridge oligonucleotides, thereby displacing the bridge oligonucleotide from the
complex, and inducing the complex to adopt a linear conformation, and

detecting the conformation of the nucleic acid complex, wherein a linear conformation

indicates presence of the target nucleic acid in the sample.

26. A method for detecting a target nucleic acid comprising

contacting a nucleic acid complex of claim 1 or 2 with a nucleic acid sample under
conditions that allow a target nucleic acid, if present in the nucleic acid sample, to hybridize to the
3’ overhang and the 5’ overhang of the nucleic acid complex, and

detecting conformation of the nucleic acid complex, wherein a looped conformation

indicates presence of the target nucleic acid in the sample.
27. The method of claim 25 or 26, wherein the nucleic acid complex adopts a linear
conformation in the absence of the target nucleic acid and a looped conformation in the presence of

the target nucleic acid.

28. The method of claim 26 or 27, wherein the conformation of the nucleic acid complex is

detected using gel electrophoresis.

29. The method of claim 28, wherein the gel electrophoresis is bufferless gel electrophoresis.

30. The method of claim 28, wherein the method further comprises measuring an absolute or

relative amount of target nucleic acid.
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31. The method of any one of claims 25-27, wherein the conformation of the nucleic acid

complex is detected using liquid chromatography.

32. The method of any one of claims 25-31, wherein the conditions that allow a target nucleic

acid to hybridize to the 3* overhang and the 5’ overhang comprise a constant annealing temperature.

33. The method of any one of claims 25-31, wherein the conditions that allow a target nucleic

acid to hybridize to the 3” overhang and the 5’ overhang comprise a constant annealing temperature

of about 25°C.

34. The method of any one of claims 25-31, wherein the conditions that allow a target nucleic
acid to hybridize to the 3* overhang and the 5’ overhang comprise a decreasing annealing

temperature.

35. The method of any one of claims 25-31, wherein the conditions that allow a target nucleic
acid to hybridize to the 3* overhang and the 5’ overhang comprise a decreasing annealing

temperature that spans about 46°C to about 4°C.

36. The method of any one of claims 25-35, wherein the nucleic acid sample is not an in vitro

amplified nucleic acid sample.

37. The method of any one of claims 25-36, wherein the nucleic acid sample comprises nucleic

acid that is non-target nucleic acid.

38. The method of claim 37, wherein the nucleic acid sample comprises about 100 uM total or

non-target nucleic acid.

39. The method of claim 38, wherein the nucleic acid sample comprises target nucleic acid in

the nanomolar or picomolar range.
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40. The method of claim 37, wherein the nucleic acid sample comprises target nucleic acid and
non-target nucleic acid.
41. The method of claim 40, wherein the target nucleic acid and non-target nucleic acid are

present in the sample at a ratio of 1:102, 1:103, 1:104, 1:105, 1:106, 1:107, or 1:10%,

42. The method of any one of claims 25-41, wherein the target nucleic acid is a DNA.

43. The method of any one of claims 25-41, wherein the target nucleic acid is a RNA.

44, The method of claim 43, wherein the target nucleic acid is miRNA, mRNA or non-coding
RNA.

45. The method of any one of claims 25-44, wherein the target nucleic acid is a tumor-specific

nucleic acid.

46. The method of claim 45, wherein the nucleic acid sample is derived from a bodily sample.

47. The method of claim 46, wherein the bodily sample is a blood sample, a urine sample, a

sputum sample, or a stool sample.

48. The method of any one of claims 24-47, wherein the target nucleic acid is an allelic variant.

49. The method of claim 48, wherein the 3” overhang and 5° overhang each or together

comprise 1 or 2 mismatch nucleotides relative to a wild-type sequence.

50. The method of claim 49, wherein at least 1 of the mismatch nucleotides is located in the

middle of the 3* or 5’ overhang.
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51. The method of any one of claims 25-50, wherein the nucleic acid complex comprises a

scaffold nucleic acid that is about 1000-10,000 nucleotides in length.

52. The method of any one of claims 25-51, wherein the nucleic acid complex comprises a

scaffold nucleic acid that is about 5000-10,000 nucleotides in length.

53. The method of any one of claims 25-52, wherein the nucleic acid complex comprises a

scaffold nucleic acid that is about 7000-7500 nucleotides in length.

54. The method of any one of claims 25-53, wherein the nucleic acid complex comprises a
plurality of oligonucleotides hybridized to a scaffold nucleic acid, wherein the oligonucleotides are

each about 20-100 nucleotides in length.

55. The method of any one of claims 25-54, wherein the nucleic acid complex comprises a
plurality of oligonucleotides hybridized to a scaffold nucleic acid, wherein the oligonucleotides are

each about 40-80 nucleotides in length.

56. The method of any one of claims 25-55, wherein the nucleic acid complex comprises a
plurality of oligonucleotides hybridized to a scaffold nucleic acid, wherein the oligonucleotides are

each about 60 nucleotides in length.

57. The method of any one of claims 25-56, wherein the complementary sequence of the 3’
overhang and the 5° overhang, when read linearly, is identical to the sequence of the target nucleic

acid.

58. The method of any one of claims 25-56, wherein the complementary sequences of the 3’

overhang and the 5° overhang are comprised in the sequence of the target nucleic acid.

59. The method of any one of claims 25-56, wherein the combined length of the 3’ overhang

and the 5 overhang is the same length as the target nucleic acid.
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60. The method of any one of claims 25-56, wherein the combined length of the 3’ overhang

and the 5 overhang is shorter than the length of the target nucleic acid.

61. The method of any one of claims 25-56, wherein the combined length of the 3’ overhang

and the 5 overhang is longer than the length of the target nucleic acid.

62. The method of any one of claims 25-61, wherein the target nucleic acid is present in the

sample at a concentration in the range of about 1 nM to 25 nM.

63. The method of any one of claims 25-61, wherein the target nucleic acid is present in the

sample at a pM concentration.

64. The method of any one of claims 25-63, wherein the 3* overhang and the 5° overhang are of

equal length and each is about or at least 10 nucleotides in length.

65. The method of any one of claims 25-63, wherein the 3* overhang and the 5° overhang are of

different lengths and their combined length is at least about 14-22 nucleotides.

66. The method of claim 65, wherein at least the 3” overhang or the 5’ overhang is at least 7

nucleotides in length.

67. The method of any one of claims 25-66, wherein the target nucleic acid is about 7-50

nucleotides in length.

68. The method of any one of claims 25-66, wherein the target nucleic acid is more

complementarity to the 3’ overhang than to the 5’ overhang.

69. The method of any one of claims 25-66, wherein the target nucleic acid is more

complementarity to the 5* overhang than to the 3° overhang.
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70. The method of any one of claims 25-69, wherein the target nucleic acid comprises a 5’

and/or a 3° sequence that does not hybridize to the nucleic acid complex.

71. The method of any one of claims 25-69, further comprising hybridizing another nucleic acid

to the target nucleic acid, thereby creating a triplex.

72. The method of claim 71, wherein the target nucleic acid or a portion of the target nucleic
acid 1s polypurine sequence, the 3’ overhang and/or the 5’ overhang has a polypyrimidine

sequence, and the other nucleic acid has a polypyrimidine sequence.

73. The method of claim 71 or 72, wherein the target nucleic acid is about 10-50 nucleotides in
length.
74. The method of any one of claims 25-73, wherein the nucleic acid complex comprises a third

oligonucleotide and a fourth oligonucleotide that are partially complementary to a second target

nucleic acid.

75. The method of claim 74, wherein the method is a method of detecting a first and/or a second
target nucleic acid, wherein the nucleic acid complex adopts different conformations in the presence
of the first target nucleic acid, in the presence of the second target nucleic acids, and in the
presence of the first and second target nucleic acids.

76. The method of any one of claims 25-75, wherein the method is used to genotype a sample.

77. The method of claim 76, wherein the sample is fragmented genomic DNA.

78. The method of any one of claims 25-77, further comprising harvesting the target nucleic

acid from the nucleic acid complex.
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79. A method for detecting a target nucleic acid comprising

contacting a nucleic acid complex of any one of claims 1-15 with a target nucleic acid under
conditions that allow the target nucleic acid to hybridize to the 3’ overhang and the 5’ overhang of
the nucleic acid complex, wherein the 3” overhang comprises a 3* hydroxyl and the 5* overhang
comprises a 5’ phosphate,

contacting the nucleic acid complex that is hybridized to the target nucleic acid with a
ligase, thereby ligating the 3° overhang to the 5’ overhang, and

detecting a looped conformation of the nucleic acid complex.

80. A method for detecting a target nucleic acid comprising

(1) contacting a nucleic acid complex of any one of claims 1-15 with a target nucleic acid
under conditions that allow the target nucleic acid to hybridize to the 3’ overhang and the 5’
overhang of the nucleic acid complex, wherein the 3’ overhang comprises a 3’ hydroxyl and the 5’
overhang comprises a 5° phosphate,

(2) contacting the nucleic acid complex that is hybridized to the target nucleic acid with a
ligase, thereby ligating the 3’ overhang to the 5° overhang,

(3) dissociating the target nucleic acid from the nucleic acid complex, thereby allowing the
target nucleic acid to contact another nucleic acid complex,

(4) repeating steps (1) through (3) one or more times, and

detecting a looped conformation of the nucleic acid complex.

81. A method for detecting a target nucleic acid in a sample comprising

(1) contacting a nucleic acid complex of any one of claims 1-15 with sample under
conditions that allow a target nucleic acid, if present in the sample, to hybridize to the 3* overhang
and the 5 overhang of the nucleic acid complex, wherein the 3’ overhang comprises a 3” hydroxyl
and the 5 overhang comprises a 5° phosphate,

(2) contacting the nucleic acid complex with a ligase, thereby ligating the 3 overhang to the
5’ overhang if the target nucleic acid is hybridized to the nucleic acid complex,

(3) introducing conditions sufficient to dissociate a target nucleic acid from the nucleic acid

complex,
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(4) introducing conditions that allow a target nucleic acid, if present, to hybridize to the 3’
overhang and the 5° overhang of another, non-ligated, nucleic acid complex,

(5) repeating steps (2) through (4) one or more times, and

detecting conformations of the resultant nucleic acid complexes, wherein a looped

conformation indicates presence of the target nucleic acid in the sample.

82. The method of any one of claims 79-81, wherein the target nucleic acid is present in the

sample at a concentration in the range of 1 zeptomolar to 1 nanomolar.

83. The method of claim 81, wherein a single copy of the target nucleic acid is present in the
sample.
84. The method of any one of claims 79-83, wherein the conditions that allow a target nucleic

acid to hybridize to the 3” and 5’ overhangs of the nucleic acid complex comprise a temperature in

the range of about 4°C to 25°C.

85. The method of any one of claims 79-84, wherein conditions sufficient to dissociate a target

nucleic acid from the nucleic acid complex comprise an increase in temperature.

86. The method of any one of claims 79-84, wherein conditions sufficient to dissociate a target

nucleic acid from the nucleic acid complex comprise a temperature above 25°C.

87. The method of any one of claims 79-86, wherein the method is performed using a thermo-

cycler.

88. The method of any one of claims 79-87, wherein ligase is present during steps (1) through to
(4) or steps (1) through (5).

89. The method of any one of claims 79-88, wherein conformations of the resultant nucleic acid

complexes are detected using gel electrophoresis.
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90. The method of claim 89, wherein the hybridization of the target nucleic acid to the nucleic
acid complex is stabilized in the presence of magnesium, and the gel electrophoresis is performed in

the absence of magnesium.

91. The method of any one of claims 79-90, wherein the target nucleic acid is weakly hybridized

to the 3’ overhang or the 5° overhang.

92. A method comprising

(1) placing a nucleic acid complex comprising a first and a second binding partner under
conditions that allow for binding of the first and second binding partners to each other, wherein the
first and second binding partners are attached to first and second oligonucleotides respectively,

(2) contacting the nucleic acid complex with a ligase and a trigger nucleic acid that is
partially complementary to a third and a fourth oligonucleotide in the nucleic acid complex under
conditions that allow ligation of a third and a fourth oligonucleotide, each comprising either a 3’
hydroxyl or a 5’ phosphate,

(3) dissociating the trigger nucleic acid from the third and fourth oligonucleotides,

(4) optionally repeating steps (1) through (3) one or more times, and

detecting conformations of the resultant nucleic acid complexes, wherein a looped
conformation indicates binding of the first binding partner to the second binding partner,

wherein the nucleic acid complex comprises a scaffold nucleic acid hybridized to a plurality
of oligonucleotides, wherein a first oligonucleotide in the plurality is linked to the first binding
partner, a second oligonucleotide in the plurality is linked to the second binding partner, a third
oligonucleotide located upstream of the first oligonucleotide is partially hybridized to the scaffold
nucleic acid and comprises the 3* overhang having a 3* hydroxyl, and a fourth oligonucleotide
located downstream of the second oligonucleotide is partially hybridized to the scaffold nucleic acid

and comprises a 5* overhang having a 5° phosphate.

93. The method of claim 92, wherein the first and second binding partners bind to each other

directly.
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94. The method of claim 92, wherein the first and second binding partner bind to each other
indirectly.
95. The method of any one of claims 92-94, wherein the conformations of the resultant nucleic

acid complexes is determined using gel electrophoresis.

96. A method for stabilizing a first binding interaction in a nanoswitch, comprising

providing a nucleic acid-based nanoswitch in a looped conformation as a result of a first
binding interaction of the nanoswitch with a target, and

inducing a latch binding interaction in the nanoswitch, thereby stabilizing nanoswitch in the

looped conformation.

97. The method of claim 96, wherein the latch binding interaction is a covalent.

98. The method of claim 97, wherein the covalent latch binding interaction involves

crosslinking, click chemistry bonds, and sortase mediated binding.

99. The method of claim 96, wherein the latch binding interaction is non-covalent.

100. The method of claim 99, wherein the non-covalent latch binding interaction involves nucleic
acid hybridization, receptor-ligand binding, biotin-avidin binding, biotin-streptavidin binding, or

nucleic acid and protein binding.

101.  The method of claim 96, wherein the nanoswitch comprises amine and sulfhydryl reactive
groups or a pair of amine groups, and the latch binding interaction comprises contacting the

nanoswitch with SMCC or glutaraldehyde.

102. The method of claim 101, wherein the amine and sulfhydryl reactive groups or a pair of

amine groups are naturally present in the moieties involved in the first binding interaction.
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103.  The method of claim 101, wherein the amine and sulfhydryl reactive groups or a pair of

amine groups are attached to the nanoswitch at a position in close proximity to the location of the

moieties involved in the first binding interaction.
104.  The method of claim 96, wherein the latching binding interaction is reversible.
105.  The method of claim 96, wherein the latch binding interaction is externally triggered via

introduction of trigger moieties, and/or via photoactivation, force application, heating, change in

solution conditions, change in concentration or presence of ions or atoms in solution.
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